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With the goal of developing photonic components that are
factory-compatible with silicon microelectronic integrated
circuits and optical integrated circuits, silicon photonics
has been the subject of intense research activity in both
industry and academia. Silicon is an excellent material for
confining and manipulating light at the submicrometer
scale, and possesses the added advantage of leveraging
the enormous manufacturing infrastructure developed by
the silicon microelectronics industry. Silicon optoelectronic
integrated devices have the potential to be miniaturized
and mass-produced at affordable cost for many applications
and markets, including telecommunications, optical inter-
connects, medical screening, and biological and chemical
sensing. Recent developments in diverse areas, such as light
sources, modulators, switches, detectors, photonic crystals,
waveguide structures, resonators, sensors, and various sub-
systems, indicate that Si photonics is an extremely active, and
now, firmly established research field.

The aim of this special issue is to document some of
the remarkable recent progress in silicon photonics from
academic and industrial viewpoints and thereby point to
future trends in this rapidly evolving field. All the articles
in this issue are invited review or invited research papers
by leading authorities and research groups in this field from
universities, industry and government laboratories.

The invited papers of this special issue are the following.
“The achievements and challenges of silicon photonics”

by R. Soref.
“Synthesis of planar reflective gratings for silicon inter-

connects” by R. Millett et al.
“High-speed near infrared optical receivers based on Ge

waveguide photodetectors integrated in a CMOS process” by
G. Masini et al.

“Light emission from rare-earth doped silicon nanos-
tructures” by J. Li et al.

“Development of silicon photonics devices using micro-
electronic tools for the integration on top of a CMOS wafer”
by J. M. Fedeli et al.

“Developments in gigascale silicon optical modulators
using free carrier dispersion mechanisms” by J. Basak et al.

“Photonic integration on hybrid silicon evanescent de-
vice platform” by H. Park et al.

“Subwavelength grating structures in silicon-on-insu-
lator waveguides” by J. H. Schmid et al.

“Hybrid silicon photonics for low-cost high-bandwidth
link applications” by B. Jonathan Luff et al.

“On-chip all-optical switching and memory by silicon
photonic crystal nanocavities” by M. Notomi et al.

“Optical filters utilizing ion implanted Bragg gratings in
SOI waveguides” by M. P. Bulk et al.

“Tuning of the optical properties in photonic crystals
made of macroporous silicon” by H.-S. Kitzerow et al.

“Silicon-based light sources for silicon integrated cir-
cuits” by L. Pavesi.

“Stress induced effects for advanced polarization control
in silicon photonics components” by D.-X. Xu et al.

“Silicon photonic biosensors for “lab-on-a-chip” appli-
cations” by K. Zinoviev et al.

“Silicon nanocrystals: fundamental theory and implica-
tions for stimulated emission” by V. A. Belyakov et al.

“Quantum electrodynamic modeling of silicon-based
active devices” by S. Shi et al.

“Three-dimensional silicon-Germanium nanostructures
for CMOS compatible light emitters and optical intercon-
nects” by L. Tsybeskov et al.
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“A new approach of electronics and photonics conver-
gence on Si CMOS platform” by K. Wada.

“Slow light with photonic crystals for on-chip optical
interconnects” by S. P. Anderson et al.

We thank the contributors for their very positive
response to our request for papers and for providing
informative overviews of their respective topics and new
insights into forthcoming developments. We hope that this
special issue will prove valuable to those working in silicon
photonics and will help in advancing research in this field.

Pavel Cheben
Richard Soref

David Lockwood
Graham Reed
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A brief overview of silicon photonics is given here in order to provide a context for invited and contributed papers in this special
issue. Recent progress on silicon-based photonic components, photonic integrated circuits, and optoelectronic integrated circuits
is surveyed. Present and potential applications are identified along with the scientific and engineering challenges that must be met
in order to actualize applications. Some on-going government-sponsored projects in silicon optoelectronics are also described.

Copyright © 2008 Richard Soref. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

1. INTRODUCTION

We are fortunate in this special issue to have authoritative
invited papers written by key contributors to the field
silicon-based photonics. It is a pleasure for me to be in the
company of these leaders as I write this introductory article.
The forward-looking papers here highlight the “technical
momentum” that has built up in silicon photonics. They
describe discoveries in science and technology that are
being made worldwide at an increased rate thanks to
the ramped-up investment by industry, universities, and
governments [1, 2]. Transitions from “lab-to-fab” are taking
place for commercial and military uses. Products are being
developed (Luxtera, Kotura, SiLight). This is the beginning
of optoelectronic (OE) manufacturing on a much wider scale
[3]. My mission here is to give a context or background for
the papers. I will review recent achievements in Si-based pho-
tonic integrated circuits (PICs) and optoelectronic integrated
circuits (OEICs). I will pinpoint important challenges for the
emerging OE industry, and I will identify applications that
will be actualized if and when those challenges are met.

2. RECENT PROJECTS

Several new and on-going programs related to PICs and
OEICs are described in this section. PICs are important in
their own right, but the main driver today of the Si photonics
field is the quest for low-cost large-scale-integrated OEICs
manufactured in state-of-the-art high-volume silicon CMOS
foundries (silicon fabs). Potentially, these chips have vast and

highly significant applications which, if implemented, would
make those circuits pervasive in our planet.

The essential role that silicon nanophotonics will play
in the future is highlighted in a new 2007 initiative on
ultraperformance nanophotonic intrachip communication
(UNIC) sponsored by the US Defense Advanced Research
Projects Agency. The goal is to demonstrate low-power, high-
bandwidth, low-latency intrachip photonic communication
networks designed to enable chip multiprocessors with
hundreds or thousands of compute cores to realize extremely
high computational efficiency; a goal that embodies the con-
vergence of computation and communication envisioned by
Lionel C. Kimerling. The optoelectronic UNIC project poses
a major challenge to the technical community because it will
require revolutionary rather than evolutionary advances in
science, devices, circuits, and computing systems.

An important investigation of nanoscale devices was
made at the March 19-20, 2007 workshop on “very large-
scale photonic integration” sponsored by the US National
Science Foundation and chaired by Ronging Hui, Usha
Varney, and Thomas Koch. Nanophotonic strategies for VLSI
were explored, but the path to mass production was not clear.
Corporations and universities now engaged in the fledgling
OE industry need a cost-effective way to demonstrate and
optimize their individual OE prototype chips. For that
reason, I and other workshop participants recommended
that a government-sponsored national CMOS-photonics
User Facility should be set up in the United States to estab-
lish a cost-shared “photonics-ready” silicon foundry that
will provide application-specific OEIC prototypes for users
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throughout the technical community. The proposed user fab
would rely upon the SOI photonic-component manufac-
turing “libraries” that are being developed at BAE Systems,
Luxtera, and elsewhere. Both BAE and Luxtera are currently
“on track” with their Phase II milestones for DARPA EPIC
[1] (www.darpa.mil/MTO/Programs/epic/index.html). I am
aware that “serious” OE programs are starting up in France,
South Korea, and China, but I don’t have much information
on those efforts.

The basic motivation for OE is to attain electronic drivers
and controllers that are intimately integrated with their
laser diodes, modulators, amplifiers and photodetectors.
The larger OE goal is to create greatly improved devices,
subsystems, and systems. Silicon of course is not the only OE
medium, and silicon OE is currently struggling with the issue
of on-chip light sources, a problem solved years ago by the
III-V semiconductor laser industry. That is why OE based
upon GaAs and InP is likely in the near term to give Si OE
strong competition in “small-scale” integration situations,
for example, in InP-based 1.55 μm transceivers (Infinera
Corporation, Sunnyvale, Calif., USA) where III-V lasers and
photodetectors can be integrated monolithically. However,
two key advantages of silicon appear in the bigger picture: the
very low chip costs that high-volume Si OE production will
ultimately give, and the very high level of functionality that
Si OE will eventually provide sophistication derived from
hundreds or thousands of photonic components integrated
on-chip with perhaps a million transistors.

Some of the cutting-edge research topics in Si photonics
are nanophotonics, plasmonics [4], photonic crystals,
nanomembranes, SiGeSn alloys, commercial manufacturing
methods, nonlinear optics, nanoelectrooptical mechanics,
and microfluidics. The papers presented at the IEEE LEOS
4th International Conference on Group IV Photonics
(Tokyo, September 19-21 2007) give a good indication of
the present R&D thrusts of silicon photonics (http://www
.ieee.org/organizations/society/leos/LEOSCONF/GFP2007/
index.html).

The sessions there deal with the Japanese MARAI optical
interconnection project, waveguides and filters, OE and III-V
hybrid integration, MOEMs and 3D structures, modulators
and switches, disruptive materials and process technologies,
nonlinear optics and active functions, slow-light devices and
passive photonic crystals, light-source materials, light-source
devices and structures, and detectors.

The new thrust in group IV nanomembranes, catalyzed
by a 2008 AFOSR multiuniversity research initiative (ONR
BAA Announcement Number 07-036, Research Opportunity
number 10) can yield single-crystal membranes of Si or Ge
or layered Group IV heterostructures whose thickness is, for
example, in the 5 to 500 nm range. Such membranes could be
deployed in flexible intelligent photonics and more generally
in all of the applications areas listed below in Section 5.

3. THE LIGHT-SOURCE CHALLENGE

An optical network, whether fiber-optic or on-chip, requires
light sources, and an Si OEIC or PIC is incomplete without
sources. Because bulk crystalline silicon has inefficient
electroluminescence, light sources have been critical issues

for silicon photonics since its inception. For these reasons,
the creation of practical silicon light sources is a major,
ongoing R&D focus.

Off-chip light sources can be thought of as a “photon
supply” or “optical power supply” for the chip. In a particular
subsystem or application, the decision about whether to
locate the light source on- or off-chip is “situational,”
depending upon factors such as heat sinking, average power
consumption, energy dissipated per bit per second, cost, and
size. Both on- and off-chip solutions have been proposed
for intrachip interconnects. The preferred light source is
usually (but not always) a laser. The case of a spectroscopic
laboratory on a chip [5, 6] presents an exception to the “rule”
of laser. There, a spectrally broad source like an on-chip light-
emitting diode would be optimum, although a WDM laser
array could serve also.

Silicon Raman lasers and amplifiers are certainly useful in
silicon photonics, but intense optical pumping is required for
these on-chip devices (it takes a laser to make a Raman laser)
so the pump is likely to be off-chip and capable of pumping
several on-chip gain devices.

Significant Si-based sources are beginning to emerge
due to hard work by the technical community. We can
divide these sources into those that will be available in
five years and those emerging in a year or two. Regard-
ing the integration of on-chip sources, the categories are
monolithic and hybrid. These terms are a bit vague: I
will interpret the word “monolithic” to mean “entirely
within group IV” and “hybrid” to mean “silicon plus III-
V” or silicon plus “other” (in other words, heterogeneous
integration).

The III-V/Si hybrid source technique of John Bower’s
group at UCSB is a very potent short-term solution
that provides on-chip evanescently coupled lasers-on-SOI,
amplifiers, photodetectors, and modulators created by low-
temperature bonding of the PIN III-V components to
the top surfaces of the waveguided silicon network. The
remaining questions about these hybrids are in the areas of
manufacturing and economics. Will the hybrids be viable in
a CMOS Fab and will the yields be high? The answers are not
known yet.

The US Air Force Office of Scientific Research has a
multiuniversity research initiative on electrically pumped
silicon-based lasers, an effort in its second year (see http://
www.mphotonics.mit.edu/about mphc/MURI/siliconlasers
.php and http://www.asu.edu/news/stories/200603/20060310
MURI.htm). The lasers of the MIT team are either extrinsic

or intrinsic. A quantum dot or nanocrystal gain medium
within Si is extrinsic, while a tensile-Ge gain medium
within an Si/Ge/Si heterostructure is intrinsic. The Arizona
State University team utilizes an intrinsic “all in group IV”
approach employing intersubband emission in Ge/SiGeSn
multiquantum-well structures for the far infrared, and
band-to-band emission in GeSn/SiGeSn or Ge/SiGeSn
heterostructures for the near/mid infrared. The MIT and
ASU intrinsic lasers appear to be CMOS manufacturable.
The five-year MURI results will be very important to the
SiOE industry if the resulting lasers have adequate efficiency
and intensity.
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4. THE HIGH-VOLUME CHALLENGE

Job creation and an expanded economic infrastructure will
be triggered by sustained growth of the “nacent” silicon
optoelectronics industry, growth that would be supported
by long-term high-volume markets. A strong industry would
provide optoelectronic “hardware for the information age,”
thereby benefiting a global society that values “bits more than
things” [7]. We examine high-volume SiOE markets in this
section.

Which devices will likely be purchased at the rate of ten
million units per year? The answer according to the MIT
CTR consortium [7] is the transceiver, a Si-based send-and-
receive optoelectonic chip. Two fast chips interconnected by
a fiber create a duplex fiber-optic communication link that,
with near-future technology, is capable of transmitting data
at rate anywhere from 1 Gbps up to 100 Gbps, depending
upon the sophistication of the chip consitutents. If the chip
can be manufactured to sell at a price of one dollar per
Gbps or less, and if the chip will draw less than 1 mW/Gbps
of power, then the transceiver will probably meet the
needs of several major markets including: broadband core-,
metro- and access-networks (fiber to the home, internet box,
Ethernet LAN, FTTX), supercomputers, high-performance
computers, enterprise networks, data centers (active cables
as computer patch cords; optical interconnects for cabinet
to cabinet, board to board, chip to board, and chip to
chip), avionics-automotive-shipboard (communication and
control links for aircraft, cars and ships), and microwave
photonics (optical control of a phased-array antennas).
Potentially, there are also huge, pervasive markets for
“nanotransceivers” found inside new computer chips where
waveguides link CPU cores.

Optics will replace copper if and only if the optics has
compelling advantages. If SiOE research and development
succeed in making on-chip optical linkages sufficiently fast,
small, efficient, cheap, and reliable, then “long” copper paths
would be replaced and many millions of such OE chips would
appear in next-generation personal computers, notebooks,
and gaming boxes (Playstation, Nintendo).

In addition to the DARPA effort mentioned above, the
optical interconnect MIRAI project sponsored by Japan ’s
MITI is making a major R&D investment in the intrachip
area [8]. The main objective is ultrafast on-chip global
interconnects having a total path length of 5 to 30 mm.
A second goal is optical clock distribution. Their optical
interconnect approach is quite pragmatic and “wavelength
agnostic”; whatever wavelength and technology are cost-
effective and work well are appropriate. They will use an off-
chip light source (or an off-chip WDM laser array) emitting
in the 800 nm range, together with SiON waveguides and
Si photodiodes. Modulation will be accomplished by poled
PLZT films.

I will conclude this section with some speculations about
chip-scale 1550-nm global interconnects and the “not-yet-
born” nanolasers that will be necessary to produce them.
There are many feasible architectures for an SOI waveguided
optical network that gives communication among multiple
processor cores on a computer chip. I will illustrate here the

CorePhoto
diode

Laser
diode

Figure 1: Top view of proposed SOI waveguided intrachip photonic
interconnect system for global communication among eight cores.

Figure 2: Structure of the strip-waveguided group IV nanolasers
and nanophotodetectors used in Figure 1.

example of a reconfigurable broadcast network for eight-
core interconnection. The four-ring layout of Figure 1 is
similar to the WDM- and switched-network geometries that
I presented in slides at the high-speed interconnect workshop
[9]. In Figure 1, the green octagons are made from Si strip
waveguides. Each bus-coupled circular ring (red, orange,
green, blue) in Figure 1 is a reconfigurable optical add-drop
multiplexer (ROADM) that can be electrically tuned over
eight laser wavelengths around 1550-nm. Each PIN laser
diode and photodiode in Figure 1 (integrated in a silicon
strip waveguide shown as a green line) would use tensile
Ge as the gain medium [10]. In [1, Figure 5], I suggested
that a carrier-injected lateral superlattice formed within a
germanium PIN-diode microring could be the heart of a
1550-nm laser. To attain a smaller-than-ring mode volume
in a laser resonator, the Ge nanolasers and the nanoscale Ge
photodetectors presented here in Figure 1 would each have
an inline Fabry-Perot cavity created by a pair of 1D photonic
crystal (PC) “mirrors” in a silicon strip (photonic wire)
waveguide as illustrated in the enlarged top view of Figure 2.
The resonator, consisting of one or two PC point defects,
would have a mode volume of approximately (λ/2n)3.

The tapered hole-diameter mirrors in Figure 2 mini-
mize out-of-plane loss and maximize Q as discussed in a
“nanolink” patent application [11]. The reflectors in Figure 2
consist of a row of air columns and are equivalent to a set of
deeply etched rectangular slots in the SOI strip (a tapered
Bragg mirror).

As shown in the detailed views of Figure 3, the tensile-
Ge or GeSn parallelepiped (an ultrasmall bulk crystal) is
grown selectively within an Si strip trench to form a P-Si/I-
Ge/N-Si heterodiode, forward- or reverse-biased, as needed.
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Figure 3: Closeup views of the Figure 2 resonant lateral PIN Ge-
in-Si (or GeSn-in-Si) heterodiode laser (and photodetector) used in
the Figure 1 nanophotonic system.

The lateral P-type and N-type silicon “wings” bracketing
the Ge create a localized rib waveguide within the strip
waveguide, a rib that does not disturb the fundamental
guided mode. Addressing the ROADMs in Figure 1 will be
discussed elsewhere. Thermal stability is a challenge for any
of the resonant devices discussed in this paper.

5. THE DREAM AND CHALLENGE OF
HIGH-IMPACT APPLICATIONS

I believe that “well-developed” Si-OEICs will have major
impact on global society and commerce. Generally speaking,
the Si OE application areas are optical interconnects, sensor
technologies for the visible and near-, mid-, and far-
infrared [5, 12, 13], signal processing functions, imaging,
displays, energy conversion, illumination, optical storage,
and gaming. If I look inside of these eight categories, I can
identify specific high-impact cases. These are the challenges
and opportunities for those of us involved in Si OE:

(a) interconnects: all of the transceiver applications listed
above in the high-volume section, electrooptically
switched (reconfigured) optical networks;

(b) sensors: infrared spectrometer-on-a-chip, photonic
laboratory-on-a-chip for sensing chemical and bio-
logical agents, lab-on-a-chip for environmental mon-
itoring or process control or medical diagnosis;

(c) signal processing: wireless mobile multifunction
“phone-like” device, optical time-delay beam-steerer
for a phased-array microwave antenna, RF-optical
receivers for RF spectrum analysis, ultrafast analog-
to-digital converters, reconfigurable wavelength-
division multiplexers and demultiplexers, reconfig-
urable optical filters, electronic warfare processors,
photonically enhanced microwave and millimeter-
wave circuits, optical buffer memories, electrooptical
logic that operates on phase-coherent light beams,
quantum communication-cryptography-metrology-
computing, photonic testing of electronic ICs, bionic

signal processors; neural network processors; data-
fusion chips using inputs from several sensors;

(d) imaging: focal-plane-array imager with integral read-
out: infrared-to-visible image converter chip;

(e) displays: chip-scale electrooptical display with inte-
gral scanning;

(f) energy: highly efficient group IV photovoltaic solar
cells with integral signal processing—perhaps with
thin-film supercapacitors for energy storage;

(g) illumination: efficient group IV solid-state lighting
devices;

(h) optical storage: read/write chips for ultradense CDs
and atom-scale memories;

(i) gaming: ultrafast graphic computation chips for
Nintendo and Playstation.

I feel that nonlinear optical effects in group IV PCs
and photonic-wire devices will have applications in signal
processing. These NLO effects encompass all-optical mod-
ulation, all-optical wavelength conversion, electrooptically
tuned resonator wavelength conversion, four wave mix-
ing, broadband parametric gain, all-optical signal regen-
eration, electromagnetically induced transparency, Pockels-
effect polymer/Si self-phase modulation, cross-phase mod-
ulation, stimulated-Raman slow-light delay lines, temporal
pulse compression, and soliton generation. Many of these
apply to optical networks.

6. RECENT ACHIEVEMENTS

This section contains a brief sketch of results achieved
during the past six months. Most of results streaming out
of Europe, North America, and Asia pertain to 1550 nm, but
we are beginning to witness progress at longer wavelengths,
highlighted here in Sections 6.2 and 6.3. In 2005, I proposed
that silicon-integrated optelectronics could be migrated into
the wide, longwave infrared region that stretches from 1.6 to
200 μm. That migration will require innovative components
whose dimensions are scaled-up from 1550 nm [12]. In a
recent 2008 talk [5], I suggest that the time is ripe for chip-
scale LWIR integration.

6.1. Results at 1550 nm

Modeling of an n+-doped layer of tensile Ge [10] pre-
dicts strong 1550-nm luminescence because the As doping
populates the lower-energy L conduction valley, thereby
transferring electrons from “excited L” into the Γ valley that
sits at higher energy. Thus strong radiative recombination is
obtained. I do not know whether the amount of electron-
hole injection in a PNN+ diode will be adequate compared
to that of a PIN diode. With regard to Sn-alloy emission
experiments, the SiGeSn photoluminescence results of ASU
[15, 16] are precursors of their electroluminescence studies.
Their new SiSn alloy [16] is predicted to have a direct
bandgap at 1460 nm when Si0.65Sn0.35 is grown lattice-
matched upon Ge0.88Sn0.12-buffered silicon.
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Figure 4: Two designs for an SOI photonic-crystal dual-ring-resonator wavelength-division add-drop multiplexer optimized for (a)
backward dropping, (b) forward dropping. (Illustrations taken from [18]).

On the topic of PCs, the first photonic crystal in a film of
crystal Ge has been reported [17]. Strong luminescence from
a point-defect resonant cavity in a 2D PC slab of GeOI was
attained. On the topic of microring resonators, considerable
progress has been made as evidenced by an experimental
SOI photonic-wire fifth-order filter [14]. An alternative to
the SOI strip ring has now surfaced in the form of the
SOI 2D photonic-crystal ring resonator (PCRR) presented
in [18, 19]. As shown in Figure 4, the dual-ring PCRR has
a property not found in photonic-wire rings. It can drop a
resonant wavelength in either the forward or the backward
direction [18]. Also, the PCRR diameter can be made smaller
than that of the microwire without suffering size-dependent
losses like those present in the microwire resonators.

6.2. Results at the near and mid infrared

The 3.39 μm midinfrared silicon Raman amplifier reported
by Bahram Jalali’s group at UCLA represents an impor-
tant migration of silicon photonics into the 3 to 5 μm
atmospheric-transmission window [20]. The room tem-
perature electrically pumped germanium MIS-diode laser
developed in the group of Chee-Wee Liu appears to be

a world first [21]. This novel tunneling-injection device
utilizes an unstrained bulk Ge crystal with a strip-shaped
metal-insulator gate on the Ge top surface, plus a contact
on the bottom Ge surface. This multimode laser has output
lines from 1600 nm to 2140 nm, and there are temporal
instabilities in the laser output associated with local heating
under the gate.

I propose improvements to this MIS laser diode laser that
would reduce indirect-bandgap effects and would increase
infrared mode confinement under the gate without relying
upon heating. Since the direct-gap wavelength of a Ge1−xSnx

crystal film moves from 1550 nm in pure Ge to 1900 nm as
5% Sn is added to Ge, and since GeSn can be grown directly
upon Si, the improved MIS laser would employ a ∼1 μm-
high nearly direct GeSn stripe mesa waveguide upon a thin Si
substrate. The emission wavelength would be in the 1900 to
2100 nm range. A multiquantum-well GeSn/Ge active region
would lase closer to 1600 nm.

As GeSn technology becomes mature, I feel that several
practical GeSn/Si PIN laser diodes and photo diodes will
be invented whose wavelengths-of-operation are from 1.8 to
2.5 μm. At these near/mid-IR wavelengths, the attenuation of
a glass optical fiber is too large for meter-scale transmission,
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but the high-speed GeSn-transceiver fiber-optic links would
work well over a few cm and fluoride fiber could serve for
multimeter links.

6.3. Results at the far infrared

ASU researchers have demonstrated a relaxed-crystal SiGeSn
buffer on silicon, offering a template for subsequent MQW
epitaxy. This provides a real-world basis for design studies.
A quantum-cascade laser design of a strain-free Ge/SiGeSn
MQW lattice-matched to the ternary buffer was recently
presented by Sun et al. [22]. This conduction intersubband
device, a unique advance in Group IV technology, was
predicted to have 120 cm−1 of gain at the 49 μm wavelength.

Because the deposited material Ge0.23Sb0.07S0.70 has mid
IR and far IR transparency, as well as CMOS compatibility,
the low-loss GeSbS waveguides announced by the MIT group
[23] appear to be good candidates for silicon-based LWIR
on-chip networks.

7. OVERVIEW OF THIS SPECIAL ISSUE

As I read through the invited papers, I was impressed
by their depth, diversity, timeliness, and innovation. The
main themes of this issue are efficient silicon light sources
(Gaburro et al.), optical switching and memory in photonic
crystal nanocavities (Notomi et al.), macroporous silicon
photonic crystals (Kitzerow et al.), hybrid evanescent III-V
integration (Park et al.), light emitters in 3D Si/SiGe nanos-
tructures (Lockwood et al.), chip-scale silicon photonic bio-
sensors (Carracosa et al.), reflective gratings for photonic
interconnects (Bidnyk et al.), high-speed waveguided Ge
integrated photodetectors (Masini et al.), rare-earth doped
silicon nano-emitters (Li et al.), foundry tools for photonic
integration on CMOS (Fedeli et al.), gigascale silicon optical
modulators (Basak et al.), sub-wavelength grating structures
in SOI (Schmid et al.), low-cost silicon photonic links (Luff
et al.), ion-implanted optical Bragg filters in SOI (Knights
et al.), polarization control via stress induction (Xu et al.),
electromagnetic modeling of silicon lasers (Prather et al.),
engineering of material-photon interaction (Wada), and
active photonic crystal devices for interconnects (Fauchet).
The advances reported here lift silicon-integrated photonics
to a higher level of capability and lay a foundation for further
progress. These advances will help silicon reach preeminence
in microphotonics.
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1. INTRODUCTION

Over the past several decades, data transfer rates over
electronic interconnects have been increasing exponentially
following Moore’s law. The clock speed of silicon-based
electronic processors has reached microwave frequencies of
over 4 GHz causing severe problems with the signal integrity
of electronic interconnects. At these frequencies, traditional
stripline interconnects suffer from a fundamental cross-
coupling penalty and large radiation losses. The research
in silicon photonics has been driven primarily by the
objective of overcoming the limitations of stripline inter-
connects. Recently, several key elements, including silicon
lasers, modulators, and photodetectors, have been realized
in silicon using low-cost CMOS-compatible processes [1,
2]. Further research in silicon-on-insulator (SOI) shows
promise for implementing additional key functionality—
demultiplexing—to enable wavelength division multiplexing
and transferring data over multiple channels. The high
index contrast of SOI waveguides also permits smaller

device footprints compared to more weakly guided material
systems.

Due to performance limitations, arrayed waveguide
grating- (AWG-) based demultiplexers in SOI have not been
able to compete effectively with silica-based AWGs. Porting
AWG technology directly from silica to SOI has been a
challenge, mainly due to high waveguide propagation losses,
limited spectral range, strong polarization dependence, and
poor optical crosstalk arising from phase noise in the delay
line region of SOI-based AWGs [3]. In order to overcome
AWG limitations in SOI, several research groups have
explored the possibility of using planar reflective gratings
as an alternative to AWGs. To generate diffraction, planar
reflective gratings, also known as Echelle gratings, rely on the
optical properties of a 2D silicon slab as opposed to a phase
array of waveguides in AWGs. SOI-based planar reflective
gratings have now been realized with SOI core thicknesses
of 0.22 μm [4], 3 μm [5], and 5 μm [6]. These initial studies
are very promising and demonstrate that on-chip insertion
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losses of less than 2 dB are readily achievable in both thin
and thick core SOI-based planar gratings [4, 5].

In this paper, we theoretically explore the optical
properties of planar reflective grating demultiplexers based
on silicon cores of various thicknesses. We show that
the thickness of the silicon core layer has a profound
effect on the polarization and crosstalk performance of
the SOI grating. The results of our findings were used
to synthesize a polarization-insensitive 18-channel coarse
wavelength division demultiplexer (CWDM) with box-like
responses based on a planar reflective grating. The device
combines a shallow-etch tapered rib structure and multi-
mode silicon channels. The grating was optimized to reduce
aberration effects. The polarization-insensitive performance
of the demultiplexer was confirmed using quasi-vectorial
diffraction theory. Applications of planar reflective gratings
to building silicon interconnects are discussed.

2. PLANAR REFLECTIVE GRATING DESIGN

The success of AWGs in meeting the requirements of the
multichannel demultiplexer market has been largely due to
the silica platform where AWGs can be fabricated using
shallow etched waveguides in a relatively simple fabrica-
tion process. In spite of a considerably smaller footprint,
the fabrication of planar reflective gratings in silica was
more complex compared to AWGs and required additional
research into controlling the verticality and smoothness of
the reflective facets. Contrary to silica, there are a number
of well-established processes for producing deep, smooth,
and highly vertical-etched structures in SOI. One of the
key advantages of planar grating devices compared to free-
space bulk gratings is that they are lithographically produced
and any grating shape is readily achievable. Techniques for
etching silicon have benefited from recent advancements in
the fabrication of microelectromechanical systems. Planar
reflective gratings in SOI have the potential for monolithic
integration with large-scale electronic-integrated circuits.

An SOI-based planar grating uses a variety of input and
output structures, as shown in Figure 1. In a rib-waveguide
SOI structure, the fundamental mode of the waveguide is
asymmetrically positioned below the center of the slab core.
In order to improve the waveguide-to-slab coupling, the
input waveguide is usually tapered at the entrance to the slab
region. In the slab, the light remains confined in the vertical
direction but expands horizontally until it encounters a series
of reflectors. The grating not only diffracts but also refocuses
the light into the output waveguides, as shown in Figure 1.

The lithographic approach to making planar gratings
carries little design restrictions on the shape of the launching
mode or the shapes of the diffracting elements. Such
flexibility in planar grating design has recently resulted in the
successful demonstration of planar gratings with facet widths
varying from 4 to 1000 μm [4, 7]. Diffractive elements in SOI
can be created by either a single dielectric-to-metal interface
[5], a reflective dielectric stack [8], or using total-internal
reflection facets [6].

The first planar reflective gratings were realized using
the Rowland configuration [9]. Research into novel grating
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Figure 1: Architecture of the planar reflective grating in a silicon-
on-insulator optical interconnect. A shallow etch (0.5 μm) defines
the input structure, whereas a deep etch (1.7 μm) defines the output
waveguides and grating facets.

designs has since yielded a methodology for eliminating the
aberration effects caused by grating facets [10]. Subsequently,
a mechanism of compensating for the dispersion of the
refractive index of glass has been discovered, resulting in the
successful demonstration of interleavers [7].

A comparative analysis of both planar reflective gratings
and arrayed waveguide gratings recently performed by
Cheben found that the traditional scalar approach to the
simulation of planar gratings is unable to reconcile simulated
and measured data [11]. Numerical difficulties posed by
the large number of diffraction orders, deep triangular
grooves with high blaze angles, and small wavelength-to-
grating pitch ratios have made the calculation of diffraction
efficiency one of the most intractable problems of electro-
magnetic theory.

Until a decade ago, simple relationships between funda-
mental grating parameters, such as diffraction order, diffrac-
tion angle, resolving power, Rowland circle radius, grating
pitch, were deemed sufficient to model planar reflective
gratings. The linear dispersion strength of a planar grating
can be readily computed through the angle of incidence, α,
and reflected angle, α′ [12]:

L
∂α′

∂λ
= L

sinα + sinα′

λcos α′

[
1− λ

n

∂n

∂λ

]
, (1)

where L is the length of the slab region. Theoretically, it is
possible to use infinite permutations of diffraction angles and
slab lengths to produce gratings with almost identical charac-
teristics. However, in practice, researchers have realized that
theoretically equivalent gratings can exhibit vastly different
performance characteristics.

Vector diffraction theories that replaced the traditional
scalar approach revealed that the shape and metallization
of the grating facets affect both the grating efficiency and
polarization sensitivity. Delâge and Dossou [13] solved
Maxwell’s equations in proximity to the grating facets using a
finite-element method and matched their numerical solution
near the grating surface to a Rayleigh expansion. Their work
showed that metallization had a profound impact on the
absolute and relative grating efficiencies of both TE and TM
polarized light.
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The design of planar gratings in SOI requires careful
studies on the effects of silicon core thickness and grating ver-
ticality on the polarization dependence and optical crosstalk.
Particular consideration should be given to the selection of
diffraction angles for the planar grating in SOI.

3. POLARIZATION DEPENDENCE OF
PLANAR GRATINGS

The polarization dependence of the wavelength (PDW) has
different origins in AWGs and planar reflective gratings.
PDW in an SOI-based AWG is predominantly caused by
waveguide birefringence in the phase array region. Con-
tributing factors to the waveguide birefringence include
waveguide cross-section variations and stress. Both of these
factors can be used to eliminate modal birefringence in SOI-
ridge waveguides [14]. Consequently, the selection of proper
waveguide dimensions and cladding layers is essential for
improving the PDW performance of AWGs.

Contrary to AWGs, the PDW of SOI planar waveguide
gratings depends only on birefringence of the slab and not
the waveguides. The geometry of waveguides can be selected
independently, thus providing additional design flexibility in
optimizing other planar lightwave circuit subcomponents,
such as fiber-to-waveguide mode converters and bend waveg-
uide regions.

The modes of an asymmetric slab waveguide can be
found using analytical expressions that assume that the
waveguide is infinite in the transverse direction [15]. The
three layers of the infinite asymmetric slab waveguide are
a cladding layer of air (n0 = 1), a core layer of silicon
(n1 = 3.48), and a substrate layer of SiO2(n2 = 1.445). The
thickness of the cladding and substrate layers are assumed to
be infinite in these calculations, a good approximation due to
the strong modal confinement in the high-index silicon core.
The equations for the TM mode are found using the duality
relationships between TE and TM electric and magnetic
fields. The computation was performed for a wavelength of
1.55 μm.

The results of the effective index computations are
shown in Figure 2 (left axis). The effective index of the
fundamental slab mode in a silicon core has been found to
depend strongly on the core thickness, due to the high index
contrast of SOI. The birefringence of the slab waveguide
becomes greater as the core thickness decreases, with only
the TE mode propagating at core thicknesses of <0.12 μm.
In silica, researchers have found a way of eliminating the slab
birefringence through a use of a compensator region [16].
In SOI, the amount of birefringence is orders of magnitude
larger.

Polarization compensation in SOI is possible for a
range of core thicknesses using, for example, the approach
described in [16]. The difficulty associated with this
approach is that a large mode profile mismatch between
the slab and compensator regions can excite undesirable
higher modes. This problem has been solved by Cheben et
al. using silicon-oxide-silicon compensators that can provide
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Figure 2: (i) Dependence of the effective refractive index of the
fundamental mode on the core thickness of the slab for TE- and
TM-polarized lights (left axis); and (ii) polarization dependence of
the wavelength as a function of the slab thickness (right axis).

sufficiently strong birefringence correction with minimal
field profile mismatch [17, 18].

The present manuscript is limited only to the con-
sideration of planar gratings containing no polarization
compensators. The design and architecture of compensators
is a subject of our present research in this field. A strong
slab birefringence has a profound effect on the optical
properties of silicon interconnects based on planar reflective
gratings. In Figure 2 (right axis), we have computed the
amount of PDW that is caused by slab birefringence. The
data clearly shows that, in devices with a silicon core
thickness of <1 μm (PDW = λ·Δn/n > 10 nm), it is not
possible to achieve polarization-independent performance
for most practical applications. In a different approach, it
has been suggested that the polarization diversity scheme
can potentially be applied to overcome the polarization
dependence of reflective interconnects [19]. This, however,
would likely lead to doubling the number of optical and
electronic subcomponents and would also require integrat-
ing polarization splitters and combiners. The complexity of
the polarization diversity scheme will likely outweigh the
benefits of silicon photonic integration for the majority of
applications that require polarization insensitivity.

In addition to PDW, SOI-based devices also experience
polarization-dependent loss (PDL). Nanometer-scale side-
wall roughness is the prime cause of polarization-dependent
waveguide loss in silicon waveguides [20]. In AWGs, PDL
primarily arises from different waveguide propagation losses
associated with the two polarizations in the phase array
region. Planar reflective gratings, in contrast, require no
phase-array waveguides, but rather a slab region that can be
made polarization-insensitive. However, PDL does arise due
to the presence of nonreflecting sidewalls between adjacent
grating facets. The approach to reduce this source of PDL
will be discussed later in this manuscript.
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4. OPTICAL CROSSTALK

Optical crosstalk also has different origins for AWGs and
planar reflective gratings. In AWGs, the theoretical crosstalk
limit depends on the number of waveguides (the Gaussian
field truncation) and waveguide phase errors. The Gaussian
field truncation can be overcome by merely increasing the
number of waveguides in the phase array region. However,
controlling the phase noise in SOI waveguides is very chal-
lenging. Even nanometer-scale variations in the waveguide
geometry leads to severe phase distortions. Phase error noise
in SOI typically results in optical crosstalk values unsuitable
for most applications [3]. This limitation underscores the
difficulty of implementing the AWG architecture in SOI.

Planar reflective gratings offer the unique possibility of
overcoming the crosstalk limitations of the SOI platform.
The optical crosstalk of planar reflective gratings is not
degraded by waveguide geometry phase errors since diffrac-
tion occurs in the slab region. The slab region typically has a
high refractive index and thickness uniformity. The two main
contributors to optical crosstalk in planar gratings are grating
anomalies and facet verticality. A numerical model which
simulates the spectral characteristics of the demultiplexer
including grating anomalies due to the pixilation effect,
random stage movement error, and gain error has already
been established and discussed in the literature [21]. In this
study, we primarily examine the effects of grating verticality
on the cumulative optical crosstalk.

In a multichannel demultiplexer, the cumulative optical
crosstalk arising from a grating facet tilted by θ degrees
from the vertical can be computed by considering the
phase distortion of the mode reflected from the facet. For
the TE mode (and similarly for the TM mode) the mode
reflected from a tilted interface, Etilted, is given by the input
fundamental slab mode, Eslab, multiplied by a phase-shifting
factor

Etilted = Eslabe
i2β y tan θ , (2)

where y is the coordinate in the growth direction and β is the
slab mode propagation constant. Crosstalk originates from
the fact that the reflected mode does not perfectly couple
with the fundamental slab mode, and the uncoupled portion
of the light can contribute to the crosstalk. Assuming that
all fields are normalized, the amount of cumulative crosstalk
can be estimated by calculating the coupling loss between the
reflected mode and the fundamental slab mode (wavelength
dependence is implicit):

ηTE = 1−
∣∣∣∣1

2

∫∞
−∞

Ey,slabH
∗
x,tilteddx

∣∣∣∣
2

,

ηTM = 1−
∣∣∣∣1

2

∫∞
−∞

Ex,slabH
∗
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∣∣∣∣
2

.

(3)

This gives the worst case crosstalk estimate, as some of
the reflected mode may couple to radiation modes and not
contribute to the crosstalk. In multichannel planar grating
demultiplexers, the spectral response from each channel,
including side-lobes and other crosstalk limiting features,
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Figure 3: Cumulative optical crosstalk as a function of silicon
core thickness and facet tilt angle (relative to vertical) for different
isolation requirements. In order to achieve −30 dB isolation in 1.7-
μm-thick silicon slab, the verticality of facets should be controlled
to within ±0.4 degree.

is very similar if channels are spectrally shifted by the
amount of channel spacing and overlaid [12]. Higher-order
slab modes have different propagation constants and will
generally diffract at different angles, focusing at spatially
different locations along the Rowland circle, resulting in
“ghost peaks” appearing in the other channels. Effectively,
each channel will experience crosstalk from a different
spectral window coming from every other channel. Thus,
the cumulative optical crosstalk can be estimated by either
adding together crosstalks in different spectral windows
from all the channels, or alternatively performing a spectral
integral of crosstalk coming from a single channel, as given
by the above formulas.

The results of our simulations are shown in Figure 3.
Each curve shows the maximum vertical tilt angle of the
grating permissible for a given silicon core thickness so as
to maintain a particular amount of cumulative crosstalk,
from −10 dB to −40 dB. From Figure 3, silicon cores with a
thickness of ∼0.3 μm are capable of withstanding the largest
grating facet tilt with the smallest amount of crosstalk. For
thicker silicon cores, crosstalk values become unacceptable
even for relatively vertical grating facets (e.g., crosstalk ηTE ≈
ηTM = −15 dB for core thickness of 5 μm and a tilt angle of
θ = 0.5◦).

Figure 3 also shows the polarization dependence of the
cumulative crosstalk. For thinner cores (<0.2 μm), TM-
polarized light is more sensitive to the facet tilt angle,
while for larger core thicknesses TE-polarized light is more
sensitive. For reflective gratings with thick cores (>10 μm),
the TE- and TM-polarized modes are both equally highly
sensitive to the tilt angle. These results can be explained
by examining the confinement of the optical mode. As the
optical power in the mode becomes more diffuse in the
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vertical direction, the edges of the modal field experience
a greater phase shift according to (2), and the mode will
become more sensitive to grating verticality. The peaks in
Figure 3 occur at core thicknesses where the TE or TM mode
is the most vertically confined.

Figure 4 shows the confinement in the silicon core of the
TE- and TM-polarized mode. For thinner cores, where the
modes are only weakly guided, the TM mode is much less
confined than the TE mode, resulting in a greater sensitivity
to the tilt angle. As the core thickness increases, the TM-
polarized light becomes more confined than TE-polarized
light, and hence less sensitive to the tilt angle. At core
thicknesses above 1 μm, both TE- and TM-polarized modes
are almost entirely confined in the core, and the width of
the mode field in the vertical direction increases as the core
thickness increases. This results in a high sensitivity to the tilt
angle at large values of the core thickness.

It is advantageous to use the thinnest possible core that
provides acceptable PDW values (see Figure 2). Thus, the
selection of the core thickness has to be done in conjunction
with a specific application. Irrespective of the core thickness,
the ability to etch nearly vertical grating facets is essential
in minimizing the insertion loss and reducing the optical
crosstalk of planar reflective gratings.

5. CWDM DEMULTIPLEXER DESIGN

We have applied our findings to design an SOI-based CWDM
demultiplexer suited for use in integrated receiver applica-
tions. The CWDM grid is made up of 18 wavelengths defined
within a range of 1270 nm to 1610 nm, spaced by 20 nm [22].
CWDM can support various topologies of interconnects—
hubbed rings, point-to-point, and passive optical networks
with transmission distances of up to 50 km. The CWDM
receivers often require larger bandwidths that can capture
all the specified bitrates and protocols. We assume that
our CWDM demultiplexer is used in conjunction with
wavelength agnostic PINs or avalanche photodiode detectors
(APDs) that operate over the entire ITU CWDM band.

On the transmitter side, polarization control is not
necessary since laser diodes are strongly polarized. However,
on the receiver side, the incoming signal polarization is
not known a priori, consequently, receiver demultiplexers
should be sufficiently polarization insensitive. From Figure 2,
it is apparent that to have sufficiently low polarization
dependence (PDW < 2 nm) in a planar reflective grating
containing no polarization compensators, the silicon core
thickness should be no less than 1.7 μm. On the other hand,
for the best crosstalk performance, Figure 3 suggests that the
core thickness is as small as possible. Therefore, to construct
the CWDM receiver, we selected the nominal core thickness
of 1.7 μm.

The rib waveguide geometry was chosen to be single
mode according to the modified criterion of Soref et al.
[23]. Single-mode operation was confirmed with a full-
vectorial finite-element method. The nominal ridge width
was chosen to be 1.5 μm with a ridge depth of 0.5 μm. The
TM mode profile for this structure, generated using finite-
element analysis, is shown in Figure 5.
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Figure 5: The TM mode profile of the input rib waveguide of the
CWDM demultiplexer. Birefringence of the waveguide does not
contribute to the polarization dependence of a planar reflective
grating.

The high-contrast silicon slab considered here supports a
large number of higher-order modes. Consequently, special
consideration should be given to the design of the input taper
to prevent higher-order mode excitation. If higher-order
modes are unintentionally excited, it will inevitably lead to
the presence of ghost peaks in the output guides even if the
grating facets are perfectly vertical. To overcome the higher-
order mode excitation, the input waveguide incorporates a
linear taper that adiabatically increases the rib width from
1.5 μm to 4 μm over a length of 2000 μm. The length of the
slab region was chosen to be 6200 μm. The slab length is
selected to achieve sufficient linear dispersion (as given by
(1)) to accommodate the width and separation between the
output waveguides.
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The selection of the diffraction grating order is dictated
by the requirements imposed by the free spectral range (FSR)
of the device. In general, the overlap between different orders
is determined by

(N + 1)λ1 = Nλ2. (4)

In order to accommodate all 18 channels spaced at 20 nm, as
required for a CWDM receiver, Δλ = λ2− λ1 should be more
than 400 nm. Such a wide-free spectral range demands the
diffraction order to be N = 1, yielding a free spectral range of
over 600 nm. While low-diffraction order devices are easily
achievable using the planar reflective grating technology,
realizing such wide-free spectral range device using the AWG
architecture would require an impractically large phase array
region that would have severe crosstalk limitations in SOI.

The Rowland circle configuration was chosen as a zero-
order approximation to the position of refractive elements
and the plane of the input and output waveguides. The first-
order correction was obtained through the use of standard
double-astigmatic point improvement to the position of
the grating facets [11]. In our case, we chose 1270 nm
and 1610 nm as astigmatic wavelengths to compensate for
the reduced diffraction efficiency in the end channels. The
energy of light diffracted by the grating was optimized by
selecting a blaze wavelength of 1440 nm.

Careful consideration should be given to the selection of
diffraction angles for the planar grating in SOI. Traditionally,
planar reflective gratings in SOI have been selected to
have incident and reflected angles of around 40 degrees
[4, 6]. However, building a wide-free spectral range CWDM
demultiplexer at such large diffracting angles would lead to
suboptimally shaped grating facets that are susceptible to
corner rounding and polarization dependence. While it is
possible to remove reflective material from the nonreflective
facets to improve the grating efficiency, this would require
additional postprocessing steps such as selective metal etch
removal.

The reduction in the planar grating diffraction efficiency
due to corner rounding is approximately equal to the ratio
between the size of the round corner and the size of
the reflective portion of the facet. It is advantageous to
have the size of the reflective facet much larger compared
to the corner rounding. Furthermore, the ratio of the
reflective to nonreflective facet has been shown to be the
key for overcoming PDL in planar reflective gratings [24].
Consequently, the diffraction angle should be low enough
to produce sufficiently wide reflecting facets for ease of
manufacturing, while keeping the size of the nonreflecting
facets small enough to eliminate corner rounding and
polarization effects.

Our analysis of the grating parameters yielded a value of
3.5 degrees for the angle of diffraction. At this diffraction
angle, an average size of the reflective facet is 3 μm while
the nonreflecting sidewall is only 0.2 μm. This results in the
aspect ratio of the reflecting to nonreflecting facet of 15 :
1, putting a limit of −0.3 dB on the maximum diffraction
efficiency loss due to corner rounding. The total number
of facets was chosen to be 600. This ensured that well over
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Figure 6: Transmission spectra of an 18-channel CWDM demulti-
plexer for TM polarization. No decrease in the diffraction efficiency
was observed for the end channels. Optical crosstalk of better than
−35 dB was achieved.

99% of the light from the input waveguide is captured
by the grating. Each grating facet was chosen to be an
elliptical shape to further reduce aberration effects. Details
of aberration reduction are described in [10].

To achieve a box-like channel profile for the CWDM
demultiplexer, the output waveguides are formed using a
1.7-μm-deep etch with a waveguide width of 8 μm and
a separation between waveguides of approximately 4 μm
(see Figure 1). This output waveguide structure can support
a large number of modes. Since the proposed device is
specifically designed for use in receiver applications, we
assume that the active area of the photodetector is sufficiently
large to absorb all of the light in the multimode guide.

To simulate the grating performance, we used a full-
vectorial finite-element method to compute the modes of
input and output guides. An asymptotic approximation for
Hankel functions of large argument was then used to obtain
the intensity on the grating facets. This approximation was
used once again to obtain the reflected field Θ(λ) on the
plane of the output waveguide structures. The demultiplexer
transmission intensity at a specific wavelength was obtained
by a convolution of the diffracted light with the intensity
profile of each individual mode ϕi(λ) in each output
multimode output waveguide:

T(λ) =
∑
i

〈
Θ(λ) | φi(λ)

〉
. (5)

The results of our simulation are shown in Figure 6 for
TM polarization. It is worth pointing out that the diffraction
efficiency at the end channels is as strong as the efficiency of
the central channels. This was possible by our selection of the
blaze wavelength of the planar grating to be in the middle of
the free spectral range, and the use of the end wavelengths
for astigmatic points. Crosstalk values of better than −35 dB
have been computed for all 18 channels. The 0.5-dB spectral
width of an individual channel was estimated to be 16 nm.
Considering that this device has a projected PDW of 2 nm
due to the slab birefringence, centering the wavelength
between the two extreme polarizations can potentially yield
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15 nm of useful bandwidth for each individual channel.
Such wide spectral passbands can be useful for transmitting
large-bandwidth data while still allowing for the temperature
drift of the demultiplexer and the transmitter laser diodes.
This work confirms that planar reflective gratings in SOI
can be used to achieve both wide-free spectral range and
polarization-insensitive performance.

Multiplexing and demultiplexing light is only one of
many possible applications of planar reflective gratings in
silicon interconnects. Planar reflective gratings can also be
used in add-drop filters, repeaters, dispersion compensators,
and gain equalizers. Because of their reflective nature,
planar gratings can be very effective in stabilizing laser
sources through wavelength locking. Additional applications
of planar gratings will likely be found in optical clocking
through the use of time domain to frequency domain
interferometry in silicon interconnects.

6. SUMMARY

In summary, we have investigated the optical properties of
planar reflective gratings for building optical interconnects
in silicon on insulator for various silicon core thicknesses. We
have shown that the dispersion of the slab can be controlled
through the core thickness selection to produce polarization-
insensitive gratings. The verticality of the grating facets has
been found to be the main contributing factor to the cumula-
tive crosstalk in thick silicon cores. Our findings were applied
towards the design and simulation of an 18-channel coarse
wavelength division demultiplexer that has both a wide-
free spectral range and polarization-insensitive performance.
These results demonstrate that planar reflective gratings
can become an essential element in building many silicon
photonics applications.
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1. INTRODUCTION

Monolithic integration of optical components on an Si
platform has been pursued for a long time for its potential
advantages over hybrid approaches: lower assembly cost,
compactness, channel count, scalability to high-volume
production. Integration in a CMOS platform, in particular,
is very attractive because of the very low cost-per-unit
attainable with this technology.

Several optical building blocks have been demonstrated
already on Si: waveguides [1], high-speed modulators [2],
photodetectors [3], and complete transceiver systems have
been demonstrated as well by Luxtera with its recently
introduced 40 Gbps (4 channel, 10 Gbps each) monolithic
optical transceiver built on an Si CMOS platform [4].

While waveguiding and modulation can be done in
Si and do not require the integration of new materials
in the CMOS process, photodetection at long wavelengths
(1.3 μm and 1.55 μm) requires either Germanium or a III–
V compound such as InGaAs. The former is preferred
over the latter due to its better compatibility with the Si
technology in terms of lattice structure and parameter and
contamination concerns. Germanium on Si photodetectors
has been demonstrated by several research groups with high
responsivity and speed and relatively low dark current [5–
8], however, none of the published devices is integrated in a
CMOS process along with standard Si transistors.

In this paper, we first describe our approach to integra-
tion of a Ge module for photodetectors in LuxG, Luxtera’s

optical-enabled CMOS process based on Freescale’s hip7 soi,
then we introduce the world’s first monolithic high-speed
optical receiver based on Ge waveguide photodetectors.

2. TECHNOLOGY

SiGe alloys are commonly found in today’s Si technologies
both bipolar, as the base layer in heterojunction bipolar
transistors (HBTs) [9], and CMOS, as channel “stressors”
for p-channel field effect transistors [10]. Unfortunately,
the absorption coefficient of the low-Ge-content alloys used
in these applications is too weak to be useful for efficient
photodetection at 1.5 μm. On the contrary, pure Ge shows
very high absorption coefficient up to 1.55 μm, thanks to the
direct transitions occurring at the gamma point of its band
structure at energies above 0.8 eV. While the use of 100%
Ge fet is envisioned as a solution to address the mobility
degradation induced by the extreme gate length scaling
dictated by the ITRS roadmap [11], several issues remain to
be solved before the first product based on this technology
faces high volume production, with gate oxide formation
and leakage reduction being, probably, the most formidable
[12]. Luckily enough, the use of 100% Ge for photodetectors
does not imply the formation of a high quality, chemically
compatible, high-K, ultrathin dielectric, as it is the case
for fets, and the leakage attainable by Ge on Si diodes is
high but still compatible with high-speed receivers operation
[13].
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Figure 1: LuxG process flow.

Ge can be epitaxially grown on Si, despite the large dif-
ference in lattice parameter (4%), using buffering techniques
[14]. The buffer is used to plastically relax the strain induced
by the lattice mismatch, usually through controlled creation
of dislocations, therefore allowing a layer-by-layer, flat, film
growth. Among the different approaches found in literature,
the low-temperature buffering technique introduced in [15]
is very attractive for integration in a CMOS process since it
does not require thick (and long) growths thus simplifying
the insertion of the Ge film in the limited headroom allowed
to a CMOS fet. Ge films grown using this technique have
been shown to have less than 107 cm2 dislocation density,
improving consistently after thermal cycling [16], though
the high temperature required by the latter limits its use
in a CMOS flow. Ge epitaxy in a CVD environment is,
usually, naturally selective to oxide thus allowing for selective
deposition in the areas where the detector has to be fabricated
using a hard mask. Selectivity can be improved by adding
HCl to the gas flow. When it comes to choose the insertion
point of the Ge epitaxy step within a CMOS process, several
factors must be considered: the temperature profile of the
process, the possibility to contact the Ge device using the
standard Si contact module, the salicide sensitivity to thermal
treatments, the availability of a clean Si surface, the presence
of dielectric films, and their interaction on the selective
growth of Ge. All these requirements may differ among
different technology nodes and need to be carefully evaluated
to ensure a seamless integration. LuxG, the Ge-enabled
Luxtera process, integrates the Ge epitaxy step at the end of
the front-end processing and before the contact module (see
Figure 1). Epitaxy is performed in an RPCVD reactor for 8′′

wafers using GeH4 and hydrogen as the carrier gas.
While forcing the detector to share the same contact

module of a transistor greatly simplifies its integration, it
also constraints the maximum thickness that can be used
for the Ge epitaxy to a fraction of a micron. This fact rules
out the possibility to integrate surface illuminated detectors
which, given the penetration depth of 1.5 μm light in Ge,
require an absorption length (i.e., thickness) larger than
2 micron. Waveguide photodetectors can be used, instead,
since absorption in these devices occurs along propagation of
the optical beam parallel to the growth surface (see Figure 2),
thus transforming the thickness constraint in a waveguide
length requirement. Waveguide photodetectors have other
advantages over surface illuminated ones, the most relevant
being the decoupling of light absorption and photocarrier
drift directions which allows for independent optimization
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Figure 2: Absorption and drift directions are decoupled in
a waveguide photodetector allowing to independently optimize
efficiency and speed.

Figure 3: 3D view of an LuxG PIN waveguide photodetector.

of absorption on one side and collection efficiency and speed
on the other.

3. LuxG WAVEGUIDE PHOTODETECTORS

LuxG waveguide photodetectors have a p-i-n structure in
which both anode and cathode are formed on Ge by ion
implantation. While other contact configurations, such as
the heterojunction one with one electrode on Ge and the
other on Si, have been explored, the homojunction one
proved best in terms of responsivity and speed, at the cost
of a higher leakage. A pictorial view of an LuxG waveguide
photodetector is shown in Figure 3. Light coupling from the
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Figure 4: Current-voltage characteristics of an LuxG PIN waveg-
uide photodetector in the dark (red) and under illumination at a
wavelength of 1550 nm (blue).
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Figure 5: Frequency response of an LuxG PIN waveguide photode-
tector at a wavelength of 1550 nm and 1V reverse bias. An optical
bandwidth of 26 GHz is extrapolated from the single-pole fit.

Si waveguide is facilitated by the higher refractive index of
Ge and total absorption at 1550 nm occurs in 28 μm which is
the detector length. A typical current/voltage characteristic
in the dark and under illumination is shown in Figure 4.
At a typical operating voltage of 1 V reverse bias, the dark
current is 3 μA and the responsivity is 0.85 A/W. Note that
the responsivity at short circuit is 99% of that achieved in
reverse bias thus allowing efficient operation at 0 V, when
very high-speed operation is not required as an example for
power monitor applications. The relatively high dark current
of the Ge detector is due to the presence of defects in the film
and at the Si/Ge interface originated by the lattice mismatch.

Figure 6: Optical microscope picture of a TIA-LA with LuxG
waveguide photodetectors during waferscale test.

Frequency response at 1V reverse bias is reported in Figure 5
showing an optical bandwidth in excess of 20 GHz with a
well-behaved, single-pole, roll-off.

4. LuxG HIGH-SPEED OPTICAL RECEIVER

LuxG waveguide photodetectors have been monolithically
integrated with a full TIA-LA (transimpedance amplifier-
limiting amplifier) CMOS receiver. The TIA is implemented
using a three stages classic feedback architecture with peaking
inductors to enhance the high-frequency response, and the
LA is a 5-stage differential amplifier also using hybrid
resistive-inductive loading. More details on the TIA-LA
design can be found in [17]. The TIA was designed for use
with a standard stand-alone, surface-illuminated detector
which has a much higher capacitance than a waveguide inte-
grated one. The potential sensitivity enhancement achievable
by increasing the transimpedance gain of the TIA and
enabled by the smaller photodetector capacitance (estimated
to be between 10 and 15 fF) was, therefore, not exploited
in this experiment. A picture of the full receiver during
waferscale test is shown in Figure 6: the RF probes used to
pick up the high speed signal are visible in the top part of
the picture while the electrodes used to bias the TIA-LA and
the detector are on the left. The light was coupled by means
of a grating coupler from a fiber array, partially visible in the
bottom part of the picture, to an Si waveguide feeding the
photodetector. A typical eye diagram at 10 Gbps is shown in
Figure 7. The TIA-LA power supply voltage was 1.4 V while
the detector was biased at 0.3 V. Power level at the detector
was −10.5 dBm. The measured bit error rate as a function
of the optical power at the detector is shown in Figure 8
indicating a sensitivity of −14.2 dBm. The input signal for
this experiment was a 10 Gbps, 27 PRBS (pseudo-random
binary sequence).



4 Advances in Optical Technologies

1 level1 noise

0 noise0 level

Measure

Setup
& info.

Current Minimum Maximum Total measure

Rise time (2)
Fall time (2)

Eye S/N(2)

21.5 ps
22.3 ps
14.2

11 ps
12.8 ps
14.1

26.1 ps
112.2 ps
14.32

46
46
46

Figure 7: Typical eye diagram at 10 Gbps.
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Figure 8: Bit error rate as a function of optical power for the
10 Gbps monolithic receiver as measured during waferscale test.
Light wavelength is 1550 nm.

5. CONCLUSIONS

In this paper, we discuss our approach to monolithic
integration of near infrared Ge waveguide photodetectors
in a CMOS process. Waveguide detectors with 0.85 A/W
responsivity at 1550 nm and speed in excess of 20 GHz are
shown. A monolithic CMOS receiver using Ge waveguide
photodetectors and operating at 10 Gbps with a sensitivity
better than −14 dBm is also demonstrated.
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Rare earth (Tb or Ce)-doped silicon oxides were deposited by electron cyclotron resonance plasma-enhanced chemical vapour
deposition (ECR-PECVD). Silicon nanocrystals (Si-ncs) were formed in the silicon-rich films during certain annealing processes.
Photoluminescence (PL) properties of the films were found to be highly dependent on the deposition parameters and annealing
conditions. We propose that the presence of a novel sensitizer in the Tb-doped oxygen-rich films is responsible for the indirect
excitation of the Tb emission, while in the Tb-doped silicon-rich films the Tb emission is excited by the Si-ncs through an
exciton-mediated energy transfer. In the Ce-doped oxygen-rich films, an abrupt increase of the Ce emission intensity was
observed after annealing at 1200◦C. This effect is tentatively attributed to the formation of Ce silicate. In the Ce-doped silicon-
rich films, the Ce emission was absent at annealing temperatures lower than 1100◦C due to the strong absorption of Si-ncs.
Optimal film compositions and annealing conditions for maximizing the PL intensities of the rare earths in the films have
been determined. The light emissions from these films were very bright and can be easily observed even under room lighting
conditions.
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1. INTRODUCTION

The realization of integrated silicon photonics requires the
development of several fundamental components including
light sources, modulators, amplifiers, and detectors [1, 2].
To achieve silicon-based light sources has always been the
most challenging task, with the first optically pumped silicon
Raman laser being reported only very recently [3]. It is
well known that bulk silicon is a poor light emitter due
to its indirect bandgap and the presence of nonradiative
recombination pathways [4]. Many approaches have been
attempted to overcome these obstacles and achieve effi-
cient emission from silicon. One of the most promising
solutions is to introduce impurities such as rare-earth
elements into materials. Of the rare-earth elements, Er
has attracted the most extensive attention because of the
coincidence between its intra-4f transition at 1535 nm and
the transparency window used for telecommunications [5].
However, the demand to realize full-color light emission
from silicon structures can extend technology interests to
many other rare-earth elements such as Tb and Ce which

usually emit green and ultraviolet/blue light, respectively
[6].

Luminescence from rare-earths has been studied exten-
sively since it was discovered at the beginning of the 20th
century [7]. Today various rare-earth doped materials are
playing important roles in many areas such as displays, solid-
state lasers, detectors, and data storage [8–12]. Recently,
there have arisen enormous demands to develop optical
sources and amplifiers compatible with silicon ULSI technol-
ogy leading to a large increase in the interest for one specific
type of material: rare-earth doped silicon-based materials
[6].

Rare-earth elements make up the sixth row of the peri-
odic table and have a partially filled 4f shell. Optically active
rare-earth ions often exist as trivalent and are formed by
losing one 4f electron and both 6s electrons. Luminescence
from these ions is mainly attributed to their intra-4f or 5d-
4f transitions. Intra-4f transitions are relatively independent
of the host material, since the 4f states are shielded from
outside interaction by 5d states. Note that intra-4f transitions
for free ions are parity forbidden but are partially allowed
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through the mixing of opposite parity wave functions when
rare-earth ions are embedded in a host material. As a
result, they have very long luminescence lifetimes and weak
oscillator strengths. In contrast, 5d-4f transitions are very
sensitive to the surrounding ligands because 5d states are
directly exposed to the local environment. Thus, changes
in the spectral shapes, peak positions, and intensities may
suggest the evolution of the matrix structure. Additionally,
since 5d-4f transitions are parity permitted, they have very
short luminescence lifetimes and strong oscillator strengths
[13].

There are two major obstacles that have to be overcome
in order to achieve efficient emission from rare-earth doped
silicon oxides: inefficient excitation of intra-4f transitions
from rare-earth ions and low solubility of optically active
rare-earth ions in silicon-based hosts.

Emissions from rare-earth ions often originate from the
intra-4f transitions which are only partially parity allowed.
As a result, many rare-earth ions suffer from constraints
on excitation wavelengths and their low absorption cross-
sections of pump photons. For example, Er ions embedded
in silica can only be directly excited at several specific
wavelengths including 488, 514, 800, 980, and 1480 nm and
the absorption cross-section is as low as 10−21 to 10−20 cm2

[5]. Various sensitizers such as Yb ions, silicon nanocrystals
(Si-ncs), silver, and organic complexes have been found to be
able to enhance rare-earth emission significantly through a
dipole-dipole Forster-Dexter coupling process [14].

One structure receiving particular attention is Er-doped
silicon-rich silicon oxide (SRSO). The Si-ncs precipitated
upon annealing can be considered as three-dimensionally
confined structures. The “bandgap” (energy difference
between the highest occupied molecularorbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO)) of
these structures increases with a decrease in size due to
quantum confinement effects [15]. It was demonstrated that
Er emission can be enhanced significantly through exciton-
mediated energy transfer between Si-ncs and Er [16].

Great efforts have been made to understand the physics
of the Er:Si-ncs system. The sensitization mechanism is now
relatively well understood at the phenomenological level.
After a Si-nc absorbs a photon, a bound exciton is generated
in the Si-nc. The exciton may recombine nonradiatively by
transferring energy to a nearby Er ion, putting the ion into
an excited state. The Er ion then decays to the ground
stateby emitting a photon of 1.54 μm [14]. According to the
generalized rate-equation analysis by Kenyon et al. [17], this
sensitization process is strongly dependent on the distance
between the Si-nc and Er ion. The Er luminescence is thus
limited by the low number of Er ions coupled to the Si-
ncs, which is due to the low Si-ncs density and the short
interaction distance.

Since Si-ncs have a high absorption cross-section and
efficiently transfer energy to Er ions, the excitation cross-
section of Er ions can be increased by up to 104 times [16].
Furthermore, the absorption band of Si-ncs covers the whole
visible spectrum and the utilization of broad band excitation
sources becomes possible. The successful excitation of Er
in SRSO using a broad band visible excitation source, such

as a commercial camera flashgun or blue LED has been
demonstrated [18, 19].

In principle, an analogous excitation mechanism can
operate in SRSO films doped with other rare-earths as
long as the “bandgap” of Si-ncs wide enough to ensure
energy transfer to the rare-earth ions [20]. In the present
work, we demonstrate that by using a 325 nm He-Cd laser
the Tb emission can be excited efficiently in both SRSO
and oxygen-rich silicon oxides (ORSO) through different
excitation processes.

The solubility of optically active rare-earth ions in
various silicon materials is universally low due to the
mismatch of ionic radii and the strong covalent bonding
of the matrix network. Above the critical concentrations,
rare-earth ions tend to form precipitates, which results in
severe luminescence quenching through ion-ion interaction
or by forming an optically inactive phase [6]. It is very
difficult to incorporate high concentrations of optically
active rare-earths in silicon materials through equilibrium
techniques such as the sol-gel method [21]. Low temperature
techniques, such as ion implantation or plasma enhanced
chemical vapor deposition (PECVD), are able to increase the
solubility limit by an order of magnitude, an effect attributed
to the lower diffusivity of the dopant ions. Particularly,
electron cyclotron resonance (ECR)-PECVD can generate a
uniform distribution of rare-earth doping throughout the
entire film thickness with low defect concentrations due to
the low ion energy [22].

Over the past few years, we have been conducting
extensive studies on achieving highly efficient light emission
from rare-earth doped silicon nanostructures formed in
thin films prepared by ECR-PECVD. It was found that Er
emission properties are highly dependent on the details of Si-
ncs and Er concentrations. The Er emission intensities can be
enhanced greatly by optimizing deposition parameters and
postdeposition thermal annealing conditions [23, 24].

In this paper, we report on studies of SRSO and
ORSO doped with Tb or Ce. We show successful in situ
incorporation of high concentrations of rare-earth elements.
The dependence of the emission properties on rare-earth
dopant concentration, silicon/oxygen ratio, and annealing
temperature was investigated. The emission intensities from
the rare-earths were optimized. An interpretation of the
excitation mechanisms and the correlation between optical
properties and structural evolution is suggested.

2. EXPERIMENTAL DETAILS

Tb or Ce doped silicon oxides were prepared in a custom-
designed ECR-PECVD system (Figure 1). Ar and O2 plasma
gases were introduced from the upper dispersion ring.
Silane (SiH4) gas diluted in Ar was used as the Si source
and volatile metal-organic precursors served as the rare-
earth sources. Tb(tmhd)3 or tris (2,2,6,6-teramethyl-3,5-
heptanedionato)-Tb(III), and Ce(tmhd)3 or tris (2,2,6,6-
teramethyl-3,5-heptanedionato)-Ce(III)) were used as the Tb
and Ce sources, respectively. The rare-earth sources were
contained in a manifold which can be heated up to 200◦C to
sublime the precursor inside. Ar carrier gas then transports
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Figure 1: ECR-PECVD system.

the rare-earth precursor through a transmission line after
which it is introduced in the chamber alongside the SiH4

through the lower dispersion ring. This multidopant delivery
system allows the incorporation of up to three types of rare-
earth elements simultaneously. The temperatures of three
rare-earth manifold containers, the rare-earth dispersion
ring, and the transmission lines are independently controlled
by five Eurotherm temperature controllers. All of the gas flow
rates can be controlled independently using a central mass
flow controller panel. The base pressure of the system was
1×10−7 Torr and the deposition pressure was between 2 and
5 mTorr.

Rare-earth doped silicon oxide films were deposited
on n-type (100) silicon wafers which sit on the substrate
stage located in the reaction chamber. In the present study,
the stage temperature was 350◦C, but it could be varied
from room temperature to 800◦C. The film thickness was
monitored during the deposition by an in situ ellipsometer
operating at 632.8 nm. Several deposition parameters includ-
ing rare-earth cell temperature, SiH4 and O2 gas flows, and
microwave power were varied to achieve different Si, O, and
rare-earth content. A summary of the deposition parameters
and their values in this study are given in Table 1. Two
types of mass flow controller were used for different samples,
therefore, there are two types of flow rate units employed as
indicated in Table 1. Each sample contains only one type of
rare-earth dopant. The thicknesses of all the samples were
remeasured after the deposition through ellipsometry and

vary from 800–1100 Å. All PL intensities discussed in this
report were normalized to 1000 Å, assuming that PL intensity
increases linearly with thickness.

The compositions of the samples were determined quan-
titatively through Rutherford backscattering spectrometry
(RBS) using a 1.0 MeV He+ beam confirming the successful
incorporation of rare-earth elements into the thin films.
Figure 2 shows the RBS spectrum of an as-deposited Ce-
doped sample containing 32 at.% Si and 1.0 at.% Ce. The
energies related to the surface Ce, Ar, Si, and O atoms are
as indicated. The signal from O sits on the signal from Si in
the substrate and depresses the signal from Si in the film. Si,
O, and Ce all exhibit a uniform concentration distribution
throughout the film thickness. Trace amounts of Ar are also
observed in the spectrum. The majority of Ar can be removed
from the film during annealing. In the present study, the Si
content varies from 32 to 40 at.%, Tb 0.1 to 0.8 at.%, and Ce
0.01 to 1.0 at.%.

All the films were annealed in a quartz tube furnace
under flowing N2 for 1 hour. The annealing temperature
varied from 800 to 1200◦C. The luminescence properties of
the films were analyzed by single wavelength laser-excited
PL spectroscopy. The excitation source was a 17 mW He-Cd
laser operating at 325 nm. The PL from the films was detected
by a spectrometer employing a charge-coupled device array;
these PL spectra were corrected for system response and
optics transmission and subsequently converted to nor-
malized photon flux. A full description of the CCD-based
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Table 1: Summary of the deposition parameters and their values for the depositions in this study.

Dopant type
RE
concentration
[at.%]

Si
concentration
[at.%]

Forwarded
power [W]

Reflected
power [W]

SiH4

flow rate
O2 flow
rate

Ar flow
rate

RE cell
temp [◦C]

Tb

0.4(2) 32 420 10 7 24 20 160

0.8(2) 32 420 10 7 24 30 160

0.1(2) 36 608 7 20 60 25 160

0.2(2) 38 327 27 20 56 25 156

0.3(2) 36 500 5 20 56 25 153

Ce

0.01(2) 33 510 5 11 78 12 100

0.1(3) 32 507 7 4 40 25 180

1.0(3) 32 509 7 2 30 10 200

0.04(2) 40 515 5 25 70 12 161
(2)

The sample was deposited using mass flow controller 1, the corresponding flow rate unit is mV.
(3) The sample was deposited using mass flow controller 2, the corresponding flow rate unit is sccm.
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Figure 2: RBS measurement of a Ce:ORSO sample containing
32 at.% Si and 1.0 at.% Ce. The surface energies of Ce, Ar, Si, and
O are indicated by arrows.

PL system and the data correction methodology is given
elsewhere [25]. All the measurements were performed at
room temperature. The formation of Si-ncs in the Tb doped
silicon-rich film was studied by a JEOL 2010F Field Emission
Gun Transmission Electron Microscope operating at 200 keV.

3. RESULTS AND DISCUSSION

3.1. Tb doped oxygen-rich silicon oxides (Tb:ORSO)

The Tb:ORSO samples have a constant Si content of 32 at.%
and varying Tb content of 0.4 and 0.8 at.%, respectively.
Figure 3 shows the PL spectra of the 0.4 at.% Tb sample as-
deposited and annealed at various temperatures. Four strong
distinct sharp bands were observed sitting on a weak broad
band for all annealing temperatures. According to the energy
level diagram of Tb3+ ions shown in Figure 4 [adapted from
[26]], the four bands centered at 487, 546, 588, and 620 nm
are related to 5D4 − 7F j ( j = 6, 5, 4, 3) intra-4f transitions
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Figure 3: PL spectra of the Tb:ORSO samples containing 0.4 at.%
Tb, as deposited and annealed at different temperatures in the range
of 800–1200◦C.

of Tb3+. The 546 nm band is split into two peaks, centered
at 542 and 548 nm, due to the Stark splitting of the matrix.
The emissions from the 5D3 state are absent due to the
cross-relaxation effect [27]. The observed emission spectra
resemble those of Tb doped SiO2 fabricated by conventional
PECVD [28]. The peak around 546 nm has been confirmed
to originate from Tb3+ using PL decay measurements [29].
The corresponding lifetime was around 1.3 ms. There are no
appreciable changes in the peak positions and spectral widths
with annealing temperature.

The weak broadband emission ranging from 400 to
700 nm is usually attributed to oxide defects in the matrix
[30]. If that were indeed the case, the corresponding
emission should decrease after annealing at 800◦C, since the
defects in SiO2 tend to reduce during annealing process.
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However, in this study the emission became stronger after
annealing at 800◦C. In addition, this unidentified emission
and the Tb emission have a similar dependence on annealing
temperature. Therefore, we suggest that the origin is related
to the optically active Tb3+ sites.

It is important to note that the 325 nm (3.8 eV) excitation
is not resonant with any optical absorption band of Tb3+,
so the observation of the strong Tb emission from the film
implies the presence of a highly efficient indirect excitation
process. In general, there are two types of indirect excitation
mechanisms: carrier-mediated excitation and dipole-dipole
Forster-Dexter coupling [6]. A previous investigation on Tb-
doped silicon oxynitrides by Jeong et al. has suggested that
Tb3+ ions can be excited efficiently by a 325 nm excitation
source through carrier recombination processes [31]. The
325 nm source is able to excite carriers into extended above-
band-gap states, because the bandgap of silicon oxynitride
is only between 3.5 to 4 eV for the samples they considered
[32]. However, for the films considered here, this process is
less possible, because the bandgap of SiO2 is as large as 8 eV.
In oxygen-rich films, it is expected that no or very few Si-
ncs exist. Based on this assumption, the presence of alternate
sensitizers has to be considered.

One possible sensitizer is the organic molecule intro-
duced during the deposition from the metal organic precur-
sor Tb(tmhd)3. It was found that some rare-earth chelates
have broad absorption bands and high absorption coeffi-
cients and can serve as sensitizers to efficiently excite rare-
earth ions. Many rare-earth chelates have been synthesised to
exploit the effect [14]. To the best of our knowledge, however,
there have been no reports on the sensitizing effect of the
Tb(tmhd)3 molecules employed in the present study. Further
studies on the absorption properties of the sensitizer clearly
are necessary.

Figure 5 shows the 546 nm peak intensities of various
samples as a function of annealing temperature between
800 and 1200◦C. The intensities generally decrease with an
increase of the annealing temperature. In comparison to the
as-deposited sample, the significant enhancement of the Tb
emission after annealing at 800◦C can be attributed to the
reduction of defects and the activation of optically active
Tb3+ sites. The decrease of the Tb emission at annealing
temperatures higher than 800◦C can be explained by the
reduction of both optically active Tb sites and available
sensitizers. X-ray absorption fine structure (XAFS) analysis
has confirmed that there are two types of Tb sites existing
in Tb-doped SiO2:Tb coordinated with two oxygen atoms
(Tb-2O) or six oxygen atoms (Tb-6O), with the formation
of the latter being related to the enhancement of Tb emission
[33]. At annealing temperatures higher than 800◦C, Tb ions
achieve enough energy to diffuse and form clusters. So the
number of oxygen atoms associated with each Tb ion is
reduced, which may lead to the transformation from Tb-
6O to Tb-2O and results in the decrease of Tb emission.
Another possibility that cannot be excluded is that the
organic molecules become more unstable and begin to
dissociate at higher annealing temperatures. As a result, the
available sensitizers may reduce significantly and also lead to
the decrease of Tb emission.
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Figure 4: The electronic energy levels of Tb3+ [adapted from [26]].
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Figure 5: PL intensity of Tb3+ at 546 nm from two Tb:ORSO
samples as a function of annealing temperature. The inset shows
an image of strong green Tb emission from the 0.4 at.% Tb sample
after annealing at 800◦C taken by camera.

Since a previous study on Tb doped SiO2 showed that
the lifetime of Tb emission still remains almost constant at
concentration as high as 2.7 at.% [29], our observation of the
decrease of the emission intensity at high Tb concentration
might not be due to ion-ion interaction and is possibly
attributable to the trend to form clusters which leads to the
reduction of optically active Tb-6O sites or the exhaustion of
available sensitizers.

In this study, the strongest Tb emission was observed
from the 0.4 at.% Tb sample annealed at 800◦C. The inset
of Figure 5 shows the corresponding picture taken with a
camera. The emission was quite strong and can be easily
observed under bright room lighting conditions.

3.2. Tb-doped silicon-rich silicon oxide (Tb:SRSO)

The Tb:SRSO samples have a constant Si content of 36 at.%
and varying Tb content of 0.1, 0.2, and 0.3 at.%, respectively.
Figure 6 shows the PL spectra of the 0.3 at.% Tb sample as-
deposited and annealed at various temperatures. A broad
emission band centered at 650 nm was observed from the
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Figure 6: PL spectra of the Tb:SRSO samples containing 0.3 at.%
Tb, as-deposited or annealed at various temperatures in the range
of 800–1200◦C.

as-deposited sample. Annealing at temperatures between 800
and 1100◦C results in an increase in its intensity with a
red shift of the peak position. This is characteristic of Si-
ncs emission. The enhancement of the emission intensity
indicates the formation of more Si-ncs, while the red shift
of the peak suggests the growth of the Si-ncs sizes.

A weak emission band peaking at 546 nm emerged after
annealing at 1100◦C. After annealing at 1200◦C, the Si-
ncs emission decreases abruptly. At the same time, the
four sharp peaks centered at 487, 546, 588, and 620 nm
become dominant. Both the weak 546 nm peak observed
after annealing at 1100◦C and the four strong sharp peaks
observed after annealing at 1200◦C originate from intra-4f
transitions of Tb3+ ions.

As mentioned in the previous section, the 325 nm
excitation is not resonant with any absorption band of
Tb3+ ions and the observation of Tb emission indicates
the existence of (an) indirect excitation mechanism(s). The
simultaneous quenching of the Si-ncs emission and the
increase of the Tb emission intensity after annealing at
1200◦C suggests the efficient energy transfer from Si-ncs to
Tb3+ ions. Here, we attribute the observed Tb emission to
the exciton energy transfer process. This mechanism may
appear questionable, since the PL of Si-ncs after annealing
at 1200◦C is peaking around 800 nm (1.55 eV), while at
least 2.5 eV (488 nm) energy is required to excite Tb3+.
However, it has been suggested that when the sizes of Si-
ncs reduce to less than 3 nm, the infrared PL of Si-ncs is
due to the recombination of the excitons trapped in oxygen-
related localized states. Therefore, the actual “bandgap” of
an Si-nc might be much higher than that indicated by its
emission wavelength [15]. Figure 7 shows a high-resolution
transmission electron microscopy (HR-TEM) image of a

5 nm

Figure 7: HR-TEM image of a Tb:SRSO sample containing 0.3 at.%
Tb annealed at 1100◦C.

Tb:SRSO sample containing 0.3 at.% Tb annealed at 1100◦C.
The clear lattice fringes shown in the circle areas reveal the
formation of Si-ncs. The sizes of Si-ncs are around 2 nm. The
“bandgap” of a 2 nm Si-nc can be as high as 2.5 eV as a result
of quantum confinement effects [15], which is sufficient for
the excitation of Tb3+.

Although the organic sensitizer-Tb (tmhd)3 may also be
present in the silicon-rich samples, the absence of the Tb
emission from the samples as-deposited and after annealing
between 800 and 1200◦C indicates that the corresponding
excitation is not very efficient. One possible explanation is
that the Si-ncs are dominant in the absorption of excitation
photons due to their relatively high absorption coefficient
[6]. In particular, the organic sensitizers are less likely to
be responsible for the strong Tb emission after annealing
at 1200◦C, since the Tb emission intensity of the silicon-
rich sample containing 0.3 at.% Tb is 50 times higher than
that of the oxygen-rich sample containing 0.4 at.% Tb after
annealing at the same temperature.

Figure 8 shows the emission intensities of Si-ncs in the
samples with various Tb concentrations as a function of
annealing temperature. The Si-ncs emission was observed to
decrease with the increase of Tb concentration at annealing
temperatures greater than 900◦C. Although Tb emission was
only appreciable from the samples annealed at 1100 and
1200◦C, this decrease is indicative that the energy transfer
between Si-ncs and Tb3+ ions is also occurring at 1000◦C,
thereby suppressing the Si-ncs PL. The inset of Figure 8
shows that after annealing at 1200◦C, the intensity of the
Tb3+ 546 nm emission increases with the Tb concentration,
which can be explained by an increase of optically active Tb3+

sites.

3.3. Ce-doped oxygen-rich silicon oxides (Ce:ORSO)

The Ce:ORSO samples have a constant Si content of
32 at.% and varying Ce contents of 0.01, 0.1, and 1.0 at.%,
respectively. Figure 9 shows the PL spectra of the 1.0 at.% Ce
sample as-deposited or after annealing at 800 and 1200◦C,
respectively. All spectra show an intense broad peak with a
pronounced shoulder at longer wavelengths. The main peaks
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Figure 8: PL peak intensities of Si-ncs from the Tb:SRSO samples
with various Tb concentrations as a function of annealing temper-
ature. The inset shows the PL intensity of Tb3+ at 546 nm from
Tb: SRSO samples after annealing at 1200◦C as a function of Tb
concentration.
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Figure 9: PL spectra of a Ce:ORSO sample containing 1.0 at.% Ce,
as-deposited or after annealing at 800 and 1200◦C, respectively.

were observed at 400, 422, and 460 nm from the samples
as-deposited or annealed at 800 and 1200◦C, respectively.
The other two samples containing 0.01 and 0.1 at.% Ce have
similar spectral shapes and peak positions.

Cerium can exist in both trivalent and tetravalent forms
when embedded in the host materials by losing two 6s
electrons and either one or two 4f electrons. Ce4+ is optically
inactive due to the lack of 4f electrons. Although the 4f states
are shielded by 5s and 5p states, the 5d states into which the
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Figure 10: Integrated PL intensities in the range of 350–700 nm
from the Ce:ORSO samples with various Ce concentrations as a
function of annealing temperature. The inset shows an image of
strong blue emission from the 1.0 at.% Ce sample after annealing
at 1200◦C taken by camera.

4f electron will be excited are exposed to the surrounding
ligands. As previously discussed, the PL properties of Ce
ions are highly dependent on the surrounding environment.
Therefore, the changes in the spectral shapes, peak positions,
and intensities strongly suggest the evolution of the film
structure [13].

Unlike Tb, Ce3+ usually has a broad absorption band
around 330 nm. The observed emissions originate from 5d-
4f transitions of the Ce3+ in the films. Similar PL features
have been observed from Ce doped SiO2 prepared by the sol-
gel method [34]. As the films were deposited under oxygen-
rich conditions, most of the Ce ions exist as quadrivalent and
possibly in the form of CeO2. Since the Ce4+ ions are the
dominant species in the as-deposited samples and only few
optically active Ce3+ ions exist, the corresponding emission
intensity is low.

Figure 10 shows the integrated normalized PL intensity
in the range of 350–700 nm for the above three Ce:ORSO
samples as a function of annealing temperature. At all of
annealing temperatures—except for 700 and 1000◦C—the
PL intensity increases with increasing Ce concentration. And
a similar dependence of the PL intensities on annealing
temperatures was observed despite of the Ce concentrations.
The PL intensities increase with annealing temperature up
to 800◦C and then decrease with annealing temperature up
to 1000◦C. At 1100◦C, the intensities begin to increase again
and reach the greatest value at 1200◦C.

When annealed in an inert ambient at 700 and 800◦C,
the increase in emission intensities can be attributed to the
increasing Ce3+/Ce4+ ratio. Previous studies on CeO2 have
shown that at high temperatures, crystallized stoichiometric
CeO2 tends to form Ce6O11 in order to lower the O/Ce
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ratio through the migration of oxygen vacancies [35]. It
appears that under these conditions, Ce3+ ions are more
stable than Ce4+ ions. Furthermore, due to the concentration
difference between the film and surrounding environment,
some oxygen may be released from the film during the
annealing process, which possibly leads to a local oxygen
deficiency facilitating the deoxidization of Ce4+ ions.

It was reported that Ce3+ can form two types of optical
centers depending on whether their surrounding environ-
ment was composed mainly of Ce4+ or Ce3+ ions. The former
were observed to exhibit a shorter emission wavelength than
the latter [36]. Our results are consistent with this finding,
with a red shift of emission wavelength being observed for
samples after annealing at 800◦C or greater.

The decrease in emission intensity between anneals
from 800 to 1000◦C can be attributed to the clustering
of Ce3+ ions leading to a quenching of the luminescence
as this quenching is more profound in the samples with
greater Ce concentrations. At these temperatures, the SiOx

matrix begins to form a more uniform and stable structure.
Correspondingly, the number of nonbridging oxygen (NBO)
defects is reduced significantly. As the temperature further
increases, more Ce3+ ions form clusters to share the limited
amount of NBO, and emissions from the Ce3+ ions are
quenched by transferring their energy to other Ce3+ ions in
the vicinity [37].

Several groups have observed similar UV/blue light
emission from CeOx/SiOx or CeOx/Si films annealed at
1000◦C or greater in inert or reducing ambients [35, 38,
39]. However, the origin of the emission still remains
controversial. Morshed et al. [35] observed the emission
from CeO2/Si films after rapid thermal annealing in Ar at
1000◦C peaking at 400 nm. This emission was attributed
to the formation of Ce6O11 around the CeO2/Si interface.
Choi et al. [38] observed a weak 388 nm emission from a
CeOx/Si film and an intense 358 nm emission from (CeOx

+ Si)/Si and (CeOx + Si)/SiOx/Si films after annealing
in N2 at 1100◦C. Significant diffusion of Si from the
substrate into CeO2 and the formation of two cerium
silicate phases, Ce2Si2O7 and Ce4.667(SiO4)3O, at the interface
were observed. The 358 nm emission was attributed to
Ce2Si2O7 phase, and the weak 388 nm emission to the
Ce4.667(SiO4)3O phase. Kȩpiński et al. [39] observed emis-
sion peaking at 400 nm from CeO2/SiO2 samples subjected
to anneal in H2 at 1050 and 1100◦C and assigned it to an
unidentified cerium silicate with some structural similarity
to tetragonal Ce2Si2O7 silicate. Therefore, in our study,
the abrupt increase of the emission intensity at annealing
temperatures greater than 1100◦C may also suggest the
formation of Ce silicate. At this high temperature, Ce3+ ions
may acquire enough energy to interact with the surrounding
Si and O atoms and reorganize to form a more stable
structure.

A detailed study of the effects of high-temperature
annealing on the structural evolution of these samples is
in progress. Preliminary results from Fourier transform
infrared spectroscopy show the emergence of new sharp
absorption bands after the sample was annealed at 1200◦C,
similar to the peaks characteristic of Ce2Si2O7 silicate, while
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Figure 11: PL spectra of a Ce:SRSO sample containing 0.04 at.%
Ce, as-deposited or annealed at various temperatures in the range
of 800–1200◦C.

there are still differences in both numbers and positions of
absorption bands between them (data not shown).

The greatest intensity was observed from the 1.0 at.% Ce
sample subjected to a 1200◦C anneal which has the highest
Ce concentration in the samples we studied. The inset of
Figure 10 shows the emission picture taken by a camera. The
Ce emission from this sample was 230 times greater than that
of the as-deposited sample. In fact, after annealing at 800
or 1200◦C, both the 0.1% Ce and 1.0% Ce samples exhibit
such strong emissions that they can be easily observed under
very bright room lighting condition. Considering that the
excitation power is as low as 17 mW, the emission intensities
are quite outstanding.

3.4. Ce-doped silicon-rich silicon oxide (Ce:SRSO)

The Ce:SRSO sample has Si and Ce content of 40 and
0.04 at.%, respectively. Figure 11 shows the PL spectra of the
sample as deposited or annealed at various temperatures.
There is no appreciable emission from the as-deposited
sample. After annealing at 800◦C, the sample shows a broad
emission band centered at 800 nm, the emission intensity of
which increases with annealing temperature until 1100◦C.
After annealed at 1200◦C, the emission decreases by a factor
of 8 and another weak broad emission band centered at
450 nm emerges.

It is evident that the 800 nm emission originates from the
precipitated Si-ncs upon annealing. We attribute the 450 nm
emission to the Ce3+ ions in the film. The enhancement
of the Si-ncs emission intensity with annealing temperature
indicates the formation of more Si-ncs in the same manner
as was observed in Tb:SRSO samples. The absence of Ce
emission at annealing temperatures lower than 1200◦C is also
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possibly due to the competition between Si-ncs and Ce ions
in the absorption of excitation photons.

4. CONCLUSIONS

Rare-earth (Tb or Ce) doped silicon oxides (silicon-rich or
oxygen-rich) were deposited by ECR-PECVD. The successful
in situ incorporation of high concentrations of optically
active rare-earth ions was demonstrated. The dependence of
the PL properties on Si/O ratio, doping concentration, and
annealing temperature was investigated.

Green Tb emission was observed in both oxygen-rich
and silicon-rich samples. The excitation wavelength is not
resonant with any optical absorption band of Tb3+. We
propose that in oxygen-rich films, the organic ligands
introduced from the deposition process may serve as the
sensitizers to excite Tb emission while Si-ncs serve as the
sensitizers in silicon-rich films.

Violet/blue Ce emission was observed in both oxygen-
rich and silicon-rich films. An abrupt increase of Ce emission
intensity in oxygen-rich films after annealing at 1200◦C is
possibly due to the formation of Ce silicate. In silicon-rich
films, the Ce emission was absent at annealing temperatures
lower than 1200◦C.

It was found that by choosing appropriate compositions
and annealing temperatures, the Ce and Tb PL intensities
can be enhanced significantly. The highest Ce PL intensity
was observed from the sample containing 32 at.% Si and
1.0 at.% Ce annealed at 1200◦C which has the highest Ce
concentration in the samples we examined. The highest
Tb PL intensity was observed from the sample containing
32 at.% Si and 0.4 at.% Tb annealed at 800◦C. Those
emissions were very bright and can be easily observed under
room lighting condition.
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1. INTRODUCTION

Silicon-based photonics has generated an increasing interest
in the recent year, mainly for optical telecommunications
or for optical interconnects in microelectronic circuits.
The development of elementary components (I/O couplers,
modulators, passive functions, and photodetectors) has
achieved such a performance level that the integration
challenge of silicon photonics with microelectronics has
been discussed [1] in the literature and products have been
announced in the near future [2]. The rationale of silicon
photonics is the reduction of the cost of photonic systems
through the integration of photonic components and an
integrated circuit (IC) on a common chip, or in the longer
term, the enhancement of IC performance with the intro-
duction of optics inside a high-performance chip. To achieve
such a high level of photonic function integration, the light
has to be strongly confined in submicron waveguides with a
medium (Δn∼0.5) to large (Δn∼2) refractive index contrast

between the core and the cladding. Most of these studies
have relied on the use of SOI substrates because they are
accepted for CMOS technology. When one wants to integrate
a CMOS circuit with some photonic functions in order to
build a photonic integrated circuit on CMOS (PICMOS),
the question of how to combine the photonic with the
electronic parts is raised. The goal of this paper is to illustrate
some routes and challenges of PICMOS in conjunction with
presenting some technical achievements of our laboratories.

In the world of silicon photonics, different approaches of
integration have been developed. The stand-alone one was
pioneered by Bookham. It is comparable to silica on silicon
technology, which today is in production whereby the silicon
substrate acts only as a convenient and cheap substrate,
but with the difference that the waveguiding layer is made
on silicon. This technology, with waveguide dimensions
typically in the μm range, is used by Kotura for their different
products and also by INTEL for the demonstration of silicon
building blocks. The rationale of highly integrated photonics
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Figure 1: Integration routes.

is the reduction of the cost and the increase of performances
by merging the photonics and the control electronics part.
Different integration technology routes are presented in
Figure 1. Each one has its own merit and will be discussed
in the next sections. One can fabricate a photonic only
integrated circuit (PIC) and connect the electronic and the
photonic part either by state of the art flip-chip technique
or by full wafer copper bonding which is in development.
Fabrication of a photonic layer at the back side of the electric
integrated circuit (EIC) can be envisaged and developed.
However, connections through the substrate (100 to 200μm
thick typically) limits the frequency operation to MHz range.
In this paper, deeper integration is considered with operation
in the GHz domain with the EIC:

(i) a combined front-end fabrication: the photonic
devices are at the transistor level which corresponds
to the “full” integration;

(ii) the second route is often called 3D integration and
relies on wafer bonding where a fully or partially
processed photonic wafer is mounted on an almost
finished CMOS wafer;

(iii) the third approach is to fabricate the optical layer
with back-end technology at the metallization levels.

2. COMBINED FABRICATION

The integration of optical functions which are compatible
with microelectronic process technologies presents new and
interesting potentialities for integrated circuits. However, a
monolithic integration of dissimilar functions still remains
a difficult technological challenge. The company Luxtera
chooses the combined front-end fabrication route for the
production of 10 Gb/s transceiver. The chip is fabricated
almost completely within a freescale 0.13 μm CMOS wafer

fabrication and the electronic driver circuit are directly
integrated aside the photonic circuits. With a combined
integration scheme, the new components (waveguides and
optoelectronic components) can be fabricated at the begin-
ning of the IC process at the transistor level. Starting with the
substrate, photonics components need a separation of larger
than 1μm between the waveguide core (thickness between
200 nm and 400 nm for a submicron waveguide) and the
silicon substrate to avoid light leakage. On the contrary,
CMOS technologies are based on either a bulk-type substrate
or an SOI-type with thin buried oxide (BOX) and silicon
layer (150 nm Si on 400 nm BOX decreasing to 60 nm Si on
150 nm BOX). As the thickness of the BOX is defined by
the photonic parts, either a modified CMOS technology has
to be developed using an SOI substrate with at least 1μm
thick BOX and a 200 nm thick silicon layers, localized thick
BOX substrates under the photonic components can to be
used. An analysis of the process steps for both technologies
reveals that high temperatures (≈ 1000◦C) are necessary for
the STI, implant activation as well as for the optimization of
waveguide losses. Medium temperature (≈ 700◦C) steps are
used for gate oxide, implant anneal, and for active photonic
layers like SiGe/Si and Ge epitaxy, and lower temperature for
metallizations on both. So mixing steps for the electronic
and the photonic parts in order to avoid redundant steps is
possible on an optical SOI substrate, leading to a photonic
SOI technology (PSOI). For this goal, we developed a SOI
technology with 1μm BOX and 400 nm silicon thickness.

2.1. Passive circuitry

Passive optical circuits need low-loss optical structures to get
enough optical power at each output to ensure light detection
with an acceptable bit error rate. Strong light confinement is
obtained either by partial etching of the silicon film leading
to rib geometry or by full etching of the silicon film down to
the buried oxide to get strip geometry. The highest compact-
ness is achieved with single-mode strip waveguides which
require a width smaller than 500 nm for height lower than
220 nm and allow very low crosstalk between waveguides
distant from 1μm. However, the main limitation is the
difficulty to reduce propagation loss due to the side-wall
roughness induced by the lithography and etching processes.
Slightly etched submicron rib SOI waveguides are much less
sensitive to scattering losses due to low interaction between
optical mode and side-wall roughness [3]. Propagation losses
as low as 0.1 dB/cm have been obtained using processes steps
to reduce the roughness. These processes consist in a 10 nm
thermal oxidation at 1100◦C, followed by a desoxidation,
and followed again by a second oxidation. Vacuum hydrogen
annealing can also be used to reconstruct the silicon edges
before thermal oxidation. The height and width of the rib
waveguides were 380 nm and 1μm, respectively, and the
etching depth was 70 nm. However, with a constant thickness
of 380 nm, different pairs of width and etching depth can lead
to monomode operation.

Compact 90◦ turns using slightly etched SOI rib waveg-
uides can be made by etching silicon down to the BOX to
obtain a mirror facet at the angle between two perpendicular
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Figure 2: Etched mirror for 90◦ turn of rib waveguides: FDTD
calculation of the field amplitude and scanning electron microscope
(SEM) view after removal of the silicon oxide.

waveguides (Figure 2). The theoretical loss determined from
three dimensional finite difference time domain (3D-FDTD)
numerical calculations is 0.1 dB, and the measured value
is under 0.5 dB. The main issue to overcome for lowering
this loss relies on the ability to etch anisotropically and
without roughness the 380 nm down to the box. Low loss
and compact T-splitters can be made by collecting the light
in two waveguides after it has diffracted in a wider slab region
(Figure 3). It occupies an area of 8μm per 16μm and is much
more compact than a rib MMI splitter (118 × 13μm). 3D-
FDTD simulations give excess losses lower than 0.2 dB at
1.31μm for each branch, which is confirmed experimentally
with a measured value of 0.5 dB. Furthermore, a broadband
efficiency, ranging at least from 1.3μm to 1.6μm, is obtained
as well as temperature independence.

Shallow single-mode SOI rib microwaveguides are a
promising solution for photonic integrated circuits, espe-
cially if an optical distribution to a large number of outputs
is required. Experimental demonstrations of a 1 to 16 optical
distribution [4] and an optical division equivalent to optical
distribution from one input to 1024 output points [5, 6] have
been demonstrated.

The interface between nanophotonic devices and a
single-mode fiber is a real challenge due to their optical
mode mismatch. In order to inject light anywhere on an
optical circuit and to test optically the wafer, we developed
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Figure 3: T-splitter for rib waveguides: 3D-FDTD calculation of the
field amplitude and SEM view after removal of the silicon oxide.

diffraction grating couplers using etched grooves of the same
depth than the rib etching on the top of the silicon layer.
The surface gratings have been fabricated (Figure 4) and
characterized for the +1 diffraction order at an operating
wavelength of 1.31μm for the TE polarization. At the
resonant angle, a coupling efficiency higher than 60% has
been measured under the grating. The resonance angle and
the wavelength tolerances have been evaluated to 3◦ and
20 nm, respectively. The grating coupler is followed by a
taper, and about 80% (loss < 1 dB) of the input power at
1.31μm is coupled into submicron rib waveguides [7]. By
engineering further, the grating (silicon thickness, etching
depth, etc.) insertion lower than 1 dB in the 1530–1560 nm
wavelength range can be achieved.

2.2. Modulated source

With the combined fabrication route, integration of a light
source is the weak point. Silicon sources have to be proven
and get sufficient maturity. Integration of InP components
before the metallization is not thermally compatible. So
before any integration of the source, a continuous external
light source can be coupled via an input-output coupler
(surface grating or edge coupler) to the waveguide circuitry
of the circuit. To make the silicon photonics worthwhile,
the optical signal has to be encoded to ensure information
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transmission at frequencies larger than 10 GHz. Impressive
progresses have been obtained in the recent years on several
ways investigated for high-speed optical modulation in Si
or Si-based devices: electro-optical effects in strained silicon
[8] or SiGe superlattices [9], quantum confined Stark effect
in silicon-germanium/germanium quantum wells [10, 11],
Franz Keldysh effect in GeSi diode, [12], carrier concentra-
tion variations in silicon [13–18]. The mainly used possibility
to make a high-speed optical modulator is to use index
variations by free-carrier concentration variations. A lot of
silicon-based optical modulators made for several years are
based on free-carrier concentration variation using injection,
accumulation, or depletion of carriers. Each structure is
integrated in an SOI rib waveguide and the refractive index
variation induces a phase shift of the guided wave. An
interference device such as a Mach-Zehnder interferometer,
Fabry-Perot microcavity, or microring resonator is used to
convert the phase modulation into an intensity one. The best
published results are summarized in Table 1.

For several years, vertical carrier depletion structures
have been proposed by IEF [18, 19], using either SiGe/Si
modulation doped quantum wells or all Si structures, placed
in the intrinsic region of a PIN diode and integrated in an
SOI rib microwaveguide. Holes introduced by thin highly-
doped P+ layers in the Si barriers are confined in the
intrinsic region of the pin diode at the equilibrium state.
When a reverse bias is applied to the diode, the electrical
field sweeps the carriers out of the active region due to
band bending. Hole concentration variations are responsible
for refractive index variations. The intrinsic response time
allows operation at frequencies higher than 10 GHz. The

Boron-doped

Non intentionnaly-doped
Metal

Boron-doped

Oxide Phosphorus-
doped

Figure 5: Cross section of the phase shifter structure integrated into
a rib silicon-on-insulator waveguide and optical microscope view of
the modulator.

performance of the modulators is also dependant on the
access resistance, in series with the reverse-bias pin diode
capacitor. The challenge is to get low optical losses and
low RC constants in Mach-Zendher or Fabry-Perot interfer-
ometer configurations. The variation of the effective index
due to carrier depletion has been measured at few·10−4 at
1.55μm for a 0 V to 6 V reverse voltage bias variation. After
optimization of such structure, the obtained factor of merit
(Lπ·Vπ) is lower than 1.3. This vertical approach of depletion
modulator was followed recently by Liu et al. [16] and Gardes
et al. [17] and the 40 Gb/s operation obtained proves the
high frequency capacity of the depletion solution. However,
the fabricated modulator of this kind requires numerous
doped epitaxy and implantation steps and it would be a real
challenge for a combined fabrication.

So in the aim of reducing the complexity of the fabrica-
tion, we proposed hereafter a structure based on a horizontal
pin diode which has a simpler technological process without
any epitaxial steps. The optical loss is reduced as the optical
mode has a weak interaction with the P+ and N+ doped
regions of the diode. A good overlap between the carrier
density variation zone and the guided mode is obtained
leading to high effective index change. In comparison with
vertical diodes [15–18], the capacitance of the diode is
reduced, that is favourable to high-speed operation and low
electrical power dissipation.

A schematic view of the device cross-section is shown in
Figure 5. The silicon rib waveguide width is 660 nm, the rib
height is 400 nm, and the etching depth is 100 nm leading to
a single mode propagation of the guided mode at 1.55μm
wavelength. A P+ doped layer (1018 cm−3) is inserted in the
intrinsic region of the pin diode which acts as a source of
holes. The P and N doped regions of the pin diode have
doping concentrations close to 1018 cm−3. Metallic contacts
are deposited on both sides of the waveguide, a few microns
apart to reduce optical loss.

The silicon modulator is based on an asymmetric Mach-
Zehnder interferometer (Figure 5). The phase shifter is
inserted in both arms over a length of 4 mm, and electrodes
are used to bias one arm. Waveguide splitters are star
couplers with a reduced area (10 × 2μm2). To ensure
high-frequency operation, RC time constants have to be



J. M. Fedeli et al. 5

Table 1: State of the art of silicon-based optical modulators.

Modulator type λ (μm)
VπLπ Bandwidth or Extinction Insertion

Labs
(V·cm) time constant ratio (dB) loss (dB)

Franz Keldysh effect
in Ge diode

1.647 no 7.5 2.5
S. Jongthammanurak,

Group IV photonics,

ottawa (2006)

Quantum confined Stark
1.55 at
90◦C

no
Absorption
coefficient
contrast >3

Kuo and al, IEEE

effect (QCSE) in Ge/SiGe JSTQE, 12 (6)

quantum wells p1503 (2006)

Carrier injection
1.55 12.5 Gbit/s >9

Q. Xu et al., Optics express,

in lateral PIN diode 15 (2) p 430 (2007)

MOS capacitance 1.55

7.7 1 GHz
A. Liu et al., nature

427, 615–618 (2004)

3.3 10 Gbit/s 3.8 10
L. Liao et al.,

optics express 13,

3129–3135 (2005)

Carrier depletion
1.55 4 30 GHz

(40 Gbit/s)
7

Liu and al optics express,

(vertical PN diode) 15 (2) p660, (2007)

Carrier depletion
1.31
1.55

3.1 (exp)
Time constant D. Marris-Morini et al.,

(Doped modulation of ∼ 1ps optics express, 14

vertical Si PIN diode) (Theory) (22) 10838 (2006)

Carrier depletion
1.55 5 10 GHz 5 This work(Doped modulation of

all Si lateral PIN diode)

Carrier depletion
1.55 3 9 GHz 6 3

T. Pinguet

(Doped modulation of Group IV photonics

all Si lateral PN diode) Tokyo 2007

Carrier depletion
1.55

2.5 (theory) Time constant
2

F. Y. Gardes et al.,

(four terminal p+pnn+ birefringence <7 ps optics express 13 (22),

vertical device) free (Theory) 8845–8854, (2005)

minimized. The capacitance of the device was evaluated
using small-signal simulations. The diode capacitance per
unit length varies from 2.3 to 1.8·10−16 F/μm for reverse
biases from 0 V to −10 V. To ensure operating frequency
above 10 GHz, the serial resistance of the device should be
lower than 70Ω/mm. Doped regions and silicide are thus
used to form ohmic contacts and to achieve such a low
resistance. Coplanar waveguide electrodes are designed to
obtain characteristic impedance around 50 ohms taking into
account the capacitance of the pin diode.

The modulator was fabricated on an undoped 200 mm
SOI substrate with a 1μm thick buried oxide (BOX) layer,
a 400 nm crystalline silicon film, and a 100 nm silica hard
mask on top. A 100 nm-wide slit is etched in the hard mask
using 193 nm deep-UV lithographic patterning and reactive
ion plasma etching. Double ion implantation and annealing
are then performed to obtain a thin slit doped layer on
the whole thickness. Waveguides are patterned with DUV
lithography and HBr etching. Implantation for N+ and P+
area are performed followed by another annealing. It is worth

to note that these implantation steps could be common to the
source and drain fabrication. Finally, Ti/TiN/AlCu/Ti/TiN
metal stack was deposited onto the wafer and electrodes
were patterned and etched down to the SiO2 layer. The used
processes are fully compatible with SOI CMOS technology
and could be transferred in high-volume microelectronic
manufacturing.

The experimental setup uses a tunable laser around
1550 nm. A linearly polarized light beam is coupled into
the waveguide using a polarization-maintaining lensed-fiber.
The output light is collected by an objective and focused on
an IR detector. Electrical probes are used to bias the diode.
Very low values of the reverse current (−2μA at −10 V) have
been measured that ensures low electrical power dissipation
in DC configurations. The insertion loss was measured at
about 5 dB. DC extinction ratio is around 14 dB from 0 to
−10 V. To evaluate the modulation phase efficiency, a figure
of merit is usually defined as the product VπLπ , where Vπ

and Lπ are the applied voltage and the length required to
obtain a π phase shift of the guided wave, respectively. The



6 Advances in Optical Technologies

1010.1

Frequency (GHz)

−6

−5

−4

−3

−2

−1

0

N
or

m
al

iz
ed

op
ti

ca
lo

u
tp

u
t

(d
B

)

Figure 6: Normalized optical response of the Si modulator
integrated in rib SOI waveguide with optical 3 dB-bandwidth of
about 10 GHz.

obtained value VπLπ is equal to 5 V·cm. The normalized
optical response of the modulator is reported in Figure 6 for
a DC bias of −5 V. A 3 dB cutoff frequency of ∼10 GHz is
measured on a Mach-Zehnder interferometer using 4 mm-
long phase shifters.

Several ways improvement can be considered. Design
optimizations of the RF travelling wave and optical waveg-
uide are required to increase the modulation bandwidth to
some tens of GHz. Progress in modulation efficiency are
also possible: VπLπ product as low as 1 V·cm is theoretically
predicted with the proposed structure, thanks to the good
overlap between the optical mode and the doped region
in the middle of the waveguide where carrier depletion
occurs. The proposed structure has a large potential for the
realization of high performances integrated high-speed mod-
ulators. Optical loss is reduced as the rib waveguide is not
entirely doped, and the reduced-capacitance is favourable
for high speed and low electrical power consumption. The
fabrication can be combined with processing steps of CMOS
transistors.

2.3. Germanium photodetectors

High-speed photodetector is one of the key building blocks
and a large wavelength range of detection from 850 nm
to telecom standards (1.55μm) is necessary. These com-
ponents have been available for several years from the
III/V semiconductor technology on InP and GaAs wafers.
Nevertheless, the integration of these devices on large wafers
within the mainstream silicon technology requires hybrid
integration approach [20, 21]. The used material requires
high absorption for broadband telecommunication wave-
lengths. Within the group IV material, silicon is transparent
at the telecommunication wavelengths (λ > 1.2μm) making
it unsuitable for photodetection from 1.31μm to 1.55μm.
While pure Germanium is a promising candidate as a
broadband photodetector. Furthermore, germanium has a
direct energy bandgap of 0.8 eV and is compatible with the
CMOS technology.

Despite large lattice mismatch between Ge and Si, which
is about 4.2%, previous works have shown that epitaxial
growth of high-quality germanium layers on silicon can be
achieved using reduced pressure chemical vapor deposition
(RP-CVD) or ultrahigh-vacuum chemical vapor deposition
(UHV-CVD). The germanium film was grown by RP-CVD
on SOI substrates. After the growth of a thin buffer layer
(50 nm) at low temperature (400◦C), a Ge layer in the range
of about 300 nm is typically grown at 700◦C. The first layer
enables to avoid three dimensional growths. After a thermal
annealing at 750◦C of the stack, the threading dislocations
density is in the range of 5·106/cm2. Spectroscopic ellip-
sometry measurements confirmed the absence of silicon
diffusion as the thickness values of the various layers are close
to the nominal ones.

The measured Ge layer absorption coefficients are close
to 10 000 cm−1 and 5000 cm−1 at 1.31μm and 1.55μm,
respectively. The strain-induced Ge bandgap narrowing
allows detection to 1.6μm with fairly large internal quantum
efficiency. Hall measurements indicated that the layer was P-
type, with a hole mobility close to 1300 V·cm−2·s−1 and a
residual carrier density smaller than 1016 cm−3. Pump-probe
experiments using a femtosecond laser have been carried
out and have shown carrier lifetimes much higher than
carrier collection times. Then the recombination rate of the
photogenerated carriers is very low.

Much work has been focused on vertical illumination
Ge photodetectors and impressive results with frequency
up to 39 GHz have been obtained [22–24]. We focused
mainly on integrated photodetectors coupled to a silicon
rib waveguide. We investigated different technology schemes
for the integration of Ge photodetectors with the silicon
rib waveguides described in Section 2.1. The introduction
of the germanium absorbing layer has been considered by
a direct coupling of the light from the SOI waveguide into
germanium. 3D FDTD simulation shows that in this case
95% of the light was absorbed in 4μm length PD (Figure 7)
leading to short photodetectors with possible reduced capac-
itance in the 10 fF range. However, this increased efficiency
is balanced by the need of etching a recess in the 380 nm
thick waveguide. For reliability of the process and due to
the needed tolerance of the partial etching of silicon, the
recess was etched with a SiO2 mask to a safe 60 nm ±
10 nm thickness. Selective epitaxy was performed and filled
the recess without any cavity between the output of the
waveguide and the germanium layer. A SiO2 cladding was
deposited after germanium annealing before the fabrication
of diodes (Figure 8). Three kinds of diodes have been studied:
a metal-Schotkky-metal (MSM), a lateral PIN, and a vertical
PIN.

The MSM structure needs an intrinsic Germanium and
the formation of Schottky contacts on the Germanium sur-
face. The surface contacts were dry etched in the SiO2 before
used in microelectronics. I–V curve for different designs
showing the nonlinear behavior of Schottkky contacts were
obtained. The electrode spacing is 1μm. Figure 9 presents
optical and electron scanning microscope views of the inte-
grated photodetector. The measured dark current for such a
photodetector is rather high, that is, 30μA/μm at 6 V. That is
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Figure 7: Ge photodetector integrated into a rib silicon-on-
insulator waveguide and a 3D-FDTD calculation of the electric
field profile amplitude in a longitudinal cross section of the
photodetector.
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Figure 8: RP-CVD germanium epitaxy in a recess at the output of
a silicon rib waveguide.

mainly due to the Schottky barrier height, the dislocations
in Ge layer and the metallic contacts. The responsivity
of the 10μm long integrated Ge on Si photodetector is
as high as 1 A/W at 1.55μm wavelength [25]. Bandwidth
characterizations of MSM Ge on Si photodetectors have
been carried out using two kinds of experimental setup
at λ = 1.55μm: time response measurements and opto-
RF measurements. The normalized responses at 6V bias
obtained for both experiments at 1.55μm, are reported in
Figure 10. With opto-RF experiments, the −3 dB bandwidth
is close to 25 GHz at 6 V bias. For time response experi-
ments, the convolution between a Gaussian profile which
characterizes the acquisition system response and a double
exponential response give an intrinsic response time of the

Side view
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Si SiGe
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MetalMetal

G208D P09 ×10 K 3μm
Tilt 20◦
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Figure 9: Optical microscope (Top view) and Scanning electron
microscope (side view) images of the Ge on Si MSM photodetector
integrated in slightly etched SOI rib waveguide.

Ge on Si photodetector of about 19 picoseconds, which
corresponds on a cutoff frequency of about 23.5 GHz at 6 V
bias (Figure 10).

The fabrication of vertical PIN photodiode relies on
selective epitaxy of in situ P doped layer, followed by intrinsic
germanium and N doped layer. P doping with Boron during
RP-CVD epitaxy was achieved with 1·1019 at/cm3. In situ,
N doping epitaxy with a steep profile is a challenge as
phosphorus is migrating easily. Deposition of N doped
polysilicon on top of the intrinsic Ge is an alternative way.
However, epitaxy with a high 1.5·1019 at/cm3 doping level,
leading to 1.3 mΩ·cm resistivity, has been performed for
upper contact of the photodetector. In order to contact the P
layer at the bottom of the Ge layers, precise etching of Ge for
bottom contacting is mandatory for submicron devices. With
an AMAT centura machine using RIE etching with Cl2 gazes,
a steep profile (> 80◦) was achieved without any roughness.
An SiO2 cladding was then deposited and opened for
contacting the P and N area. The Ti/TiN/AlCu metallization
completed the formation of the pads (Figure 11). Depending
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PIN.

of the length of the photodiodes, the dark current is in the nA
range. The bandwith exceeded 35 GHz which was the limit of
our test equipment (Figure 11).

2.4. Light generation

As efficient modulators can be performed, a CW light source
is needed. Different options are followed: light is coming
from an external InP laser connected with I/O couplers
to the passive circuitry of the chip. This required efficient
couplers and expensive packaging. In a second option [2], the
laser source is flip-chipped and the emitted light is collected
vertically via a surface grating coupler. Compared to the
first option, the packaging is reduced and the integration is
increased. The third option would be to process InP source
after transistor fabrication, but it is rather difficult due to

thermal budgets needed for the combined fabrication. The
Graal option would be to process a silicon source. Despite the
fact that SiOx-Er layers are a good candidate for such silicon
lasers, amplification and lasing have still to be demonstrated
in an efficient way. So for a combined fabrication, light
generation is really an issue with poor integration.

In conclusion, the results described here above show that
a large variety of passive photonic devices except sources
can be implemented on SOI substrate by means of CMOS
technology. However, as the microelectronic process is very
mature, the introduction of a new photonic part in a large
CMOS foundry requires a lot of effort for changing the
process. Low and medium scale IC foundries are more
suitable to accept such modifications as they can differentiate
their process and address new markets. However, this
combined fabrication is fixed for one CMOS technology
and not compatible with other CMOS technologies (SiGe,
sSOI, GOI, etc.). As an example, a typical 130 nm CMOS
technology ready for 10 G components may be not suitable
for 40 G devices.

3. SOI PHOTONICS AND CMOS WAFER BONDING

Using the wafer bonding technique, one can introduce a
photonic layer at some level in the processing steps of
CMOS. Since the first metal layers are too densely packed
and thin, introduction at the upper metal layers must be
considered. For example, after the fabrication of metal 4
in advanced MOS process, the planarized surface has been
coated with a deposited oxide. On another substrate, a
photonic part is fabricated with silicon waveguides and
electro-optical components. After cladding with oxide and
planarisation of the optical wafer with CMP, perfect cleaning
of both wafers facilitates their molecular bonding at room
temperature. However, one of the flaws with this approach
lies in the alignment between the electrical and the photonic
parts which today can be as much as ±2μm. Therefore,
the design rules for the subsequent metal layers have to
take this alignment margin into account. After bonding,
grinding and chemical etching of the backside of the Si
optical wafer a flat surface of thermal oxide remains on
the top of the PICMOS circuit. Some subsequent process
steps are needed to electrically connect the electrical and
photonic parts which involve etching through the top layer
to contact the electrical circuit below. This technique is often
called 3D heterogeneous integration because the CMOS part
is separated from the photonic part without any silicon
surface waste at the transistor level. With this approach, any
microelectronics technologies can be used for the electrical
parts and III–V components can be embedded in the
photonic layer.

We have performed two demonstrations of this concept
in collaboration with TRACIT Technology. On SOITEC
optical SOI, we have processed a silicon rib network with
cavities filled with Ge. After an SiO2 cladding deposition, the
optical wafer was carefully polished and bonded to a CMOS
wafer before substrate removal (Figure 13). An SEM cross-
cut observation revealed no interface between the two SiO2
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Figure 13: Rib waveguides with splitters, corner mirrors, rectangu-
lar cavities filled with germanium on a CMOS at level M4.

layers and no degradation of either the metal or the photonic
layers (Figure 14).

This wafer bonding technique is a very promising way
to integrate a photonic layer into a CMOS technology. The
wafer bonding technique is mature and the intraconnections
(3D techniques) are well addressed by the electronics
community. The PIC can use all the components for the
combined fabrication and integrate InP sources by die
to wafer bonding. The EIC can use any new electronics
technology and can be tested before the wafer bonding as
well as the PIC. However, the main challenge that needs to
be faced is the bonding cost issue compared to the combined
fabrication.

4. HETEROGENEOUS INTEGRATION

As long as temperature is constrained so that it must not
exceed 400◦C, a photonic layer can be defined above the
transistors and the dielectric/metallic levels. The obvious
way to introduce such a photonic layer is to treat it as an

Silicon

Ge cavity

SiO2

Metallizations

×15 K 2μm

Figure 14: Cross-cut of a CMOS wafer with metal levels and a
bonded photonic layer with rib waveguides and rectangular cavities
filled with germanium.

additional metallic layer on top of most of the layers that
have been used for the electrical interconnect. For the passive
circuitry, we developed hydrogneited amorphous silicon
layer which have a high contrast index. For the active parts,
such as the introduction of copper for electrical interconnect,
new materials like low temperature III–V compounds can
be introduced on the wafers in a dedicated part of the
CMOS clean room. After a CMP planarization and surface
preparation, QD or MQW layers on top of an InP substrate
are bonded on the wafers without precise alignment to
fabricated aSi waveguides. The InP substrate of these die is
then removed by chemical etching and further processing
steps are performed which lead to sources and detectors
connected to the metallic interconnects of the integrated
circuit.

4.1. Amorphous silicon waveguide fabrication

As the area of a CMOS circuit can range from 1 cm2 to
2 cm2, increasing the refractive index contrast between the
cladding and the guiding medium leads to more compact
devices. With silicon oxide and silicon films, this is achieved
with a value of 2, however, the losses have to be mini-
mized. As with monocrystalline silicon on SOI, the high
index difference allows the simultaneous use of refractive
compact components and photonic crystal components
for wavelength functionality. Amorphous silicon films were
deposited by a capacitively coupled plasma reactor, with an
RF excitation frequency (13.56 MHz). The power can be
tuned from 30 to 1200 W and the operating pressure can be
varied from 0.2 mtorr to few torr. All films were deposited
at temperatures lower than 400◦C to avoid damage to the
interconnect layers. TEOS was used as precursor for oxide
deposition and silane/H2 mixture for the amorphous silicon.
Sheet optical guided losses at the full after level during
process were measured using a prism coupling technique
(METRICON 5010) at 1.3μm and 1.55μm. By optimizing
the H2/Silane ratio in the deposition chamber, silicon films
with losses as low as 0.2 dB/cm at 1.55μm after 350◦C
annealing were deposited on silicon wafers covered with
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1μm TEOS. DUV 193 nm or 248 nm lithography with or
without hard mask and HBr silicon etching were used
to define the waveguide and basic passive functions for
optical links (Figure 15). A thick 1μm SiO2 TEOS oxide
was deposited to provide an upper cladding. Measurements
were performed at a spectral range between 1.25 to 1.65μm.
Results are compared to previous SOI waveguides data
[26]. The propagation losses decrease when the width of
the waveguide increases and for a guide of width 500 nm
(limits to have a monomode waveguide), there is only a
dip towards the wavelength of 1380 nm. The losses are
comparable to that of an SOI waveguide. We can notice that
for this a:Si waveguide, the losses are, respectively, equal to
5 and 4 dB/cm for the wavelengths of 1300 and 1550 nm.
We can consider that these losses are essentially due to the
diffraction phenomenon due to the side wall roughness of
the waveguide. For the waveguide of 800 nm width, the losses
become very weak, lower than one dB/cm for wavelengths
close to 1300 nm, and tend toward the values of a planar
waveguide for both types of waveguides (with or without
thermal annealing of 350◦C), this shows that the material
has a good stability in time. Experimental results of the
basic building blocks obtain on the amorphous silicon are
in a good agreement with those of the SOI technology.
The μbends of 2μm radius exhibited only negligible losses
(0.04 dB/μbend) for all the spectral range. Measurements on
a very compact size of 2 × 4.2μm2 MMI devices give an
extra losses of 1 dB at λ = 1.3μm (the design wavelength),
a spectral range at 1 dB of 500 nm and the imbalance

between the two output is lower than 0.5 dB for all the
spectral range. The most important features for amorphous
silicon circuitry is the easy possibility to pile up layers and,
therefore, to open new designs concepts or to ease designs
such as crossings or coupling. As an example, in Figure 16, a
aSi surface gratings is formed on top a aSi/SiO2 Bragg mirrors
for an increase in the coupling efficiency with a fiber.

4.2. Die to wafer bonding of InP sources

Even with the latest development on active silicon photonics,
III–V components remain more efficient for light-matter
interaction. However, the cost of wafers and processing on
small diameter wafers leads to rather expensive components.
Integration of InP components coupled to passive optical
functions on top of a CMOS requires a new approach which
is different from the flip-chip solution. The first issue would
be to enable integration of InP-based laser heterostructures
on top of an IC. Another objective was to be able to process
the InP-based components in the same way as the CMOS
transistors in order to reduce the cost of the introduc-
tion of III–V components. As passive components can be
efficiently developed with SiN or Si technology, only the
active components require an InP technology. One should
note that photonic sources or other active devices should
exhibit low power consumption, and a small footprint, and
should also operate at high speed. For all of these reasons,
the needed devices should be as small and integrated as
possible. This means that the InP-based components occupy
a very small surface on a large CMOS circuit. Therefore,

aSi:H waveguide

aSi:H disk

×25 K 1.2μm

Figure 15: Amorphous Si waveguide with resonating disk.

aSi:H grating

aSi/SiO2 Bragg mirror

Si bulk

SiO2

L994P-P16

×11 K 2.73μm

Figure 16: Cross-cut of an amorphous Si gratings on top of a Bragg
mirror made of an:Si/SiO2 alternate layers.

our approach consists of dicing an InP wafer with all the
heteroepitaxial layers, bonding the die to the required places,
removing the back of the InP die in order to only leave the
active thin films attached to the CMOS wafer, thus enabling
processing of InP components on a dedicated 200 or 300 mm
fabrication line. To mount the die, molecular bonding was
selected because good bonding quality can be achieved
without any additional adhesive materials [22, 23]. In fact,
the presence of the bonding material could inhibit efficient
optical coupling. Furthermore, molecular bonding satisfies
the requirements better in term of thermal conductivity and
dissipation, transparency at the device working wavelengths
and mechanical resistance.

Surface morphology and chemistry are critical to the
bonding quality. Prior to bonding the die, the surfaces must
be flat and uniform. The required flatness and uniformity
can be obtained by use of CMP. The additional role of CMP
polishing is to adjust the thickness of the silicon dioxide
cladding layer in order to satisfy the optical coupling con-
ditions. The surfaces were carefully cleaned and hydrated in
the chemical solution and bonding can occur spontaneously
when the prepared wafers are made of silicon. A complete
physical model of such a molecular bonding was proposed
and presented by Stengl et al. [27] and Gősele et al. [28].
As these materials are of dissimilar nature, one possible way



J. M. Fedeli et al. 11

Figure 17: Silicon wafer with InP-bonded dice after InP substrate
removal.

InP

SiO2

Si

Figure 18: SEM cross-cut at the bonding level.

to achieve their assembly is to deposit a silicon dioxide or a
silicon nitride layer on each surface.

Using this molecular bonding approach, we have success-
fully performed the heterogeneous integration of 50 mm InP
wafers on silicon and also InP die containing an epitaxial
layer stack with multiple quantum wells (MQWs). The
CMOS wafer with SiO2 top cladding was polished to reach
a low roughness, cleaned in deionized water, and then dried.
A silicon dioxide layer is deposited and then processed
on InP (100) epiready substrate using electron cyclotron
resonance plasma. Thanks to this preparation, the bonding
of the both InP/SiO2 and CMOS/SiO2 wafers is similar
to that achieved for Si/SiO2 on Si/SiO2 bonding. Further
details on InP-on-Silicon wafer bonding have been described
elsewhere [26]. The dice were obtained by mechanical
dicing of 360μm thick InP substrate containing an epitaxial
heterostructure and a thin silicon dioxide layer. The smallest
die size we have bonded is 1 × 1 mm2. A pick and place
apparatus can be used to mount the InP die onto the
silicon substrate. The bonding itself occurs spontaneously
at room temperature; however, an annealing at 200◦C for
several hours reinforces adhesion. Mechanically thinning the
die down to 20μm was performed after bonding without
degrading the remaining bonded material quality. Next, the
remaining InP substrate and the sacrificial InGaAs layer
can be chemically and selectively backetched. We mounted
the 360μm thick InP dice including MQW on the optical

InP

CMOS

Figure 19: 1.2 × 1.2 mm2, 200μm thick InP die-bonded on an
optical layer on a CMOS substrate.

layer transferred onto a 200 mm diameter CMOS processed
wafer [29] as shown in Figure 19. The InP dice were placed
on specific locations where InP devices are needed. The
additional postbonding technological steps such as polishing
show that the assembled InP dice on the Si substrate can
endure many kinds of mechanical maltreatment without
debonding. The bond strength between the die and the
substrate was measured using die shear testing equipment.
The obtained shear strength is of 5 MPa ± 1.4 MPa for
1 mm2, 360μm thick InP dice. Using this approach in
another experiment, InAs0.65P0.35 6 nm thick single quantum
well (SQW) confined between 120 nm thick InP barriers were
deposited locally on the 200 mm wafer and this resulted as a
localized epitaxy of II–V material.

4.3. Fabrication of InP microsources
with microelectronics tools

The concept chosen was to define a cavity in the III–V
material which is evanescently coupled to silicon waveguides
located underneath. Whispering gallery modes (WGMs) of
microdisks resonators are efficient solutions for low thresh-
old microlaser fabrication. The concept chosen was to define
a cavity in the III–V material which is evanescently coupled
to underneath silicon waveguides. Whispering gallery modes
(WGMs) of microdisks resonators are efficient solutions for
photon confinement as they exhibit low mode volumes and
high-quality factors. In a previous paper [30], the coupling
of such μdisks to silicon waveguides has been described so
we have only reported the main results here. The active
heterostructure with MQW was designed to emit at 1.5 μm
and was grown by molecular beam epitaxy (MBE) on a
2-inch InP wafer. After molecular bonding, 5 μm diameter
microdisks were patterned with alignment accuracy better
than ± 200 nm to the waveguides by reactive ion etching,
using a CH4:H2 plasma. The quality of the final devices
relies heavily on two main parameters: the ability to control
the silica bonding thickness between the microdisk and the
waveguide, and the ability to align properly the microdisk
with the collecting waveguides. Figure 20 presents a top view
of a final device. In the injection axis, the pumping light was
generated by a pulsed 780 nm laser diode (duty-cycle of 10%
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Figure 20: SEM top view of an InP μdisc perfectly aligned to a
silicon waveguide.
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Figure 21: Spectrum of the guided light collected at the cleaved
facet.

with a repetition rate of 200 nanoseconds), and focused onto
the sample by using a ×10 IR microscope objective lens. The
guided light was collected by a ×20 IR microscope objective
lens, with the signal coming from a cleaved facet of the
sample which was partially analyzed by the spectrometer, and
partially used to display an IR image. Analysis of the radiated
light from a coupled microdisk shows that laser emission is
maintained although light coupling into a waveguide induces
additional losses. The spectral analysis of the guided light
(Figure 21) reveals the same spectral features as the radiated
light in terms of wavelength and linewidth. With 300 nm
separation of the μdisk to the silicon waveguide, the coupling
efficiency is higher than 40%.

Fabrication of an electrically driven μlaser was then
studied and consists in μdisks with a vertical P-I-N junction.

Two technologies were considered. The first one followed
during the PICMOS project was to process samples with
conventional InP technology after the ebeam lithography of
the μdisk aligned to the silicon waveguide. This led to the
first lasing device on silicon [31, 32], then to the first μlasing
device coupled to a silicon waveguide [33], and finally to the
demonstration of a full link in silicon [34, 35]. The second
one developed in this paper concerns the fabrication of the
μdisk using 200 mm microelectronics tools at CEA-LETI.

To process a vertical InP PIN diode (Figure 28) in the
form of a μdisk connected at the bottom level and at the
top level in the center, optimization of the main parame-
ters design was necessary (Figure 22). The electromagnetic
properties of a microdisk were first analytically calculated

Etch angle

InP to contact
distance

ITO or metal

InP

Slab thickness

Silica

Radius of the
via

Figure 22: Main parameters for the design of the microlaser
coupled to a silicon waveguide.
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Figure 23: Evolution of Q for the 1.5 μm nearest mode for a 2.5 μm
radius InP μdisk (0.545 μm thick) in silica with a 100 nm slab.

in an approximate 2D approach and afterwards precised
with 3D FDTD. Figure 23 reported the sharp decrease of
the quality factor with the increase of the slope edge for a
disk with a slab. The mode is attracted in the slab region
where it leaks. This gives a challenge for the etching of InP
stack. We studied also the geometrical properties of the top
contact, keeping in mind that high-quality factors must be
achieved. Top contact that can be made of metal or ITO
(Indium Tin Oxyde), has a major influence on the laser
behavior: a too small contact results in inefficient electrical
injection while a too large one strengthen optical losses due
to metal or ITO absorption. The thickness of the InP-doped
slab which is mandatory for defining the bottom contact is
the result of a partial etch of the membrane constituting
the microdisk. Too low, the contact is poor, but the quality
factor is high. Too high, the contacts are good, but the
quality factor decreases as the confinement is reduced. The
process started by a contamination analysis of the 200 mm
wafers after the bonding step and the InP substrate removal
as it was not performed in the same clean room. Then
a special decontamination of the rear face of the wafers
was performed, in order to avoid any contamination of the
chucks of the clean rooms equipment. An SiO2 hard mask of
100 nm was deposited by PECVD. Microdisks were defined
with 248 nm DUV lithography. A special attention has to be
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Ti/TiN/AlCu
bottom contact

Ti/TiN/AlCu
top contact InP μ disk

InP bottom layer

Figure 24: Optical top view of a micro disk.

made on the focus, due to the presence of the dice on limited
area of the wafer. The hard mask is then etched with InP
as stopping layer. The partial etching was performed with
ICP equipment using HBr reactive ion etching. A second
lithography step followed by an InP etching defined the
slab necessary for the bottom contact. Then 1.5 μm SiO2

TEOS, that is, a low index and electrical isolating material,
was deposited in place of the BCB used for planarization in
the PICMOS demonstration. Chemical mechanical polishing
(CMP) was then performed to get a planar surface with
400 nm separation with the upper surface of the InP disk.
This distance between the membrane, where modes are
propagating and the absorbing contacts were optimized for
ITO contacts to get the highest Q. However, higher value
could be useful with more absorbing material. As the P
contact requires very high doping, which increases optical
absorption, the studied structures use a tunnel junction to
get two N contacts. Even if gold-based contacts have well
known properties on InP, CMOS processes are not compat-
ible with such a metal (except for back-end metallization)
because of contamination risks. Ti/TiN/AlCu contacts were
an alternative solution since we can get a low resistive
contact. TLM measurements were performed on a trial InP
wafer with a 500 nm thick 5·1018 cm−3 N+Si doped layer
and showed that the contacts were ohmic types. So top and
bottom electrodes were formed by openings the SiO2 to the
bottom and upper InP N-doped surface and by patterning
the electrodes after the Ti/TiN/AlCu deposition. Figure 24
shows the final device. Light emission in continuous wave
(CW) electrical injection at room temperature was observed,
but optical characterization proved that no structure was
lasing, even in pulsed mode. The electrical threshold was
determined to 0.7 V. Emitting light is possible under electric
power as high as 150 mW, without reducing too much the
light power. Maximum light emission is obtained at 30 mW.
Lateral roughness and the etching slant are two critical
parameters to get efficient resonators. Considering the real
slab thickness that was 400 nm for a membrane of 1 μm,
FDTD proved that these first samples with 45◦ slanted edges
could not get higher quality factors than 500 what is too low
to reach lasing mode.

Some devices with large area were tested as photode-
tectors (Figure 28), even their shapes did not match with a
beam coming from a fiber vertically to the substrate. With

1.510.50−0.5−1

Voltage (V)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

2.6

C
u

rr
en

t
(k

A
/c

m
2
)

Figure 25: PIN characteristic for Ti/TiN/AlCu contacts.
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Figure 26: Light power emission at room temperature (in blue) and
voltage (in red).

the cross-cut of Figure 27, the TiAlCu were contacted with
P and N-type layers, giving a PIN diode without the tunnel
junction. The dark current at −1 V was quite low (1 nA) for
a surface of 900μm2. This low value can be explained by
passivation of the slanted edges with HBr etching. With a
surface illumination at 1.55μm, the sensitivity was measured
in the range of 10 mA/W. This resulted from the very thin
absorption layer. So by changing the active layers to more
absorbing ones like InGasAs with a thickness up to 1μm, the
sensitivity can be largely improved to the A/W range, while
keeping low dark current. So, arrays of III–V photodetectors
can be processed on 200 mm wafers with microelectronics’
tools.

Therefore, basic elementary building blocks for the
demonstration of a laser source coupled to a silicon
waveguide and photodetectors have been demonstrated and
fabrication is possible on a 200 mm Si fabrication line.
However, more studies such as optimization of the etching
process, investigations of temperature dependency, power
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Figure 27: SEM slice view of a micro disk.

Figure 28: Hexagon used for photodetection.

range, and so on have to be performed before they can be
used in applications.

5. CONCLUSION

Several different approaches for making the integration of
a photonic layer on a CMOS circuit have been reported:
the hybridization of photonics on top of a CMOS, a
combined fabrication at the front end level, the wafer
bonding of SOI photonic circuit at the back-end level, and
an embedded photonic layer between metallization have all
been performed and some results have been presented. These
different approaches lead to different technologies with their
own merits and drawbacks. Depending of the applications
and the associated volumes of fabrication, the system
designers would be able to choose the best way to make their
desired system if the necessary building blocks were available.
We have presented for each approach some technology routes
to the achievement of these building blocks: for combined
fabrication, a silicon rib technology was developed with low
0.1 dB/cm losses, 35 GHz Ge photodetectors, and 10 GHz Si
modulators. A wafer bonding of an SOI wafer with silicon
rib waveguide and cavities filled with Ge or with photonic
crystals was achieved above metallization of a CMOS wafer.
With the back-end level approach, direct fabrication of a
photonic layer was achieved with low-temperature processes.

Low-temperature waveguide technologies with amorphous
silicon (loss 5 dB/cm) were developed. The molecular bond-
ing of InP dice and the fabrication of InP microdisks using
microelectronics tools base demonstrate that III–V μsources
can be developed on silicon substrates. A 40% coupling was
achieved to a stripe silicon waveguide, but only LED mode
was demonstrated with electrical injection, due to poor InP
etching. Clearly, the improvement and development of such
photonics building blocks need to be carried on for the
development of photonic integrated CMOS chip (PICMOS).
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Smit, “Laser emission and photodetection in an InP/InGaAsP
layer integrated on and coupled to a silicon-on-insulator
waveguide circuit,” Optics Express, vol. 14, no. 18, pp. 8154–
8159, 2006.

[21] J. Bourckaert, G. Roelkens, D. Van Thourhout, and R. Baets,
“Compact InAlAs-InGaAs metal-semiconductor-metal pho-
todetectors integrated on silicon-on-insulator waveguides,”
IEEE Photonics Technology Letters, vol. 19, no. 19, pp. 1484–
1486, 2007.

[22] M. Jutzi, M. Berroth, G. Wöhl, M. Oehme, and E. Kasper,
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[30] U. Gösele, Q.-Y. Tong, A. Schumacher, et al., “Wafer bonding
for microsystems technologies,” Sensors and Actuators A, vol.
74, no. 1–3, pp. 161–168, 1999.

[31] J. Van Campenhout, P. Rojo-Romeo, D. Van Thourhout, et
al., “An electrically driven membrane microdisk laser for the
integration of photonic and electronic ICs,” in Proceedings of
the 18th Annual Meeting of the IEEE Lasers & Electro-Optics
Society (LEOS ’05), p. PD 1.7, Sydney, Australia, October 2005.

[32] P. Rojo-Romeo, J. Van Campenhout, P. Regreny, et al.,
“Heterogeneous integration of electrically driven microdisk
based laser sources for optical interconnects and photonic
ICs,” Optics Express, vol. 14, no. 9, pp. 3864–3871, 2006.

[33] J. Van Campenhout, P. Rojo-Romeo, P. Regreny, et al.,
“Electrically pumped InP-based microdisk lasers integrated
with a nanophotonic silicon-on-insulator waveguide circuit,”
Optics Express, vol. 15, no. 11, pp. 6744–6749, 2007.

[34] P. R. A. Binetti, J. Van Campenhout, X. J. M. Leijtens, et al.,
“An optical interconnect layer on silicon,” in Proceedings of the
13th European Conference on Integrated Optics (ECIO ’07), pp.
1–3, Copenhagen, Denmark, April 2007.

[35] D. Van Thourhout, J. Van Campenhout, P. Rojo-Romeo, et al.,
“PICMOS—a photonic interconnect layer on CMOS,” in
Proceedings of the 33rd European Conference and Exhibition
on Optical Communication (ECOC ’07), Berlin, Germany,
September 2007.



Hindawi Publishing Corporation
Advances in Optical Technologies
Volume 2008, Article ID 678948, 10 pages
doi:10.1155/2008/678948

Research Article
Developments in Gigascale Silicon Optical Modulators Using
Free Carrier Dispersion Mechanisms

Juthika Basak,1 Ling Liao,1 Ansheng Liu,1 Doron Rubin,2 Yoel Chetrit,2 Hat Nguyen,1

Dean Samara-Rubio,1 Rami Cohen,2 Nahum Izhaky,2 and Mario Paniccia1

1 Intel Corporation, 2200 Mission College Blvd, SC12-326, Santa Clara, CA 95054, USA
2 Intel Corporation, S. B. I. Park Har Hotzvim, Jerusalem 91031, Israel

Correspondence should be addressed to Juthika Basak, juthika.basak@intel.com

Received 6 December 2007; Accepted 15 April 2008

Recommended by Graham Reed

This paper describes the recent advances made in silicon optical modulators employing the free carrier dispersion effect, specifically
those governed by majority carrier dynamics. The design, fabrication, and measurements for two different devices are discussed in
detail. We present an MOS capacitor-based modulator delivering 10 Gbps data with an extinction ratio of ∼4 dB and a pn-diode-
based device with high-speed transmission of 40 Gbps and bandwidth greater than 30 GHz. Device improvements for achieving
higher extinction ratios, as required for certain applications, are also discussed. These devices are key components of integrated
silicon photonic chips which could enable optical interconnects in future terascale processors.
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1. INTRODUCTION

Over the past few years, the demands for high-performance
computers, ever increasing instructions per cycle and high-
energy efficiency, have fuelled the rapid development of
multicore and many core microprocessors. With the recent
advent of quad-core processors into the market [1, 2],
coupled with the laboratory demonstration of a teraflop
processor containing 80 cores [3], the need for interconnects
supporting gigascale and terascale I/O has become imper-
ative. Although present implementations of chip to chip
copper interconnects are being pushed to deliver gigascale
bandwidths with the design of transceivers that use active
or passive equalizers [4, 5], this is unlikely to be a frequency
scalable option.

On a parallel front, optical technology has been suc-
cessfully deployed in long-haul fiber communications for
more than two decades now. Individual components targeted
toward these applications have been developed to the extent
of delivering bandwidths as large as 40 Gbps [6, 7]. Multiple
channels of such high bandwidth transmitted together using
wavelength division multiplexing (WDM) is capable of
terascale data rates. It would therefore seem intuitive to
extensively employ similar optical technology in short reach
applications such as rack to rack and board to board

communications. However, this approach has not gathered
momentum and the primary reason has been the high costs
of materials such as III-V semiconductors and lithium nio-
bate, which are inherently suited for photonic applications.
Thus, developing a cost-effective optical technology has
become essential for its adoption in the computer industry.

Interest in silicon photonics has been spurred predom-
inantly by the low cost of silicon. In addition, its high
volume manufacturability and the potential of electronics
and photonics integration in the all pervasive microelec-
tronics applications have added a further boost to this field.
Silicon photonics is now being enabled by the successful
demonstration of the requisite building blocks on silicon
such as fast silicon optical modulators [8–13], SiGe photode-
tectors [14–16], silicon Raman lasers [17, 18], silicon optical
amplifiers [19–22], silicon wavelength converters [23–25],
and hybrid silicon lasers [26]. A high speed silicon photonic
transceiver circuit which monolithically integrates all of these
functionalities would be the ultimate culmination point
expected to provide a low-cost solution for future optical
interconnects.

Silicon optical modulators are one of the key building
blocks which have been extensively studied. High-speed data
transmission at 10 Gb/s [9–11], 30 Gb/s [12], and 40 Gb/s
[13] has been demonstrated using silicon modulators with
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different device configurations. Combining these gigascale
silicon modulators with recently developed hybrid silicon
lasers [26] and using WDM, one could create a single chip
that can transmit data at Tb/s data rate for future high
performance computing applications and mega data centers.

Unlike today’s commercially available optical modulators
which use III-V semiconductors [27] or LiNbO3 [28],
achieving modulation in crystalline silicon is challenging due
to the fact that it exhibits no linear electro-optic (Pockels)
coefficient and has a very weak Franz-Keldysh effect [29,
30]. It has been very recently shown that strained silicon
possesses the Pockels effect [31], but the measured electro-
optic coefficient is relatively small (an order of magnitude
smaller than that for LiNbO3). It has also been shown
that strained Ge/SiGe quantum well structures have rela-
tively strong electro-optic absorption due to the quantum-
confined Stark effect [32], making it possible for optical
modulation. However, critical strain engineering is needed
and high-speed optical modulator performance has yet to be
demonstrated for the Ge quantum well system. Silicon also
exhibits an appreciable thermo-optic efficient (∼2× 10−4/K)
[33]. However, the thermo-optic modulator is not suitable
for high-speed applications because of its inherently slow
response.

The most effective way of performing fast optical mod-
ulation in silicon is via the free carrier plasma dispersion
effect. This effect relates the variation in the concentration
of electrons (ΔNe) and holes (ΔNh) in a semiconductor to
changes in the absorption coefficient (Δα) and refractive
index (Δn). This effect has been mathematically described
by the Drude-Lorenz equations [33] and further refined
experimentally to give the following empirical relation at the
wavelength of 1.55 μm:

Δn = −(8.8× 10−22ΔNe + 8.5× 10−18ΔN0.8
h ), (1)

Δα = 8.5× 10−18ΔNe + 6× 10−18ΔNh. (2)

The performance of modulators using free carrier plasma
dispersion is determined by the speed and efficiency of
carrier density modulation in the region of the traveling
optical mode. Various device configurations have so far
been proposed to achieve carrier density modulation in
silicon. The first and most extensively investigated device
configuration is the forward biased p-i-n diode modulator
[34]. In this device, the free carrier density change in silicon is
achieved through current injection and is primarily governed
by minority carrier dynamics. The forward biased p-i-n
diode approach in a resonant ring structure implementation
has been demonstrated to give high modulation efficiency
and, in turn, compact device sizes of ∼12 μm [35]. However,
modulation speed in these devices is usually limited by
the slow carrier generation and/or recombination processes,
unless the carrier lifetime can be significantly reduced [36].
It is to be noted that a reduction in the carrier lifetime also
results in a reduction in current injection as well as phase
modulation and these tradeoffs need to be considered based
on specific applications.

Contrary to the forward biased diode, the MOS capacitor
[8, 9] and reverse biased pn junction [10, 12, 13, 37]

based modulators rely on electric field-induced majority
carrier dynamics and do not suffer from inherent bandwidth
limitations. However, the phase modulation in these devices
is not as efficient due to smaller overlap between the charge
modulation area and the optical mode. In addition, since
these devices are limited by their resistance-capacitance (RC)
time constants, reducing device parasitic effects is critical to
exploit their high bandwidth characteristics.

This paper describes our efforts progressively toward
developing a high-speed silicon optical modulator. We focus
on the investigation of the phase modulator or phase shifter,
as it is the key element of modulators that can be con-
structed based on various implementation configurations
such as Mach-Zehnder interferometer (MZI) and microring
resonators. Since the MZI modulator has a broad operation
wavelength range and provides a good vehicle for the
modulator characterization, we adopted the MZI configu-
ration in all our approaches [33]. In addition, our devices
were designed to operate in the push-pull configuration
in order to achieve higher power efficiency. This paper is
organized as follows. In Section 2, we present details of the
MOS capacitor-based silicon modulator and demonstrate
10 Gbps operation with an extinction ratio of 4 dB. Section 3
describes further device development to achieve bandwidths
greater than 10 Gbps and discusses the implementation of
the silicon modulator based on a pn-diode. Here, we present
experimental results of data transmission at 40 Gbps with a
3 dB bandwidth of >30 GHz. Section 4 concludes this paper.

2. MOS CAPACITOR-BASED SILICON MODULATOR

Carrier density modulation is obtained by driving an MOS
capacitor into the accumulation mode of operation. A volt-
age applied across the capacitor can induce an accumulation
of charges in the doped silicon near the center dielectric. This
modifies the refractive index profile of silicon in the waveg-
uide region and ultimately the optical phase of light passing
through it, thus acting as a phase modulator. When placed
in one or both arms of an MZI, this phase modulator(s) can
change the relative phase difference between the light passing
through the two paths. Interference of the outputs from the
two arms causes the phase modulation to be converted into
the desired optical intensity modulation.

2.1. Design and structure

Figure 1(a) shows the schematic of the cross-section of
the designed silicon waveguide-based MOS capacitor phase
shifter. It comprises of a 1.0 μm n-type-doped crystalline
silicon layer (the epitaxial silicon layer of the SOI wafer)
at the bottom and a 0.55 μm p-type-doped crystalline
silicon on the top with a gate dielectric separating them.
The 10.5 nm gate dielectric consists of a multilayer stack
of silicon dioxide and nitride. A process called epitaxial
lateral overgrowth (ELO) is used to grow the crystalline
silicon on top of the gate dielectric [38]. This use of single
crystalline silicon was a significant development toward
reducing device transmission loss from its prototype version
which had a polysilicon layer that gave much larger optical
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loss due to defects in the material lattice [39]. The p-doping
concentration in the ELO-silicon is 1 × 1018/cm3, while the
n-dopant concentration in the SOI silicon is 2 × 1017/cm3.
These doping concentrations were chosen to ensure high
bandwidth performance but were not strictly optimized for
minimum resistance.

To form the rib waveguide, the entire ELO-silicon, gate
dielectric, and ∼0.1 μm of the SOI silicon are etched. This
results in a waveguide rib height of 0.65 μm and waveguide
slab thickness of 0.9 μm. The rib width is 1.6 μm (measured
at the middle of the rib height), and since the sidewalls of
the waveguide rib are not entirely vertical, the gate dielectric
width is 1.9 μm. This yields a 1.6 μm by 1.6 μm waveguide
with single-mode operation. In order to minimize the metal
contact loss, it is necessary to place the contacts outside of
the optical mode. To meet this requirement, two∼3 μm wide
polysilicon sections with high p-doping concentration and
a 0.3 μm overlap with the top corners of the ELO-silicon
rib (Figure 1(a)) are grown. Aluminum for contacting the
p-region is subsequently placed on top of the polysilicon.
This design ensures an Ohmic contact between the metal and
the polysilicon as well as electrical connectivity between the
polysilicon and the rib. The 1 μm wide oxide region between
the two polysilicon regions shown in Figure 1(a) serves to
isolate the contact metal from the rib as well as push the
optical mode downwards, away from the lossy polysilicon.
The aluminum contacts to the n-region are deposited on
the slab, also far from the waveguide. The oxide regions
underneath the polysilicon and on both sides of the rib
ensure optical confinement and prevent optical field from
penetrating into the contact areas. The scanning electron
microscope (SEM) cross-sectional image of the fabricated
device is shown in Figure 1(b).

The overall length of the MZI modulator is 15 mm, which
includes the input and output waveguides, 3 dB directional
coupler-based splitters, and two arms of straight waveguides
of a nominally equal length of 13 mm. Each arm comprises of
a 3.45 mm long high-doping, high-speed RF MOS capacitor
phase shifter section, and two ∼4.75 mm long lightly-doped,
low-speed phase shifters that are driven with DC voltages to
electrically bias the MZI at quadrature.

2.2. Optical performance

As mentioned earlier, the MOS capacitor device operates
in accumulation mode, where the n-type silicon slab is
grounded and a positive drive voltage, VD, is applied to the
p-type ELO-silicon causing a thin charge layer to accumulate
on both sides of the gate dielectric. The resulting change in
free carrier density causes a change in refractive index (n)
of silicon in accordance with (1), which is manifested as a
change in the effective refractive index of the optical mode
(Δneff ). The optical phase shift at the end of the capacitor
depends on the magnitude of this voltage-induced Δneff , the
device length L, and the optical wavelength λ and can be
calculated as [33]

Δφ = 2πΔneffL

λ
. (3)

The Δneff is governed by device design parameters such
as the waveguide dimensions and the position of the gate
dielectric as they determine how effectively the accumulated
charges overlap with the optical mode [8]. As a figure
of merit for phase efficiency, the product VπLπ can be
determined from the measured phase shift, where Vπ and
Lπ are the voltage swing (beyond the flat-band voltage of
1.25 V) and device length required to achieve π radian phase
shift. The goal is to minimize the VπLπ product to lower
the required voltage drive and shorten the device length for
a given phase shift. Smaller waveguide dimensions, though
harder to fabricate, ensure stronger mode-charge interaction
and hence higher phase efficiency. As an example, the
phase shifter design of Figure 1 with waveguide dimensions
of 1.6 μm × 1.6 μm gives VπLπ of 3.3 V-cm, which is
50% smaller than the prototype of this device which had
waveguide dimensions of 2.5 μm × 2.3 μm and gave VπLπ of
7.8 V-cm.

The optical loss of the phase shifters is measured to
be 10 dB/cm for the high-speed sections and 5.2 dB/cm for
the low-speed sections. Optical measurements on the MZI
modulator gives a total insertion loss of 19 dB comprising
of 9 dB coupling loss and 10 dB on-chip loss, when the MZI
is in the “on” state, which is defined here as the maximum
optical output intensity of the MZI. Of the 10 dB on-chip
loss, 3.5 dB is due to the high-speed (RF) sections, 2.5 dB
due to the low-speed (bias) sections, and the remaining
4 dB is estimated to be due to a combination of voltage-
induced free carrier absorption [40] and the unoptimized
design of the splitters and bends. Optical coupling to the
1.6 μm × 1.6 μm waveguides is done using a lensed single-
mode fiber with approximately 3.3 μm spot size. The total
coupling loss of 9 dB can be significantly reduced using one
of the known waveguide mode converter techniques [41–43].
Although mode converters were not implemented with the
MOS capacitor-based devices, we have extensively studied
their performance and have achieved coupling loss as low as
∼1.5 dB/facet for similar waveguide thickness [44].

2.3. High-speed performance

The intrinsic bandwidth of the modulator was expected to be
limited by the RC time constant. Since the capacitance of the
device is proportional to its length, a shorter device would
have a larger bandwidth. Therefore, in order to maintain
the same phase shift as a 3.45 mm long RF phase shifter but
simultaneously enhancing the bandwidth, the phase shifter is
divided into eleven equal segments of 315 μm each and every
segment driven by the same signal with a phase correlation
determined by the group velocity of light. The impedance
of these sections is measured as a function of frequency and
is plotted in Figure 2. The reactance is modeled to be from
a capacitance of 2.4 pF, while the resistance is measured as
6.5Ω. The RC cutoff frequency, (2πRC)−1, can therefore be
calculated to be 10.2 GHz.

High-speed operation of the modulator required the
use of a low-impedance driver circuit. A custom IC was
designed and manufactured using a 70 GHz-FT SiGe HBT
process, details of which can be found in [9]. It employs a
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Figure 1: Cross-section of the MOS capacitor-based silicon optical modulator.
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Figure 2: Impedance of a 315 μm long phase-shift segment on the
MOS capacitor-based modulator. Resistance is measured as∼6.5Ω,
while a modeled capacitance of∼2.4 pF fits the measured reactance,
giving an RC cutoff of 10.2 GHz.

push-pull emitter-coupled logic (ECL) output stage which
is wire-bonded directly to each of the 11 segments of
the RF phase-shifter on each arm and has been indicated
schematically in Figure 3. The driver operates from a single-
ended power supply in the range from 3.3 to 3.9 V and
is targeted to deliver up to 1.6 Vpp (3.2 Vpp differential) to
each phase-shifter when operating at 8 Gbps. The data pulses
delivered to each of the segments are delayed using internal
transmission lines to match the optical group velocity across
the modulator. A number of control settings are available
to trade performance for power dissipation (from 2.7 W
to 3.9 W depending on supply voltage, output swing, bit
rate, and edge rate). Of this power, approximately 10% is
dissipated in the modulator. Improved driver design and
improved phase-shifter efficiency will lead to reduced power
dissipation.

To characterize data transmission performance, a DC
voltage of −3.3 V is applied to the n-type silicon slab. A
DC voltage applied to the ELO-silicon rib of the low-speed
phase sections sets the MZI at quadrature bias. The DC bias
is chosen such that the entire AC swing of 1.4 Vpp applied
to the RF phase shifters is above the flat-band voltage [8].

1 mm 4.75 mm 3.45 mm (11 sections of 315μm)

CW
Laser in

DC bias
voltages

DC bias
voltages

Data in

. . . 11× in total . . .

-VEE

Figure 3: Schematic of the MZI-based modulator along with the
driver inputs and wire-bonds.

This voltage swing, based on calculations for the device in
Figure 3, should yield 0.15 π radian phase shift in each MZI
arm, enough to give a modulation extinction ratio (ER) of
4.2 dB. The modulator was tested at several data rates with
a maximum at 10 Gbps. The resulting eye diagram for a
10 Gbps [232 – 1] pseudorandom bit sequence (PRBS) input
gives an ER of 3.8 dB and is shown in Figure 4. The 20–
80% rise/fall time is measured to be ∼55 ps and is not found
to vary too much from measurements at lower data rates
such as at 6 Gbps. Combined with the fact that the inherent
bandwidth of the modulator was earlier estimated to be
∼10 GHz from measurements of capacitance and resistance,
it is evident that the inherent modulator bandwidth is not
the limitation in these measurements. On the contrary, it is
the∼0.7 nH inductance of the wirebonds and the slower slew
rate of the driver circuit, corresponding only to 8 Gbps, that
limit the demonstrated device bandwidth.

This MOS capacitor-based modulator is the first silicon
modulator to reach the 10 GHz bandwidth milestone. In
addition, further improvements in phase efficiency, optical
loss, as well as bandwidth are possible with optimization.
Modeling and experimental studies show that reducing the
waveguide dimensions and thinning down the gate dielectric
could greatly improve the phase efficiency [45, 46]. A
waveguide with dimensions of 1 μm × 1 μm and a gate
dielectric of 6 nm is expected to give a VπLπ product as low as
0.68 V-cm. Such a device would facilitate the use of a CMOS-
based driver with drive voltages <1 Vpp to obtain an ER as
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high as 12 dB for a 0.25 cm long phase shifter length. By
optimizing the doping profiles as well as the MZI splitter
design, this small cross-section device can achieve 10 GHz
modulation bandwidth with >12 dB ER and on-chip loss as
little as 2 dB.

While the MOS capacitor-based modulator has the
potential to realize several GHz of intrinsic bandwidth
with reasonably low-optical loss, the device operation speed
that can be experimentally demonstrated depends on the
electrical drive design. As the capacitance of the MOS
capacitor modulator is large (6–8 pF/mm), it requires very
short device segments for high data rates if lumped drive is
used. An alternative approach would be to use a traveling-
wave electrode (transmission line) design. This approach not
only addresses the RC speed limitation of lumped devices
but also significantly reduces the frequency dependence
of the power dissipation of the modulator. For the MOS
capacitor-based modulator, however, its high capacitance
makes matching the RF phase velocity and optical group
velocity more challenging for high-speed operations. In
addition, the RF loss of the transmission line would be large
at high frequencies because of the large capacitance per unit
length. Therefore, from the electrical drive circuitry point of
view, it is critical to reduce device capacitance. With this in
mind and with the aim of pushing up modulation speeds
higher, we started exploring the pn-diode-based optical
modulator design, which can potentially have a smaller
capacitance. The following section describes the design and
performance of the pn-diode-based modulator.

3. PN DIODE-BASED SILICON MODULATOR

This implementation of the modulator, also based on
free carrier dispersion, produces a carrier modulation by
operating a pn diode in reverse bias and hence in the
carrier depletion mode. This modulator is also built in an
MZI configuration but is an improvement over the MOS
capacitor-based device in a couple of different ways. The
dielectric layer between the two doped sections in the MOS
capacitor is now replaced by the depletion width of the pn
junction, and this leads to a reduction in the modulator
capacitance and hence improved bandwidth. At the same
time, the metal electrodes are now designed to operate as
traveling wave electrodes and this eliminates the dependence
of bandwidth on the RC time constant. Processing of
this modulator also employs a simpler and more standard
nonselective epitaxial silicon growth process instead of the
ELO growth step required for the demonstrated version of
the MOS capacitor-based device.

3.1. Design and structure

The phase shifter components of this silicon modulator are
the reverse biased pn diodes embedded in the MZI arms.
Figure 5(a) shows a schematic of the cross-sectional view of
the phase shifter. It comprises of a p-type-doped crystalline
silicon rib waveguide having a rib width of ∼0.6 μm and a
rib height of∼0.5 μm with an n-type-doped silicon cap layer.
This thin cap layer which is 0.1 μm thick and∼1.8 μm wide is

40 ps

80%

20%

Figure 4: Optical eye diagram at 10 Gbps for the capacitor-based
modulator copackaged with the custom designed driver. Measured
ER = 3.8 dB.

n++

p++ p++

n-Si

p-Si

Traveling-wave electrodes

Ground GroundSignal

Waveguide
Si substrate

Oxide

(a) Schematic of the device. The optical waveguide has dimen-
sions of 0.6 μm × 0.6 μm. The coplanar waveguide electrode
has a signal metal width of 6 μm and signal-ground metal
separation of 3 μm

0.103μm 0.08μm

0.554μm

857 nmS4700-10 kV 7 mm ×35 k SE(U) 8/3/06

Phase shifter
waveguide

Metal contact

(b) SEM of the rib area showing the metal contact on the n-type
silicon cap

Figure 5: Cross-section of the PN-diode-based silicon optical
modulator.

formed using a nonselective epitaxial silicon growth process
and is used for pn junction formation and electrical contact.
Both modeling and experiments confirm that the 0.6 μm by
0.6 μm waveguide can support only a single TE mode for
wavelengths around 1.55 μm.

The p-doping concentration is∼1.5× 1017 cm−3, and the
n-doping concentration varies from∼3× 1018 cm−3 near the
top of the cap layer to ∼1.5 × 1017 cm−3 at the pn junction.
To ensure good Ohmic contact between silicon and metal
contacts, two slab regions∼1 μm away from both sides of the
rib edge and part of the thin cap layer starting ∼0.3 μm away
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from the rib edge are heavily doped with a concentration
of ∼1 × 1020 cm−3 of p- and n-type dopants, respectively.
The process parameters described above have been designed
to target the pn junction at approximately 0.4 μm above
the buried oxide to enable optimal mode overlap with the
depletion region. As the n-doping concentration is much
higher than the p-doping concentration, carrier depletion
under reverse bias occurs mainly in the p-type-doped region.
This leads to better phase modulation efficiency because the
hole density change results in a larger refractive index change
as compared to the electron density change as indicated by
(1).

Modeling shows that the high-speed performance of a
pn-diode modulator is limited by the pn junction capaci-
tance, silicon resistances, and the metal contact parasitics,
and not by the carrier dynamics. To minimize the RC
limitation of the frequency response of the modulator [47,
48], we designed a traveling wave electrode based on a
coplanar waveguide structure as shown in Figure 5(a). The
“signal” metal layer is ∼6 μm wide and is connected to the
heavily doped n-type silicon region through a 1 μm contact.
The separation between the signal and ground metal layers is
∼3 μm and the metal thickness is ∼1.5 μm. The RF traveling
wave coplanar waveguide and modulator optical waveguide
are carefully designed so that both electrical and optical
signals copropagate along the length of the phase shifter
with similar speeds. In addition, it is necessary to keep
the electrode capacitance small so that the RF loss of the
electrodes is minimal. The single-sided asymmetric silicon
cap layer design, also shown in Figure 5(a), is used to reduce
the capacitance of the phase shifter. The transmission line
loss, impedance, and phase velocity are calculated using
a commercial software package HFSS, and details on this
can be found in [49]. These parameters strongly depend
on the metal trace dimensions as well as silicon doping
concentration and profile. The cross-section SEM image of
a fabricated pn diode phase shifter waveguide is shown in
Figure 5(b).

3.2. Optical performance

As in the MOS capacitor-based modulator, the phase shift
in the reverse biased pn junction is also given by (3). By
changing the applied reverse bias voltage V across the diode,
we can obtain a change in depletion width (WD) according
to the following equation [50]:

WD =
(

2ε0εr(VBi + V)
eNA

)1/2

, (4)

where the condition of an asymmetrically doped pn junction
has been assumed with the n-doping concentration much
higher than the p-doping concentration. Here, εr is the low-
frequency relative permittivity of silicon, NA is the acceptor
concentration, and VBi is the built-in voltage. Changing the
depletion width of a pn junction is equivalent to changing
the free carrier density, and hence a change in the refractive
index Δneff . Because the depletion width is usually smaller
than the waveguide height, the phase modulation efficiency
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strongly depends on the pn junction location relative to the
guided mode center.

Similar to the MOS capacitor-based modulator, we define
the figure of merit for phase efficiency as the VπLπ product,
where Vπ and Lπ are the reverse bias voltage and device
length required for achieving π-radian phase shift, respec-
tively. The VπLπ dependence on junction position location is
modeled to show that at 3.5 V drive, junction depths of 0.1,
0.2, and 0.3 μm from the top of the waveguide rib yield VπLπ

values of 5.2, 3.1, and 2.8 V-cm, respectively. This marked
dependence proves the importance of optimizing the p- and
n-doping profiles to get maximum overlap between the free
carrier density change and the optical mode. Figure 6 also
shows the modeled phase shift versus the reverse bias for the
device with a junction depth of 0.3 μm and with a length
of 5 mm. It is clear from Figure 6 that the phase efficiency
is not linearly dependent upon the voltage, and this is in
accordance with the nonlinear dependence of WD on the
bias, as indicated in (4). A better phase efficiency is obtained
for a smaller drive voltage. For example, VπLπ = 2.16 V-cm
for 1 V drive, while it is 2.8 V-cm for 3.5 V drive and 3.5 V-
cm for 7 V drive.

Figure 7 shows the measured phase shift of the pn
junction phase shifter as a function of the drive voltage
for different phase shifter lengths. As the data shows, π/2
phase shift is achieved at 4 V bias for a phase shifter length
of 5 mm, and hence the measured VπLπ is ∼4 V-cm. This
measured phase efficiency is much smaller than the modeled
results shown in Figure 6. We suspect this is mainly due to
process variations in the pn junction location, causing it to
be nonoptimal. We can also see that the measured phase
shift is not linearly dependent on the drive voltage, which
is qualitatively in agreement with our modeling. Figure 7
also shows the phase shift versus drive voltage for 1 mm and
3 mm phase shifters. As expected, they have the same phase
efficiency of ∼4 V-cm.
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The phase modulation is accompanied by optical absorp-
tion modulation, as can be seen in (2). Therefore, we expect
a voltage induced gain in the phase shifter transmission
which can introduce an optical field amplitude imbalance
between the two arms of the MZI and potentially degrade
the extinction ratio of the device. To quantify this effect,
we measure the change in transmission for a straight
phase shifter for different bias voltages and plot the optical
transmission versus the phase shift. The results are given in
Figure 8 which shows that the measured VDG is∼1.43 dB/π.
This is in excellent agreement with our modeling. Inspite of
the VDG-induced arm imbalance, the DC extinction ratio of
the MZI is measured to be >20 dB, as can be seen in Figure 9.

The total length of the MZI modulator is 8.25 mm. This
includes the input and output waveguides, 2 MMI splitters,
and the two straight arms of the MZI, each ∼3 mm long,
inclusive of a 1 mm long phase shifter. 1 × 2 multimode
interference (MMI) couplers are used as the splitters in the
MZI because the directional coupler-based splitter (used
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respectively, indicating a 3 dB roll-off at ∼33 GHz.

for the MOS capacitor device) for the small waveguide size
used here requires very fine lithography resolution to keep
excess optical loss at a minimum. The on-chip insertion
loss is ∼4 dB, when the MZI is in the “on” state, which is
defined here as the maximum optical output intensity of
the MZI. This on-chip insertion loss (excluding coupling
loss) includes ∼1 dB passive waveguide transmission loss,
∼0.5 dB MMI coupler loss, and ∼2.5 dB phase shifter loss,
which can be attributed primarily to the dopants. The passive
waveguide and phase shifter losses are measured using the
well-known cutback method [33], and the MMI coupler
loss is determined by comparing its transmission to that of
straight reference waveguides.

3.3. High-speed performance

As described in Section 3.1, the metal electrodes have
been designed to give high-bandwidth performance. Both
modeling and measurements show that the capacitance of
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Figure 11: Optical eye diagram of the PN-diode-based modulator.

this device is an order of magnitude smaller than the MOS
capacitor-based modulator. However, it is imperative to
ensure proper termination of the modulator transmission
line in order to suppress the RF signal reflection from the
end of the traveling-wave electrode. In our experiment, we
have used two different approaches for device termination.
One approach is to flip-chip bond the silicon MZI modulator
chip to a printed circuit board (PCB) and surface mount
external resistors on the PCB traces that are connected to
the output end of the modulator electrode. The PCB is
designed for high-speed performance with PCB traces having
∼0.3 dB/cm RF loss and 50 ohm impedance at 40 GHz and
is used with low RF loss connectors. The other approach
for terminating the device is to monolithically integrate a
thin-film resistor with the silicon modulator die. For our
MZI devices, we used titanium nitride (TiN) as the resistor
material.

The high-frequency performance of the silicon mod-
ulator has been characterized by measuring both its 3 dB
frequency roll-off and data transmission capability. The
MZI silicon modulator used for the high-speed experiments
contains a 1 mm long phase shifter in each arm. The RF
signal from either a signal generator or a pseudorandom bit
sequence (PRBS) generator is amplified using a commercially
available modulator driver. For single-ended drive, the
amplified output of 6.2 Vpp is combined with 3.1 VDC using
a bias tee to ensure reverse bias operation for the entire
AC voltage swing. (For dual drive, we use an RF signal of
∼7.6 Vpp differential with each arm biased at ∼2 VDC.) This
DC-coupled signal is connected to the input of the traveling-
wave electrode of one of the phase shifters via the PCB
connector or a GSG probe with RF insertion loss of <1 dB
up to 50 GHz. The output of the electrode is terminated with
a 14Ω load. A continuous-wave laser beam at ∼1550 nm is
coupled into the silicon modulator via a lensed fiber. The
modulated optical output is collected using another lensed
fiber and is connected to a 53 GHz digital communications
analyzer (DCA) optical module.

For the optical frequency roll-off measurement, the
signal generator is swept from 100 MHz to 44 GHz. The
input drive signal is first measured as a function of frequency
using a DCA electrical module with 63 GHz bandwidth. This
DC-coupled RF signal is then applied to the modulator and
the modulated optical signal is also measured as a function
of frequency. To obtain the frequency response of the MZI
modulator for a constant input drive voltage, the optical
output is normalized by the measured input drive voltage
for all frequencies. The results for the frequency roll-off
measurements for both the devices packaged on a PCB as
well as that with on-chip resistors are plotted in Figure 10,
where we can see that both the devices have a 3-dB roll-off
frequency of >30 GHz.

The high-speed data transmission performance of the
MZI modulator was measured using a PRBS source with
[231–1] pattern length as the RF input. The MZIs have been
designed such that both arms can be driven in a push-pull
configuration but can be driven more simply in the single-
ended configuration as well. The high-speed testing of the
device on the PCB was performed using a single-ended drive
scheme, while the device with the on-chip termination was
driven differentially. Figure 11(a) shows the eye diagram of
the modulator optical output at a bit rate of 40 Gb/s. The
ER is measured to be 1.1 dB with a rise/fall time of ∼14 ps.
The open eye diagram proves that the modulator is capable
of transmitting data at 40 Gb/s, which is consistent with the
3 dB roll-off frequency of >30 GHz.

Demonstration of such high-speed data transmission
represents a significant leap in silicon modulator perfor-
mance and is a testament to the success of the steps taken
to extend the bandwidth beyond 10 Gbps. However, the
demonstrated performance above is, by no means, the funda-
mental limit and there is a lot of room for improvement. For
example, the ER can be significantly improved by optimizing
the pn-junction location, which alone can lead to ∼30%
improvement in phase efficiency based on our simulation
results.
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Another approach toward increasing the ER is to increase
the length of the phase shifter contained in the MZI.
However, this comes with the trade-off of a larger RF signal
attenuation, which limits the data rate to a lower value.
Figure 11(b) shows the measured eye diagram at 10 Gbps
for an MZI with a 3 mm phase shifter section, which gives
an ER of ∼5.2 dB for a 7.6 Vpp differential drive with each
arm biased at 2 VDC. Increasing the data rate beyond 10 Gbps
rapidly closes the eye due to insufficient bandwidth. One way
to overcome the bandwidth limitation would be to break
up the 3 mm phase shifter into three smaller segments of
1 mm each and drive every segment with the same signal.
This configuration can be expected to give an ER of ∼5 dB
even for ∼40 Gbps since the bandwidth is now determined
by that of a 1 mm device, which has already been shown to be
>30 GHz. This is identical to the approach taken for the MOS
capacitor which has already been successfully demonstrated.
Analogously, the total phase shifter length in the MZI can be
further increased to 5 or even 10 mm to give larger extinction
ratios, while still maintaining individual segment length at
1 mm. The limitations now become the optical loss, and the
increase in driver and packaging complexity.

4. CONCLUSIONS

In this paper, we have presented two implementations of sili-
con optical modulators, both based on the free carrier plasma
dispersion effect. One of them is based on an MOS capacitor
operating in the accumulation mode, while the other incor-
porates a pn-diode operating in the carrier depletion mode.
The MOS capacitor-based device was the world’s first silicon
optical modulator to give data transmission at 10 Gbps.
Transmission line implementation of the pn-diode-based
modulator helped us push the bandwidths even higher to
demonstrate 40 Gbps data transmission and provide a more
frequency scalable option for optical modulators. Several
straightforward options have been suggested for improving
the performance further in terms of the phase efficiency
and the achievable extinction ratio. The developments in the
silicon optical modulator described in this paper indicate
that reaching the performance levels demonstrated so far by
other materials is now a forthcoming reality, thus providing a
huge impetus toward driving optical interconnects in future
terascale microprocessors.
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1. INTRODUCTION

Recent research in silicon photonics has been driven by
the motivation to realize silicon optoelectronic integrated
devices using large scale, low-cost, and highly accurate
CMOS technology. Silicon is transparent at the 1.5 μm and
1.3 μm telecommunication wavelengths and has demon-
strated low loss waveguide with losses in the range of
0.2 dB/cm ∼ 1 dB/cm. The large index contrast of silicon
waveguides with silicon dioxide cladding results in highly
confined optical modes and reduction of waveguide bend
radii leading to dense photonic integration. This has resulted
in advances in passive devices such as compact filters [1],
optical buffers [2], photonic crystals [3], and wavelength
multiplexer/demultiplexers [4, 5].

It was only recently that silicon has been demonstrated
as a high-speed modulator. Silicon-based modulators have
been reported using free carrier plasma dispersion in Mach-
Zehnder interferometer structure [6, 7], photonic crystals
[8], and ring resonator structures [9]. Strained silicon has
been shown to break the inversion symmetry of silicon
allowing silicon to exhibit linear electro-optic refractive
index modulation [10]. Recently, an electroabsorption mod-

ulator on silicon has been demonstrated based on the
quantum confined stark effect in strained silicon germanium
[11].

Light detection is another major research topic in silicon
photonics. Strained germanium and silicon germanium push
the absorption out to 1.55 μm wavelength and are attractive
since it is compatible with CMOS processing capabilities
[12, 13]. Integration of the photodetector with the receiver
is critical for lower capacitance and higher sensitivity [14].

The indirect bandgap of silicon has been a key hurdle for
achieving optical gain elements. Although Raman lasers and
amplifiers [15–17], and optical gain in nanopatterned silicon
have been observed [18], an electrically pumped silicon
waveguide gain element has been an unsolved challenge.

An alternative to fabricating the gain element in silicon
is to take prefabricated lasers and couple them to silicon
waveguides. However, due to the tight alignment tolerances
of the optical modes and the need to align each laser
individually, this method has limited scalability, and it is
difficult to envision die attaching more than a few lasers
to each chip without prohibitive expense. Furthermore, the
reflections at the chip interfaces limit the gain and spectral
flatness that can be achieved.
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Figure 1: Hybrid silicon evanescent device cross-section structures: (a) a wide III-V mesa for amplifiers and lasers, (b) a narrow III-V mesa
for detectors and modulators.

Epitaxial growth of III-V layers on silicon substrates
has been investigated as well. The demonstrations include
InGaAs quantum dot lasers [18] and InGaSb quantum well
lasers [19] fabricated on silicon substrate. Those demonstra-
tions have widened the possibility of building monolithically
integrated on-chip laser sources on the silicon photonics
platform. However, an efficient coupling scheme from the
III-V lasers to the silicon waveguide needs to be developed
since most of the lasing mode is in the III-V layers.

Recently, we have demonstrated a hybrid integration
platform utilizing III-V epitaxial layers transferred to silicon
to realize many types of photonic active devices through a
single wafer bonding step. The wafer-bonded structure forms
a hybrid waveguide, where its optical mode lies both in sili-
con and III-V layers. This structure enables the use of III-V
layers for active light manipulation such as gain, absorption,
and electro-optical effect for the amplifiers, lasers, detectors,
and modulators. In this paper, we review the recent progress
on hybrid silicon evanescent devices. In Section 2, the device
structure and design issues are introduced. In Section 3, the
device fabrication process is described. Section 4 presents
the performance and characteristics of fabricated silicon
evanescent devices. Finally, several potential future paths of
this research are discussed in Section 5.

2. DEVICE PLATFORM

Figure 1 shows the general structure of hybrid silicon
evanescent devices. The hybrid structure is comprised of
a III-V region bonded to a silicon waveguide fabricated
on a silicon-on-insulator wafer. The mesa structure formed
on the III-V region enables the current flow through the
multiple quantum well region. The general structure of
III-V layers consists of a p-type contact layer, a p-type
cladding, a p-type separated confinement heterostructure
(SCH) layer, an undoped multiple quantum well layer, n-
type contact layer, and n-type super lattices. Amplifiers and
lasers have a wide III-V mesa (12 μm ∼ 14 μm) for better
heat conduction and mechanical strength (Figure 1(a)) while
a narrow III-V mesa (2 μm ∼ 4 μm) is chosen for detectors
and modulators for high-speed operation with a reduced
capacitance (Figure 1(b)). The optical mode in this hybrid
waveguide lies both in the silicon waveguide and the multiple
quantum well layers. The confinement factors in III-V and
silicon regions of the hybrid waveguide can be manipulated

by changing the silicon waveguide dimensions. The quantum
well confinement factor is a critical design parameter in
order to achieve enough optical gain and absorption while
the silicon confinement factor is an important parameter
determining coupling efficiency when the device is integrated
with silicon passive devices. Figure 2 shows three different
mode profiles with three different waveguide widths. In
general, the silicon confinement factor increases as the
height or width of the silicon waveguide increases while the
quantum well confinement factor decreases. The epitaxial
structures and confinement factors for each device set will
be specified in Section 4.

3. FABRICATION

3.1. Plasma assisted low-temperature wafer bonding

The transfer of the indium phosphide (InP)-based epitaxial
layer structure to the silicon-on-insulator (SOI) substrate
is a key step in the fabrication of this hybrid platform
and has direct impact on the device performance, yield,
and reliability. Due to the mismatch between the thermal
expansion coefficient of silicon and indium phosphide (αSi

= 2.6 ×10−6/K , αInP = 4.8 ×10−6/K), high-temperature
(>400◦C) annealing steps are not desirable. Figure 3(a)
shows a Nomarski photograph of the top surface of an InP
die transferred to a silicon-on-insulator substrate at 600◦C.
Crosshatching can be seen for this high-temperature direct
wafer bonding which can lead to degradation of material
quality and scalability issues due to the accumulation of
stress over larger sample sizes. In order to resolve this
issue, low-temperature annealing is used with an oxygen
plasma surface treatment to enable strong bonding [20].
An annealing temperature of 300◦C is chosen to minimize
bonding stress while still being able to convert the weak
Hydrogen bonds formed by the room temperature bonding
to strong covalent Si–O–In and Si–O–P bonds. Figure 3(b)
shows a successful transfer of InP epitaxial layers to SOI with
smooth device quality surface morphology and no interfacial
voids.

Figure 4 is the schematic process flow of the oxygen
plasma assisted low-temperature (300◦C) wafer bonding.
After rigorous sample cleaning and close microscopic inspec-
tion with 200x magnification, the native oxide on SOI and
InP are removed in standard buffer HF solution (1HF : 7
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Figure 2: Mode profiles with different waveguide widths. Height of the silicon waveguide is fixed at 0.7 μm.

(a) (b)

Figure 3: Nomarski microscope images of the transferred III-V
surface at bonding temperatures of (a) 600◦C and (b) 300◦C.

H2O) and NH4OH (39%), respectively, resulting in clean,
hydrophobic surfaces. The samples then undergo an oxygen
plasma surface treatment to grow an ultrathin layer of oxide
(<5 nm) [21] which leads to very smooth (rms roughness
<0.5 nm) hydrophilic surfaces, which is less sensitive to
the microroughness as compared to hydrophobic bonding.
The Si–O–Si bonds of the oxide (SOI side) are also found
to be more strained than conventional oxides formed in
standard RCA-1 cleaning process or other hydrophilic wet-
chemical treatment, and have a higher readiness to break
and form new bonds. O2 energetic ion bombardment also
acts as a final cleaning step to remove hydrocarbons and
water-related species on the sample surface efficiently. The
following deionized water dip further terminates the oxide
surface by polar hydroxyl groups OH−, forming bridging
bonds between the mating surfaces to result in spontaneous
bonding at room temperature [22]. To strengthen the bond,
the bonded sample is placed in a conventional wafer bonding
machine (Suss Bonder SB6E), where the samples are held
together at a pressure of 1.5 MPa and a temperature of 300◦C,
under vacuum (<4 × 10−4 Torr) from 1 to 12 hours. The
300◦C annealing process enhances out diffusion of molecules
trapped at the interface and desorption of chemisorbed sur-
face atoms, such as hydrogen, while activating the formation
of covalent bonds to achieve higher bonding energy [20].
After annealing and cooling, the InP substrate is selectively
removed in a 3HCl : 1H2O solution at room temperature.

Figure 5 shows a 2-inch InP-based expitaxial wafer
bonded on a SOI sample cleaved from a 6 inch SOI
wafer. Smooth III-V morphology with no interfacial void is

achieved in the bonded area. The two defects on the left-hand
side of the figure are due to wafer handling with tweezers
and InP epitaxial surface defects that are 29 μm in diameter.
Successful epitaxial transfer on 2 inch wafer demonstrates the
scalability of this oxygen plasma-assisted low-temperature
bonding process, which subsequently paves the way for mass
production of the hybrid devices.

3.2. Silicon waveguide and III-V back-end processing

The general procedure of silicon waveguide formation on an
SOI wafer and III-V back-end processing after wafer bonding
process is as follows. The silicon waveguide is formed
on the (100) surface of an undoped silicon-on-insulator
(SOI) substrate using Cl2/Ar/HBr-based plasma reactive ion
etching. The thickness of the buried oxide (BOX) is 1 μm for
the devices reported in this paper. The III-V epitaxial layer
is then transferred to the patterned silicon wafer through
low-temperature oxygen plasma-assisted wafer bonding,
which was described in Section 3.1. After removal of the
InP substrate, mesa structures on III-V layers are formed
by dry-etching the p-type layers using a CH4/H/Ar-based
plasma reactive ion etch. Subsequent wet-etching of the
quantum well layers to the n-type layers is performed using
H3PO4/H2O2. Ni/AuGe/Ni/Au alloy contacts are deposited
onto the exposed n-type InP layer. Pd/Ti/Pd/Au p-contacts
are then deposited on the center of the mesas. For lasers and
amplifiers, protons (H+) are implanted on the two sides of
the p-type mesa to create a 4 μm wide current channel and
to prevent lateral current spreading, ensuring a large overlap
between the carriers and the optical mode. Ti/Au probe pads
are then deposited on the top of the mesa. Then, if necessary,
the sample is diced into bars and each bar is polished.

4. DEVICE RESULTS

4.1. Silicon evanescent lasers

4.1.1. 1550 nm Fabry Perot lasers

The first demonstrated device using the silicon evanescent
device platform was the Fabry-Perot (FP) hybrid silicon
evanescent laser [23]. The cavity for these lasers was made
by dicing the ends of the hybrid waveguide and polishing
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Figure 4: Oxygen plasma-assisted low-temperature wafer bonding process flow.

Figure 5: Photograph of a 2 inch III-V epitaxial transferred
to an SOI sample after 300◦C anneal for 2 hours and selective
removal of the InP substrate. InP wafer sidewall is surrounded by
CrystalbondTM wax to protect InP device layer from being etched
laterally during the substrate removal step. The white region in the
middle of the wafer is a reflection of the illuminator.

them to a mirror finish. The device presented here has
two major changes from the first reported devices. First,
the buried oxide thickness is reduced to 1 μm in order to
reduce the thermal impedance of the device. Second, the III-
V mesa was reduced to 12 μm in order to reduce the device
series resistance as shown in Figure 1(a). The waveguide
height, width, rib etch depth, and cavity length were 0.7 μm,

2 μm, 0.5 μm, and 850 μm, respectively. The calculated
confinement factors in the silicon and the quantum well
region are 63% and 4%, respectively. The epitaxial structure
of the lasers is specified in Table 1.

The continuous wave (CW) LI curve for this device is
collected on one side with an integrating sphere as shown
in Figure 6(a). In order to account for light exiting both
sides of the cavity, the data is multiplied by two. It can
be seen that the maximum laser output power, threshold,
and differential efficiency at 15◦C are 24 mW, 70 mA, and
16%, respectively. The device shows improvement in output
power and differential efficiency while maintaining a similar
threshold when compared to the first generation device. The
maximum operating temperature is 45◦C.

Figure 6(b) shows a set of pulsed single-sided output
power as a function of applied current (1 kHz repetition rate,
0.1% duty cycle) for stage temperatures ranging from 15
to 50◦C. The characteristic temperature (T0) and an above
threshold characteristic temperature (T1) [24] are 60 K and
120 K, respectively. The thermal impedance of the laser is
measured using a combination of two experiments. The first
set of measurements is used to establish a baseline for the
shift in lasing wavelength as a function of active region
(stage) temperature (dλ/dT) as shown in Figure 7(a). Similar
to the characteristic temperature measurement above, this
experiment is performed pulsed to ensure that there is
minimal device heating other than what is provided by
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Figure 6: LI curves for a 1550 nm FP silicon evanescent laser (a) double-sided continuous wave output power, (b) double-sided pulsed
output power.

Table 1: III-V epitaxial layer structure with a 1550 nm photoluminescence peak.

Name Composition Doping concentration Thickness

P contact layer P-type In0.53Ga0.47As 1× 1019 cm−3 0.1 μm

Cladding P-type InP 1× 1018 cm−3 1.5 μm

SCH P-type Al0.131Ga0.34In0.528 As, 1.3Q 1× 1017 cm−3 0.25 μm

Quantum wells
Al0.089Ga0.461In0.45As, 1.3Q(9x) undoped 10 nm

Al0.055Ga0.292In0.653As, 1.7Q(8x) undoped 7 nm

N layer N-type InP 1× 1018 cm−3 110 nm

Super lattice
N-type In0.85Ga0.15As0.327P0.673, 1.1Q(2x) 1× 1018 cm−3 7.5 nm

N-type InP (2x) 1× 1018 cm−3 7.5 nm

N bonding layer N-type InP 1× 1018 cm−3 10 nm

the temperature-controlled stage. The second measurement
is performed CW, and is used to measure the shift in
wavelength as a function of applied electrical power to
the laser (dλ/dP) as shown in Figure 7(b). The thermal
impedance ZT is then given by (1)

ZT =
(
dλ

dT

)−1( dλ
dP

)
. (1)

In both the dλ/dT and dλ/dP experiments, a single
longitudinal mode in the laser spectrum is monitored.
Combining the results from Figures 7(a) and 7(b), the laser
thermal impedance is measured to be 42◦C/W.

The thermal performance of the hybrid laser depends on
several factors. These include the amount and location of
heat that is generated, the thermal conductivity of the layers
surrounding the heat sources, and the operating temperature
of the laser active region. To model the temperature rise
as a function of applied bias, we have employed a two-

dimensional finite element modeling technique. For the
hybrid laser cross-section shown in Figure 1(a), there are
six major sources of thermal energy. These include resistive
heating in the p-cladding, the n-contact layer, the active
region, and the p and n contacts, along with heat generated
by the diode drop associated with the active region. More
detailed information about the values used in the simulation
can be found in [25].

A two dimensional temperature profile of the hybrid laser
operating at 500 mA is shown in Figure 8(a). The dissipated
electrical power and the predicted temperature rise in the
laser active region are plotted as a function of applied current
in Figure 8(b). The contribution of each layer to the total
electrical power dissipation is also shown in the same figure.
Combining the simulated temperature rise, the dissipated
electrical power, and the output optical power, the thermal
impedance of the laser is 43.5◦C/W, which is within 5% of
our initial experimental results.



6 Advances in Optical Technologies

1569.2

1569

1568.8

1568.6

1568.4

1568.2

1568

FP
m

od
e

w
av

el
en

gt
h

(n
m

)

0 10 20 30

Stage temperature T (◦C)

Δλ/ΔT = 0.067 nm/ ◦C

Δλ−40

−50

−60

−70

−80

15◦C 30◦C
In

te
n

si
ty

(a
rb

.)

Wavelength (nm)
1564 1569 1574

(a)

1569.5

1569.3

1569.1

1568.9

1568.7

FP
m

od
e

w
av

el
en

gt
h

(n
m

)

0 0.1 0.2 0.3 0.4

Dissipated power (W)

Δλ/ΔP = 2.8 nm/W

Δλ

0

−20

−40

−60

−80

165 mW

232 mW

In
te

n
si

ty
(a

rb
.)

Wavelength (nm)
1568 1569 1569 1570 1570

(b)

Figure 7: (a) Pulsed measurement results for the shift in lasing wavelength (single FP mode) as a function of stage temperature. The inset
contains a laser output spectrum at 15◦C and 30◦C. (b) Results for the shift in lasing wavelength (single FP mode) as a function of dissipated
power.

5

4

3

2

1

0

−1

−2

−3

−4

−5

Po
si

ti
on

(μ
m

)

−10 −5 0 5 10

Position (μm)

Si

SiO2

Si

Active region

Au metal

p-InP

n-InP
InP

n-InP
InP

Max: 67.2

60

50

40

30

20

10

0
Min: 0

Surface: temperature (T)

(a)

2500

2000

1500

1000

500

0

D
is

si
pa

te
d

po
w

er
(m

W
)

0 100 200 300 400 500 600

Input current (mA)

ΔTmax(1μm oxide)

ΔTmax(no oxide)

Active region power dissipation

p-InP power dissipation

n-InP power dissipation

Total power dissipation

70

60

50

40

30

20

10

0

Te
m

p
er

at
u

re
(◦

C
)

(b)

Figure 8: (a) Two-dimensional temperature profile in the hybrid laser at a bias current of 500 mA. (b) Theoretical predictions for the
dissipated electrical power in the various laser sections along with the predicted temperature rise in the active region as a function of contact
current.

To show the effect of the buried oxide on the thermal
impedance, Figure 8(b) also includes a simulation of the
temperature rise in the device when the buried oxide has
been removed. Reducing the thickness of the BOX layer
results in lowering the thermal impedance to 18◦C/W. This
illustrates how the high thermal conductivity of silicon
should result in the very low thermal resistances of silicon
photonic devices.

4.1.2. 1310 nm Fabry Perot lasers

1310 nm hybrid silicon lasers are also important for many
data and telecommunication applications [26]. The epitaxial
layer structure used here (Table 2) contains an electron

blocking layer between the quantum wells and the SCH layer
for better injection efficiency [27]. The layer is designed to
provide a high conduction band offset between the barrier
and the SCH layer to prevent electrons from leaking out of
the quantum well region while a valence band offset is kept
low not to alter the hole flow into the quantum wells.

Lasers with fundamental transverse mode or with
second-order transverse mode can be designed and fab-
ricated. Figure 9(a) shows the simulated quantum well
confinement factor as a function of silicon waveguide height
while keeping the waveguide width and slab thickness at
2.5 μm and 0.2 μm, respectively. Quantum well confinement
represents the mode overlap to the 4 μm wide quantum well
at the center, where electrons and holes are injected. In the
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Table 2: III-V epitaxial layer structure with a 1303 nm photoluminescence peak.

Name Composition Doping Concentration Thickness

P contact layer P-type In0.53Ga0.47As 1× 1019 cm−3 0.1 μm

Cladding P-type InP 1× 1018 cm−3 1.5 μm

SCH P-type Al0.4055Ga0.064In0.5305 As, 0.9Q 1× 1017 cm−3 0.25 μm

Electron blocking layer Al0.4764Ga0.0189In0.5047As undoped 10 nm

Quantum wells
Al0.055Ga0.292In0.653As, 1.0Q(9x) undoped 10 nm

Al0.178Ga0.1234In0.0986As, 1.5Q(8x) undoped 7 nm

N layer N-type InP 1× 1018 cm−3 110 nm

Super lattice
N-type In0.85Ga0.15As0.327P0.673, 1.1Q(2x) 1× 1018 cm−3 7.5 nm

N-type InP (2x) 1× 1018 cm−3 7.5 nm

N bonding layer N-type InP 1× 1018 cm−3 10 nm
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Figure 9: The confinement factor in III-V region simulation
for different silicon waveguide height (a) confinement factor
calculations for the fundamental mode and second transverse mode
as a function of waveguide height (b) fundamental and second
transverse modes for waveguide heights of 0.7, 0.475, and 0.4 μm.
The image aspect ratio (Height:Width) is 4 : 1.

tall silicon height regime (right hand part in Figure 9(a)),
a higher quantum well confinement factor for the second
transverse mode exists. In the short silicon height regime
(left-hand part in Figure 9(a)), the fundamental mode has a

(a) (b)

(c) (d)

Figure 10: The simulated and measured lasing optical mode
profiles (a) simulated optical mode for a waveguide height of
0.4 μm, (b) simulated optical mode for a waveguide height of
0.7 μm, (c) measured optical mode for a waveguide height of
0.4 μm, and (d) measured optical mode for a waveguide height of
0.7 μm.

higher quantum well confinement factor. Figure 9(b) shows
the fundamental mode and second transverse mode with
different waveguide heights illustrating the fundamental
mode increasingly lies more in the III-V region as the silicon
height decreases. The second transverse mode also undergoes
an increase in III-V confinement factor but splits into two
lateral lobes at lower silicon heights. This splitting reduces
the modal overlap with the 4 μm wide excited quantum well
region at the center.

Two different silicon waveguide heights of 0.4 μm and
0.7 μm have been chosen to study the lasing mode selection
depending on different quantum well confinement factors.
The width and slab height of the silicon waveguide is 2.5 μm
and 0.2 μm, respectively. The device length is ∼850 μm. Fig-
ures 10(a) and 10(b) show the simulated mode profiles with
the largest quantum well confinement factor for waveguide
heights of 0.4 μm and 0.7 μm, respectively. The measured
lasing mode profiles in Figures 10(c) and 10(d) agree with the
simulation results, indicating the quantum well confinement
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Figure 11: LI curves for 1310 nm FP silicon evanescent lasers (a) fundamental mode lasing device, (b) second transverse mode lasing device.
The secondary y-axis represents the estimated total laser output power.

factor primarily determines the lasing mode and can be
engineered by changing the silicon waveguide dimensions.

Figure 11 shows the measured single-sided fiber-coupled
CW output power as a function of the injected current at
different temperatures for two different lasers (0.4 μm and
0.7 μm waveguide heights). The threshold current for both
devices at 15◦C is 30 mA. The output power at 100 mA
is 2.9 mW and 5 mW and its corresponding differential
quantum efficiency is 2.5% and 8% for the fundamental
mode and second transverse mode lasing devices, respec-
tively. The estimated double-sided total output power is
shown in the secondary y-axis taking account for the output
power from the both facets and a coupling loss of 5 dB
between the device and the lensed fiber. The double sided
total output power at 100 mA is estimated to be 18 mW
and 31 mW, and its total differential quantum efficiency
is 15% and 50% for the fundamental mode and second
transverse mode lasing devices, respectively. The device las-
ing with second transverse mode (0.7 μm waveguide height)
operates up to 105◦C and has better performance than the
device lasing with a fundamental mode primarily due to
the higher quantum well confinement factor (10% versus
7%). Moreover, the overall performance of 1.3 μm lasers
is superior to 1.5 μm lasers previously described because
the carrier blocking layer is incorporated and because
of the reduced intravalence band absorption and Auger
scattering.

4.1.3. 1550 nm integrated racetrack laser
and photodetectors

Figure 12(a) shows the layout of an integrated hybrid silicon
evanescent racetrack laser and two photodetectors operating
at 1550 nm [28]. The same epitaxial structure described in
Table 1 is used both for the laser and the detector. This laser

does not rely on facet dicing or polishing and can be tested
on-chip with simple probing of the laser and photodetectors.

The waveguide height, width, and rib etch depth were
0.69 μm, 1.5 μm, and 0.5 μm, respectively. The scanning
electron microscope (SEM) image of the fabricated devices
is shown in Figure 12(b). It consists of a racetrack ring res-
onator with a straight waveguide length of 700 μm and ring
radii of 200 and 100 μm. A directional coupler is formed on
the bottom arm by placing a bus waveguide 0.5 micron away
from the racetrack. Since clockwise and counterclockwise
propagating modes of ring lasers are only weakly coupled,
two 440 μm long photodetectors are used to collect the laser
power; the clockwise being collected at the left detector, and
the counterclockwise being collected at the right detector.
These photodetectors have the same waveguide structure as
the hybrid laser, and the only difference being that they are
reverse biased to collect photogenerated carriers.

To estimate the laser output power from the measured
photocurrent, the responsivity of the detector is first mea-
sured by dicing and polishing a discrete detector in the same
chip and launching laser light into the detector through a
lensed fiber. The fiber coupled responsivity was measured
to be 0.25 A/W at 1580 nm. Taking into consideration the
∼30% reflection off the waveguide facet and an estimated
5.25 +/− .25 dB coupling loss, the photodetector responsivity
is estimated to be in the range of 1.25–1.11 A/W. This corre-
sponds to an internal quantum efficiency of around 92%. A
responsivity of 1.25 A/W is used for laser power estimation
such that the laser power values are on the conservative
side. These measurement results are also consistent with the
measured responsivity from stand alone photodetectors [29].

The total laser output power collected at both detectors
as a function of current and temperature is shown in
Figure 12(c) for a laser with a ring radius of 200 μm and a
coupler interaction length of 400 μm. The laser has a total
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Figure 12: (a) The layout of the racetrack resonator and the photodetectors. (b) A top view SEM micrograph of two racetrack resonator
lasers. The racetrack resonator lasers on the top and bottom have radii of 200 and 100 μm, respectively. (c) The LI curve for a laser with a
bend radius, R, of 200 μm, and directional coupler coupling length, Linteraction, of 400 μm for various temperatures. (d) The spectrum for a
laser with R = 100 μm and Linteraction = 400 μm.

output power of 29 mW with a maximum lasing temperature
of 60◦C. The differential efficiency is 17% and the laser
threshold is 175 mA at 15◦C. The laser spectrum is shown in
Figure 12(d) with its lasing peak in the range of 1592.5 nm.

Since the two modes of propagation are not coupled
and are degenerate, mode competition is typical in such
lasers with a ring cavity structure. Figure 13(a) shows the
photocurrent measured separately from the left (PD1) and
the right (PD2) detectors as a function of the laser drive
current for a laser with a ring radius of 100 μm and a coupler
interaction length of 100 μm. There are two distinct regions
of operation above threshold: (1) unidirectional bistable
(low-bias current), and (2) alternating oscillation (high-bias
current). In the unidirectional bistable region, the laser is
lasing in either one direction or the other and the laser output
switches from one direction to the other direction as the laser
diode current increase. At higher bias (>360 mA), the laser
enter the alternating oscillation region, the output power

exhibit oscillatory behavior. The unidirectional bistability of
the racetrack laser can be alleviated if one of the detectors is
forward biased to inject light into the cavity (Figure 13(b)).
The forward-biased photodetector acts as an ASE source,
which increases the photon density of the clockwise mode,
leading to greater simulated emission and mode selection.
This shows that the lasing direction can be controlled by
forward biasing one of the photodiodes; that is, lasing either
clockwise or counterclockwise.

4.1.4. 1550 nm mode locked lasers

Silicon hybrid lasers can be mode locked at a variety of
frequencies from 10 GHz to 40 GHz [30], for potential
applications in optical pulse generation, OTDM, WDM, and
regenerative all-optical clock recovery [31].

An FP ML-SEL is shown in Figure 14(a) and its test setup
is shown in Figure 14(b). The 39.4 GHz FP ML-SEL had
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Figure 13: (a) L-I curves of CW and CCW direction, (b) L-I curve of CW direction when the PD2 is forward bias with 50 mA.

a total cavity length of 1060 μm and a saturable absorber
(SA) length of 70 μm. For all devices presented here, separate
gain and SA sections were electrically isolated using proton
implantation. Passive mode locking was achieved for a range
of gain currents between 195 mA and 245 mA with similar
output characteristics. For a gain current of 206 mA and a
saturable absorber reverse bias voltage of 0.4 V, the pulse
has a sech2 shape with 4.2 picoseconds full width at half
maximum (FWHM) pulsewidth, extinction ratio (ER) over
18 dB between the peak and null, peak power of 4.5 dBm
in fiber, and FWHM optical spectral width of 0.9 nm. The
time bandwidth product is 0.4, close to the transform limited
value of 0.32 for sech2 pulses, indicating minimal chirp. The
laser was capable of stable mode locking for a range of gain
currents between 195 mA and 245 mA with similar output
characteristics.

By applying an RF signal to the saturable absorber
section, hybrid mode locking occurs and the jitter of the
pulses can be considerably reduced [32] without changing
the pulsewidth or spectral width. To achieve subharmonic
hybrid mode locking, a 20 GHz RF source with 17 dBm of RF
input power is used. For these conditions, the absolute jitter
of this laser is 1 picosecond and the locking range was 5 MHz.
For all measurements in this paper, the jitter was evaluated by
integrating two times the single-sideband noise from 1 kHz
to 100 MHz offset from the carrier frequency.

Increasing the cavity length to 4.16 mm resulted in
10 GHz mode locking. The saturable absorber was 80 μm
long and the cavity was divided into 4 equal length gain
sections that can be biased differently depending on the
application. The bias conditions used for pulse generation
were as follows: Gain 1 and Gain 2 (adjacent to the saturable
absorber) were biased together at 531 mA, Gain 3 was biased
at 140 mA, Gain 4 at 149 mA, and the SA was biased with

Polished facet n metal bridge

Gain section n metal Optical waveguide

Absorber n contact Gain section n metal contact

Absorber p contact Gain section p metal

(a)

RF source

Mode locked silicon
evanescent laser

EDFA
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PD

Splitter

Splitter

Optical
Electrical

(b)

Figure 14: (a) Scanning electron micrograph of one end of an FP
ML-SEL. (b) Schematic of the general experimental setup. For some
measurements, more components were required as detailed in the
references. EDFA = erbium doped fiber amplifier, SHG = second
harmonic generation autocorrelator, OSA = optical spectrum
analyzer, RFSA = 41 GHz radio frequency spectrum analyzer, PD
= 40 GHz photodetector.
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Figure 15: (a) Wavelength spectrum and autocorrelation trace of
the 40 GHz FP ML-SEL output. The fit to the optical spectrum
is the Fourier transform of the autocorrelation fit. (b) Jitter
measurements for the 10 GHz FP ML-SEL versus the RF input
power.

−2.3 V. The FWHM pulsewidth was 3.9 picoseconds with a
sech2 shape, the ER is over 18 dB, the peak power in fiber
was 11.9 dBm, and the FWHM spectral width was 3.8 nm,
containing 45 modes evenly spaced at 10.16 GHz. The time
bandwidth product is 1.7, indicating significant chirping.
Chirp can be reduced in future designs by incorporating
passive silicon waveguide sections in the laser cavity with a
shorter gain section [33]. This is fairly easy to do on this
platform and is a potential advantage of the platform for
lower repetition rate mode-locked lasers. Changing the SA
bias between −0.5 and −2 V changes the output pulsewidth
between 9 and 4 picoseconds, while the ER and output power

do not change significantly. Figure 15(b) shows results for
passive and hybrid mode locking with different RF powers
and RF injection frequencies. Also shown is the residual jitter,
which is the jitter of the hybrid mode locked laser compared
to that of the RF drive source. The minimum residual jitter
is 199 femtoseconds with 15 dBm RF drive at 10.16 GHz. At
this RF power, the locking range was 260 MHz.

Increasing the combined gain section bias currents to a
total of 1 A generates over 100 optical modes with power
levels within 10 dB of the peak mode power. If the modes
have high enough quality, the single ML-SEL could be
combined with an AWG and used as a multiple wavelength
source for wavelength division multiplexing applications
[34]. Across 100 modes, the linewidth was below 500 MHz
and the OSNR was near 15 dB. The linewidths of these
modes are too large for some applications, but for short
reach applications the signal quality is sufficient. The mode
quality can be improved by injecting a stable CW laser
into the hybrid mode-locked laser, inducing optical injection
locking [34]. In this case, the spectral width narrows to
30 modes within 10 dB, but the linewidth of each of these
modes is reduced to that of the injected signal (<100 kHz).
Also the OSNR is improved to over 25 dB for the majority
of the modes. It is expected that better stabilization of the
hybrid mode-locked laser through packaging would allow
for a wider spectral width under optical injection locking,
allowing for more high-quality modes to be generated.

A 30.4 GHz racetrack ML-SEL [31] is shown in
Figure 16(a). A racetrack mode-locked laser has the advan-
tage that its cavity is defined by lithography. Since the repeti-
tion rate is determined by the cavity length, this allows for the
repetition rate to be precisely determined and repeated across
different devices. Racetrack lasers can also be integrated
monolithically with other components. This laser has a
cavity length of 2.6 mm, an absorber length of 50 μm, and 2
separate gain sections. The gain sections were biased together
at 410 mA and the absorber was biased with −0.66 V.
This resulted in Gaussian-shaped output pulses with 7.1
picoseconds FWHM pulsewidth, 0.5 nm FWHM spectral
width, and approximately 10 dB ER. The time bandwidth
product was 0.43. The peak power was 6.8 dBm onchip,
determined from onchip photocurrent measurements.

With a 30.4 GHz, 13 dBm RF signal applied to the SA
section, this laser had 364 femtoseconds of absolute jitter
and 50 MHz locking range. The laser could also be synchro-
nized to 30 Gbps optical input signals with average powers
below 0 dBm in the input waveguide meaning that it can
perform all-optical clock recovery. To test this application,
we intentionally degraded a 30.4 Gbps return to zero 231-
1 pseudorandom bit stream by adding timing jitter and
reducing the extinction ratio, and we used the racetrack ML-
SEL to recover the clock all-optically [31]. The input ER was
3.8 dB and the input jitter was 14 picoseconds. The recovered
clock had an ER of 10.4 dB and jitter of 1.7 picoseconds.
The input data and output clock eye diagrams are shown in
Figure 16(b). The device’s extreme regenerative capabilities
and potential for integration with other components indicate
that it could be used as part of a silicon integrated optical 3R
regenerator.
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Figure 16: (a) SEM image of the 30.4 GHz racetrack ML-SEL. (b) Eye diagrams of the input data sent to the device and the regenerated,
all-optically recovered clock.
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Figure 17: (a) Top view of the integrated device. (b) SEM image of eight fabricated devices. (c) Close view of the III-V taper of the amplifier.
(d) Close view of the narrow III-V mesa of the detector.

4.2. Silicon evanescent amplifiers and photodetectors

Optical amplifiers are key components in realizing high
levels of photonic integration as they compensate for optical
losses from individual photonic elements. The hybrid sil-
icon evanescent amplifier structure is similar to the offset
quantum well structure which has typical quantum well
confinement factor in the range of 2% to 4% and it is suitable
for preamplifiers [35]. In this section, the integration of an
amplifier and a detector for improved receiver sensitivity is
discussed [36].

Figure 17(a) shows a device structure of the integrated
device with an amplifier and a detector. At the transition
between the passive silicon waveguide and the hybrid
waveguide of the amplifier, the width of the III-V mesa is
tapered from 0 μm to 4 μm over a length of 70 μm to increase
the coupling efficiency and to minimize reflection. The width
from 4 μm to 14 μm is tapered more abruptly over 5 μm

since III-V mesas wider than 4 μm do not laterally affect the
optical mode. A 7◦ tilted abrupt junction is used between the
passive silicon waveguide and the detector hybrid waveguide.
The details of the epitaxial structure of the III-V layers
are summarized in Table 1. The III-V mesa width of the
amplifier is 14 μm. The III-V mesa width of the detector is
3 μm at the p cladding layer and 2 μm at the p SCH and the
quantum well layers to reduce the capacitance of the device.
The detector p and n pads are designed to be 100 μm apart
from center to center to use a standard GSG RF probe for
high-speed testing. The SEM image of the eight fabricated
devices is shown in Figure 17(b), and the close view of the
III-V amplifier taper and the III-V detector mesa are shown
in Figures 17(c) and 17(d) respectively. The total length
of the amplifier and the detector is 1.24 mm and 100 μm,
respectively.

The internal quantum efficiency is measured to be
around 50% at a reverse bias voltage of 2 V at 1550 nm as
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shown in Figure 18(a). The amplifier gain is also measured
by taking photocurrent from the detector and the maximum
gain is 9.5 dB at 300 mA as shown in Figure 18(b). The
reflection from the III-V taper is estimated from the ripples
at the ASE spectrum and it is less than 5 × 10−4. The
taper loss is estimated to be in the range of 0.6 dB to
1.2 dB by measuring the photocurrent from the reverse-
biased amplifier [36]. Figure 19 shows the saturation char-
acteristics of the integrated device. The overall responsivity
is 5.7 A/W and the device is saturated by 0.5 dB at an output
photocurrent of 25 mA. The device bandwidth is measured
to be 3 GHz from the time domain impulse measurements
even though the estimated RC limited bandwidth is 7.5 GHz.
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Figure 20: Optically preamplified receiver bit error rate curves
measured with 231-1 NRZ 2.5 Gbps transmissions with different
amplifier gains.

The current bandwidth is limited by carrier trapping in
the quantum wells. Higher bandwidth can be achieved by
incorporating a thinner SCH layer and a bulk absorbing
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Figure 21: Photograph of the fabricated EAM modulator.
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Figure 22: EAM extinction versus bias.

region or new quantum wells with small valence band offset.
The bit error rate (BER) was measured with 2.5 Gbps NRZ
231-1 pseudorandom bit sequence (PRBS) with different
amplifier gains and the result is shown in Figure 20. The
purple data points are baseline measurements without the
amplification by launching the signal to input 2. The BER
data at an amplifier current of 100 mA shows worse receiver
sensitivity than the receiver sensitivity without amplification
(baseline) because the amplifier is below transparency. Once
the amplifier is driven beyond transparency, the power
penalty becomes negative as shown in the three BER curves
on the left side. At the maximum gain of 9.5 dB, the power
penalty is −8.5 dB compared to the baseline and the receiver
sensitivity at a BER of 10−9 is−17.5 dBm. The 1 dB difference
between the gain and the measured power penalty is due
to the ASE noise. Better sensitivities would be achievable
with a good transimpedance amplifier and this device can
be integrated with silicon passive wavelength demultiplexers
for high-speed WDM receivers [37].

4.3. Silicon evanescent electroabsorption modulators

In this section, we review hybrid silicon evanescent elec-
troabsorption modulators (EAMs). The modulator structure
described here can be integrated with lasers, amplifiers,
and photodetectors using quantum well intermixing [38]
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Figure 23: Measured small signal response (solid). Calculated
response using an RC model (dashed line).

enabling integrated high-speed transmitters. The cross-
sectional structure is shown in Figure 1(b) and the III-V
epitaxial structure with photoluminescence at 1478 nm is
summarized in Table 3. AlGaInAs is chosen as the multiple
quantum well material because typically it has a large
conduction band offset which provides a stronger carrier
confinement and produces strong quantum confined Stark
effect with higher extinction ratio [39, 40]. The silicon
waveguide was fabricated with a height of 0.5 μm and a
slab thickness of 0.3 μm. The silicon waveguide has a width
of 1.5 μm for passive segments and is tapered to 0.8 μm
in the hybrid modulator region for a larger quantum well
confinement factor. The width of the III-V mesa is 4 μm at
the top InP cladding layer and 2 μm at the SCH and quantum
well layers to reduce the capacitance of the device [40, 41].
The overall layout of the device is the same as the detector
describe in the previous section except for the width of the
III-V mesa is tapered from 0 to 2 μm over a length of 60 μm
to increase the coupling efficiency and to minimize reflection
as in the amplifiers. The hybrid EAM has a total length
around 220 μm with 100 μm absorber and two 60 μm long
tapers. The photograph of the fabricated device is shown in
Figure 21.

Figure 22 shows the relative extinction at wavelength
of 1550 nm under various reverse biases. More than 10 dB
extinction can be achieved with a reverse bias voltage of 5 V.
The device has a series resistance around 30Ω and capaci-
tance of 0.1 pF measured from the impedance measurements
resulting in a RC limited bandwidth of ∼20 GHz. It matches
with the measured small signal modulation response as
shown in Figure 22.

To investigate the performance of large signal modula-
tion, the modulator is driven with a 231-1 pseudorandom
bit sequence (PRBS). The device is biased at −3 V with a
peak-to-peak drive voltage of 3.2 V. The modulated light is
collected with a lensed fiber and amplified with an EDFA.
Figure 24(a) shows eye diagrams measured at nonreturn-to-
zero (NRZ) 10 Gbps. The 10 Gbps signal has an extinction



Hyundai Park et al. 15

Table 3: III-V epitaxial layer structure with a 1478 nm photoluminescence peak.

Name Composition Doping concentration Thickness

P contact layer P-type In0.53Ga0.47As 1× 1019 cm−3 0.1 μm

Cladding P-type InP 1× 1018 cm−3 1.5 μm

SCH P-type Al0.160Ga0.320In0.520As, 1.3Q 1× 1017 cm−3 0.15 μm

Quantum wells
Al0200Ga0.330In0.470As, 1.19Q(11x) Undoped 7 nm

Al0.080Ga0.330In0.590As, 1.55Q(10x) Undoped 11 nm

SCH Al0.160Ga0.320In0.520As, 1.3Q Undoped 0.1 μm

N layer N-type InP 1× 1018 cm−3 110 nm

Super lattice
N-type In0.85Ga0.15As0.327P0.673, 1.1Q(2x) 1× 1018 cm−3 7.5 nm

N-type InP (2x) 1× 1018 cm−3 7.5 nm

N bonding layer N-type InP 1× 1018 cm−3 10 nm

26.5578 ns

Q-factor(cg)
V base(cg)
V top(cg)
V amptd(cg)

Current
11.66
192.93 μW
861.46 μW
668.54 μW

Mean
11.96
198.73 μW
854.22 μW
655.50 μW

std dev
1.16
3.80 μW
8.69 μW
10.47 μW

50 ps/div.
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Figure 24: (a) Measured 10G NRZ eye diagrams; (b) pulse train
of drive signal (dashed) and optical modulated signal (solid).
The drive signal has rise/fall time around 35 picosesonds. The
modulated signal shows rising/falling times of about 27 picseconds.

ratio of 6.3 dB, which is slightly lower than the DC extinction
due to additional microwave voltage drop at cladding and
ohmic contacts. The eye is clearly open with quality factor
(Q factor) close to 12. The rise and fall times of the signal are

about 27 picoseconds, which is, as expected, faster than the
driving signal as shown in Figure 24(b).

5. CONCLUSION

Recent progress of hybrid silicon evanescent devices has been
reviewed in this paper. Discrete lasers, amplifiers, photode-
tectors, and electroabsorption modulators have been demon-
strated. Racetrack lasers integrated with photodetectors,
mode locked lasers, and photodetectors with preamplifiers
have also been presented as examples of photonic integration
with this hybrid device structure. These demonstrations
show the potential for realizing active functionality on the
silicon photonics platform. One of the important paths
of this research is improving performance of individual
devices, that is, device efficiency and thermal performance,
in conjunction with studies on device reliability. Another
path is the development of bonding of III-V materials to
large size silicon wafers (>6 inch). The bonding process
can be wafer scale or can be used for die attach. The
optimum size of III-V material to use depends on the density
of active devices required for the silicon wafer [42]. The
hybrid silicon evanescent device platform provides a unique
way to build photonic active devices on silicon, and those
studies will expedite the applications of silicon photonic
integrated circuits in optical telecommunications and optical
interconnects.
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1. INTRODUCTION

Subwavelength gratings (SWGs) have been known and used
for many years [1], most commonly as an alternative to
antireflective (AR) coatings on bulk optical surfaces. The
defining property of an SWG is a pitch that is sufficiently
small to suppress all but the 0th order diffraction, the latter
referring to the light that is reflected or transmitted according
to Snell’s law. According to the grating equation for normally
incident light (sin θ = mλ/Λ, where θ is the angle of
diffraction, λ is the wavelength of light, Λ is the grating
pitch, and m is the diffraction order) diffraction is suppressed
for Λ < λ, as the diffraction angle becomes imaginary for
all orders m. Conceptually, the light propagating through
a SWG structure “senses” the average optical properties
of the SWG medium. The SWG can thus be represented
as a locally homogeneous effective medium with optical
properties determined by the grating geometry. The effect of
a specific optical coating can be mimicked by an SWG with
an appropriate modulation depth and duty cycle. Effective
multilayer and gradient-index (GRIN) structures can also be
obtained with SWGs. Low reflectivities on optical surfaces
have been demonstrated with SWGs both by a single-layer
AR effect as well as by a GRIN effect [2]. More recently,

SWG surface structures that exhibit very high reflectivity
over a broad wavelength band have also been demonstrated
[3, 4]. In this paper we discuss the first implementations
of SWG structures in silicon-on-insulator (SOI) integrated
planar waveguide circuits.

Integrated planar waveguide circuits are widely used in
optical telecommunication systems, with arrayed waveguide
grating (AWG) multiplexers being one of the most complex
of such circuits [5]. Currently, these commercial waveguide
devices are typically made from doped silica glass with a
low refractive index contrast. The high-index contrast (HIC)
SOI material system offers the potential of a significant
size and cost reduction of integrated planar waveguide
devices, including AWGs [6, 7]. In addition, new applications
are emerging for miniaturized SOI waveguide devices. For
example, we have recently demonstrated a compact high
resolution microspectrometer [8] and highly sensitive pho-
tonic wire evanescent field sensors (PWEF) with a detection
limit of ∼20 fg of organic molecules [9, 10]. However, there
are also fundamental challenges of the SOI material system
related to the fixed value of the refractive indices of the
constituent materials (Si and SiO2). Since the SWG effect
allows one to engineer artificial materials with intermediate
effective indices simply by lithographic patterning, it has



2 Advances in Optical Technologies

the potential to circumvent this limitation. We demonstrate
this on two specific examples, namely, the control of the
Fresnel reflectivity of the waveguide facets and the fiber-to-
chip coupling, both relying on the SWG effect.

The Fresnel reflectivity of a cleaved SOI waveguide
facet is typically ∼30%, which is the reflectivity of the
Si-air interface. This comparatively high facet reflectivity
causes Fabry-Pérot cavity effects in SOI planar waveguide
devices and also increases the fiber-chip coupling loss. Thus
antireflective facets are often desirable. For some devices,
for example, optical cavities, a facet reflectivity larger than
30% is required. Both AR and highly reflective (HR) facets
can be achieved by the use of thin-film coatings; however,
the use of optical coatings on facets has various drawbacks.
For example, film deposition has to be carried out at the
chip level after cleaving, requiring additional processing
and precluding device testing at the wafer level. Thin film
deposition processes can be complex, may reduce yield, and
may require the use of expensive deposition equipment.
Furthermore, optical coatings may become mechanically
unstable under thermal cycling, leading to restrictions on
device power and limitation of device lifetime.

A major problem in the design and fabrication of silicon
microphotonic devices is the limited efficiency of optical
coupling to silicon waveguides at the input/output interfaces.
Due to the large mode size disparities, the light coupling
between an optical fiber and a silicon waveguide with a
small cross section is largely inefficient. Various solutions
to this problem have been suggested, for example, three-
dimensional mode size transformers, edge [11] and off-plane
[12–15] grating couplers, inversely tapered waveguides [16]
and GRIN planar waveguide lenses [17], each having some
advantages and drawbacks. A comparative review of various
coupling schemes is contained in [18]. For submicron silicon
wire waveguides, inverse tapers have emerged as a partic-
ularly efficient coupling method. Demonstrated coupling
losses of inverse tapers with a minimum width of 0.1 μm
reported in [16] are 6 dB and 3.3 dB for TE and TM polarized
light, respectively. While this is a remarkable achievement,
a further improvement of the total coupling efficiency is
desirable. Furthermore, the coupling efficiency of inverse
tapers is strongly dependent on the minimum taper width,
a fact that results in tight fabrication tolerances for the taper
width.

We have recently proposed the use of the SWG effect as
a general tool for waveguide mode modifications, including
light coupling between an optical fiber and high index
contrast waveguides of submicrometer dimensions [19] and
modification of facet reflectivity [20]. In this paper, we
review our work but also provide new experimental and
modeling results on the use of SWGs in SOI waveguides.
All SWG patterns discussed here, both for facet reflectivity
modification and for fiber-to-chip coupling enhancement,
can be fabricated by standard lithography and vertical
etching processes. This has two obvious advantages. First,
devices can be processed at the wafer level before dicing;
and second, shape control of the SWG is limited only by
the resolution of the lithography and pattern transfer. To
demonstrate the effects, we have carried out experiments on

SOI waveguides and compared the experimental results with
reflectivity calculations using effective medium theory and
finite difference time-domain (FDTD) simulations.

2. ANTIREFLECTIVE WAVEGUIDE FACETS

The AR effect of specific SWG structures on waveguide facets
is analogous to the same effect on bulk optical surfaces. It
can be described using the effective medium theory (EMT)
[21]. According to EMT, a composite medium comprising
two different materials interleaved at the subwavelength scale
can be approximated as a homogeneous medium with a
refractive index expressed as a power series in (Λ/λ), where
Λ is the pitch of the SWG and λ is the wavelength of the
light. For the case of a one-dimensional surface grating, the
first-order expressions for the anisotropic refractive index are
given by

n‖=
(
f n2

1 + (1− f )n2
2

)1/2, (1a)

n⊥=
(

f

n2
1

+
(1− f )

n2
2

)−1/2

. (1b)

Equations (1a) and (1b) refer to the case of the electric field
of the incident light being parallel or perpendicular to the
grooves (see Figure 1), respectively. In these equations, n1

and n2 are the refractive indices of the two media comprising
the SWG, and f is the filling factor, defined as the fraction of
material with index n1 in a thin slice parallel to the surface, as
shown in Figure 1. The equations above are valid in the limit
(Λ/λ)→ 0. Figure 1 shows the geometry of SWGs with square
and triangular shapes at a silicon-air interface (n1 = 3.5, n2 =
1). For square gratings (top left), the filling factor profile
is a step function (left center panel). Using (1a) and (1b),
the refractive index profile, which is also a step function,
is obtained (bottom left). The effective index in the grating
region is polarization dependent, as per (1a) and (1b). The
TM mode has the electric field parallel to the grating grooves,
corresponding to (1a) whereas the electric field of the TE
mode is perpendicular to the grooves, corresponding to (1b).
For triangular gratings (top right in Figure 1), the filling
factor profile is a linearly decreasing function along the depth
of the grating (center right). The corresponding effective
index profiles are continuously decreasing functions across
the grating region for both polarizations as shown in the
bottom right panel of Figure 1.

The step function effective index profile of a square
grating is equivalent to that of a single-layer coating on a
silicon surface. The thickness of this effective layer is given
by the modulation depth of the grating and the effective
refractive index can be adjusted between the values of silicon
and air by changing the duty cycle of the SWG. From thin
film theory, the requirements for a single-layer interference
AR coating for light crossing the boundary between two
materials of reflective indices n1 and n2 at normal incidence
are nAR

f = √
n1n2 and t = mλ/(4nAR

f ) where nAR
f is the film

refractive index, t is the film thickness, and m = 1, 3, 5, . . .
is an odd integer. Thus an AR surface with a square SWG
can be designed by choosing the effective refractive index for



J. H. Schmid et al. 3

Square SWG Triangular SWG

Si Air
TM

TE

Si Air

f
1

0.5

0

f
1

0.5

0

4

3

2

1

neff
4

3

2

1

neffx x
Eq.(1)

TM TM

Eq.(1)

TE TE

xx

Figure 1: Effective medium theory applied to square and triangular
SWGs on a Si-air interface. Top: schematic of the grating geometry.
Center: filling factor corresponding to the square and triangular
SWGs. Bottom: resulting effective refractive index profiles for light
with the electric field along the grating grooves (TM, dashed curves)
and perpendicular to the grating grooves (TE, solid curves).

a specific polarization in (1a) and (1b) equal to the required
nAR
f . This determines the filling factor and thus the duty cycle

of the grating. The modulation depth is then determined
by the condition above for the AR coating thickness t. In
contrast to the square gratings, the antireflective properties
of triangular gratings arise from the GRIN effect, as the
effective refractive index varies continuously between the
bulk values of the two media that comprise the grating,
namely, Si and air.

Figure 2 shows the scanning electron microscope images
of SOI ridge waveguide facets patterned with square and
triangular SWGs. These structures were fabricated with a
two-step patterning process on SOI substrates with a Si layer
thickness of 1.5 μm and a buried oxide (BOX) layer thickness
of 1 μm, as described in [20]. Square and triangular facet pat-
terns with various dimensions as well as flat reference facets
were produced by electron beam lithography and reactive
ion etching (RIE). The facet reflectivity was inferred from
Fabry-Pérot (FP) transmission measurements on waveguides
terminated with SWG facets, as shown schematically in
Figure 3. The ridge waveguides have a width of 1.5 μm,
adiabatically tapered to a width of 4 μm near the facets. This
increased waveguide width at the facet makes is possible
to include 10 periods of the SWG with a pitch of 0.4 μm.
The etch depth for the shallow etch (defining the ridge
waveguide) is 0.7 μm, while the deep facet etch is terminated
at the bottom oxide.

Transmittance of fabricated waveguides was measured as
a function of wavelength near λ = 1.55μm. Propagation

(a)

1 μm

(b)

Figure 2: Scanning electron micrographs of SOI waveguide facets
patterned with (a) square and (b) triangular SWGs.

Deep
etch

SWG
facet

Deep
etchShallow etch

Ridge waveguide

Adiabatic taper

Figure 3: Schematic top view of a SOI ridge waveguide terminated
at both ends with a SWG (not to scale), as used for waveguide
transmission measurements described in the text.

loss was determined from the reference waveguides with
flat facets to be 1.7 dB/cm for TE and 5.2 dB/cm for TM
polarized light, using the Fabry-Pérot method. The Fresnel
reflectivity of a material with the mode effective index was
used as an approximation for the reference waveguide facet
reflectivity. This value differs from the reflectivity of a Si-
air interface by less than 0.5% for either polarization. The
polarization dependence of the propagation loss is believed
to be due to scattering loss from the etched sidewalls of the
waveguides. The reproducibility of the loss measurement was
found to be good with waveguide-to-waveguide fluctuations
of the loss less than 0.5 dB/cm. A comparison of transmission
spectra of waveguides with flat facets and with triangular
and square SWG patterned facets is shown in Figure 4 for
TE polarized light. The peak-to-peak grating modulation
depth is 720 nm for the triangular SWG pattern and 270 nm
for the square pattern which has a duty ratio of 61%. The
amplitude of the FP fringes is reduced from 4.5 dB for
the flat facets to approximately 0.3 dB and 0.5 dB for the
triangular and square SWGs, respectively. Assuming the same
propagation loss for all waveguides as obtained from the
reference measurement on waveguides with flat facets, the
power reflectivities of the triangular and square SWG facets
are calculated to be 2.1% and 3.6%, respectively, from the
amplitude of the observed FP fringes shown in Figure 4.

For triangular gratings, the facet reflectivity was mea-
sured as a function of the modulation depth of the SWG
for both polarizations and compared with EMT theory for
the equivalent grating on a bulk silicon surface. The results
are shown in Figure 5. The EMT calculation was carried out
by discretizing the continuous effective index profiles shown
in Figure 1 (bottom right) in steps of 1 nm. The resulting
discrete index profile for each polarization is the same as
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that of a stack of 1 nm thick films. The reflectivity of the
SWG is then calculated as the reflectivity of this equivalent
thin film stack using standard thin film theory. There is
good quantitative agreement of experiment and theory (see
Figure 5). The reflectivity decreases substantially with the
grating modulation depth, as the gradient-index section
becomes more adiabatic. The minimum measured reflectiv-
ity of 2.0% for TE and 2.4% for TM polarization is obtained
for a modulation depth of 720 nm, which is the maximum
grating depth used in our experiments. The quoted values
are an average over 4 measured samples. According to the
EMT calculations, reflectivities below 1% can be achieved for
SWG modulation depths of approximately 1 μm and 2.5 μm
for TE and TM polarized light, respectively. Since the SWG
profiles are defined lithographically, their shape and thus the
effective index profile can be readily engineered for specific
requirements (e.g., polarization properties), in a similar way
as for bulk SWG surfaces [22].

For square SWGs (Figure 2, left), the lowest measured
facet reflectivity was 3.6% for TE polarized light whereas the
TM reflectivity of the same sample was 23%. Such a large
polarization dependence is expected for square gratings. As
discussed above, according to EMT, the square AR SWGs can
be represented as a single-layer AR coating, the efficiency of
which is known to be rather sensitive to the index of the
layer. Since the effective index of the SWG is polarization
dependent (Figure 1, bottom left), optimal AR performance
can only be achieved for one polarization state for a partic-
ular SWG duty cycle. The strong polarization dependence of
square SWG facets can potentially be exploited for making
polarization selective waveguide elements.

3. WAVEGUIDE FACETS WITH HIGH REFLECTIVITY

Subwavelength gratings with high reflectivity have recently
been demonstrated on optical surfaces as a replacement
for the top distributed Bragg reflector in a vertical-cavity

surface emitting laser (VCSEL) [23]. In order to obtain the
SWG effect, these gratings need to be separated from the
substrate by a layer of low index material. This was achieved
in a VCSEL device by fabricating a grating freely suspended
above the substrate with an air gap of ∼1 μm. A similar
SWG structure can be envisioned for planar waveguide
facets consisting of a row of vertical posts in front of a flat
waveguide facet at a specific distance (equivalent to the air
gap of the VCSEL structure). However, in such a structure
there is no vertical mode confinement in the air gap, resulting
in out-of-plane radiative loss as the light propagates in the air
gap. For a SOI waveguide thickness of ∼1 μm or less, these
radiative losses are prohibitive for practical devices, as we
have found with three-dimensional FDTD simulations.

Interestingly though, FDTD simulations show that if a
square grating is etched directly into the facet without a
separating air gap, high reflectivities can also be obtained.
The modeled structure is shown in Figure 6(a). It is a
7 μm wide Si slab waveguide (nSi = 3.476) with SiO2

lateral claddings (nSiO2 = 1.44), terminated at the facet
with a square grating. The grating period is 0.7 μm, the
duty cycle is 54% and the grating modulation depth is
485 nm. The external medium is air (n = 1). A continuous-
wave field excitation of a TE (electric field in the plane of
the drawing) waveguide fundamental mode of free space
wavelength λ = 1550 nm propagating in the waveguide
towards the facet was assumed. The mesh size used was
10 nm and the simulation was run for a total of 10 000 time
steps of Δt = 2.2× 10−17 seconds. The calculated TE electric
field map is shown in Figure 6(b). The excitation plane for
the waveguide mode source is indicated in the figure by a
blue line, including the mode propagation direction (arrow).
It can be seen that the transmittance through the grating
structure is efficiently suppressed, hence the mirror effect.
Between the excitation plane and the facet, the forward
propagating and the reflected light form a standing wave
interference pattern. To the left of the excitation plane, the
reflected mode propagates unperturbed in the waveguide.
The facet reflectivity is calculated as an overlap integral of
the reflected intensity profile in the waveguide region to
the left of the excitation plane with the fundamental TE
mode. A reflectivity value of 97% was obtained for this 2D
structure. Figure 6(c) shows the simulation of light coupling
from an external optical fiber to the Si waveguide. In this
case, a light source with Gaussian intensity profile with a
1/e2 width of 10.4 μm (SMF-28 fiber mode), is located at the
excitation plane (white line in Figure 6(c)). The calculated
field in the waveguide reveals a strong transverse modulation
with a period half of the grating pitch. This modulation
persists almost unperturbed for several micrometers as the
light propagates in the waveguide. Since the overlap integral
of this modulated field with the fundamental mode of the
waveguide is comparatively small, coupling from an external
fiber to the waveguide is inefficient.

These markedly different grating properties for light
propagating in opposite directions may seem surprising, but
have a straightforward explanation. Obviously, diffraction is
suppressed on the air side of the grating, since Λ < λair.
However, the grating is not subwavelength for light coupled
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Figure 5: Experimental and theoretical results from effective medium theory for the reflectivity of facets with triangular SWGs as a function
of the length of the gradient-index section (i.e., the grating modulation depth).

(a) (b) (c)

Figure 6: FDTD simulations of HR SOI facets. (a) Layout used
for a typical simulation. The light and dark blue regions are the
silicon waveguide core and SiO2 lateral cladding, respectively. (b)
Simulated TE field map for a waveguide mode launched at the plane
indicated in the figure. (c) TE field map for an external optical fiber
mode coupling into the waveguide.

into the Si waveguide, where the first diffraction order is not
evanescent, since Λ > λSi. In our case Λ = 700 nm, λair =
1.55μm, and λSi = λair/nSi = 446 nm. This is a fundamental
difference between the HR gratings and the square AR
gratings discussed in the previous section, which have a pitch
of Λ = 400 nm and are thus subwavelength both in the
Si and in air. It can be shown with rigorous coupled wave
analysis (RCWA) that for a plane wave normally incident
from inside the bulk Si on a surface grating with the same
pitch and duty cycle as our HR facet gratings, both the
diffraction efficiency and the transmittance are extremely
small, while the specular (0th order) reflectivity is >99.9%.
Conversely, when the plane wave is incident on such a bulk

grating from the air to Si, the power diffracted into the +1
and −1 diffracted orders is approximately 98%, with <2%
of light reflected or transmitted in 0th order. The intensity
pattern in Figure 6(c) is thus a superposition of the −1 and
+1 diffraction orders, while the 0th order is suppressed.
This zero-order suppression effect is commonly employed in
phase masks used in the fabrication of fiber-Bragg gratings
[24].

The reflectance of HR gratings on waveguide facets can
be estimated from measured FP fringes similar to the AR
measurements discussed in the previous section. The most
notable difference is that fiber-waveguide coupling is now
largely inefficient due to the diffraction effect explained
above. In fact, waveguides terminated with HR facets on
both sides were found experimentally to have no measurable
transmittance (T < −60 dB). To circumvent this problem
and measure the internal (Si-air) facet reflectivity, we have
used waveguides that are terminated with an HR grating
on the output facet but with a regular flat facet having a
Fresnel reflectivity of 31% on the input side. This way an
asymmetric FP cavity is formed. As in the case of the AR
facets, FP fringes can be observed in the transmission spectra
of these waveguides. In Figure 7, the spectrum of such an
asymmetric cavity waveguide is compared to that of a refer-
ence waveguide terminated on both ends with flat facets. The
measured peak-to-peak fringe modulations are 6.4 dB and
4.2 dB for the respective waveguides. Using a simple Fabry-
Pérot model for the asymmetric cavity, this corresponds
to an HR facet reflectivity of 75%, clearly demonstrating
the validity of the HR grating concept. However, since this
reflectivity is significantly lower than the best results of
our 2D FDTD simulations, full 3D FDTD simulations of
the HR facet structures were carried out. These simulations
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spectrum of a waveguide with an HR grating on the output facet.
A reference waveguide with flat facets is also shown. The curves are
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reveal a strong dependence of the expected reflectivity on
mode confinement. For the 1.5 μm thick SOI waveguides
with the 0.7 μm pitch gratings used in our experiments, the
highest reflectivity obtained in the 3D FDTD simulations is
80%, in good agreement with the measurement. For thicker
waveguides with the same facet grating dimensions the
achievable reflectivity increases significantly. For example,
94% reflectivity is expected for 5 μm thickness according
to the 3D FDTD simulations. Physically, the reason for the
mode size effect is the dependence of the grating reflectivity
on the incident angle. With RCWA we find that the grating
reflectivity for plane waves drops from >99.9% to 81% when
the angle of incidence is increased from 0◦ to 10◦. Therefore,
the larger range of incident angles contained in a smaller,
more localized mode, results in a lower reflectivity.

4. FIBER-TO-CHIP COUPLERS

An original application of SWGs for fiber-to-waveguide cou-
pling and mitigating losses due to the mode size mismatch
of optical fibers and submicron SOI waveguides has been
proposed recently [19]. The principle of this fiber-chip
coupler is based on a gradual modification of the waveguide
mode effective index by the SWG effect. The idea is illustrated
in a schematic side view of a coupler structure in Figure 8.
The waveguide mode effective index is altered by chirping the
SWG duty ratio r(z) = a(z)/Λ, where a(z) is the length of the
waveguide core segment. Unlike in the case of the AR and HR
SWG structures discussed above, where the direction of light
propagation is orthogonal to the grating vector, here they
are colinear, that is, the light propagates along the grating.
Nevertheless, EMT applies to these structures in a similar
way. The effective index of the mode in the SWG coupling
structure increases with the grating duty ratio. The duty ratio
and hence the volume fraction of the Si waveguide core is
modified such that at one end of the coupler the effective
index is matched to the SOI waveguide while at the other

Si
a Λ

Cladding

Facet

BOX

· · ·

z

From
optical fiber

Figure 8: Schematic of an SWG fiber-to-waveguide coupler, side
view.

end, near the chip facet, it matches that of the optical fiber.
We have demonstrated the proposed principle on various
SWG coupling structures [19], using two-dimensional FDTD
calculations for an SOI waveguide with Si core thickness
of 0.3 μm with SiO2 cladding. Efficiencies as large as 76%
(1.35 dB loss) and a negligible return loss (−35 dB, or 0.03%)
were calculated for coupling from a standard optical fiber
(SMF-28, mode field diameter 10.4 μm) using a 50-μm-long
SWG coupler. Further loss reduction can be expected by
advanced design, including parabolic width tapering and
chirping the SWG pitch. The coupling efficiency tolerance
to misalignment is high. Transverse misalignment of ±2 μm
results in an excess coupling loss of only 0.5 dB. The angular
misalignment tolerance is also large, with only 0.24 dB loss
penalty for angular misalignment of ±2 degrees. We have
also demonstrated the reduction of the coupler length down
to 10 μm and found an excess loss of 0.6 dB compared to
the 50 μm long coupler discussed above. Unlike waveguide
grating couplers based on diffraction, the SWG mechanism is
nonresonant, and hence intrinsically wavelength insensitive.

First SWG waveguide couplers for SOI photonic wires
(PWs) have recently been fabricated in our lab. The dimen-
sions of the PWs are 0.45 μm (width) × 0.26μm (height).
Such thin PW waveguides have been shown to provide the
maximum sensitivity for evanescent field waveguide-based
biosensors [9]. The coupler structures were fabricated on
SOI substrates from SOITEC with an Si layer and BOX
thickness of 0.26 μm and 2 μm, respectively. Electron beam
lithography with a chemically amplified negative resist (NEB
22 A3) was used to define both waveguides and SWG
couplers in a single step. The pattern was then etched
through the Si layer to the BOX with inductively coupled
plasma RIE. After the resist mask was stripped, a 2 μm thick
upper cladding layer of SU-8 resist with a refractive index
of n = 1.58 was deposited on the sample using a standard
spin and bake procedure. The samples were then cleaved and
polished as necessary to obtain good facet quality. The ideal
SWG coupler structure described above requires a specific
duty cycle at the facet; however, for cleaving and polishing
the facet some tolerance in the exact position of the facet
with respect to the pattern is required. Therefore, the SWG
was extended with constant grating parameters for 400 μm
beyond the ideal position of the facet. This allows the final
position of the fabricated facet to be within this distance from
the end of the coupler structure. SEM images of a fabricated
coupler structure are shown in Figure 9. On the left side,
the part of the SWG joining the PW waveguide is shown.
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Figure 9: SEM micrographs of a fabricated SOI photonic wire
waveguide with an SWG coupler (top view). (a) The SWG coupler
joining the photonic wire waveguide. (b) Mid-section of the SWG
coupler.

The pitch of the grating is 0.2 μm and the smallest gaps
are nominally 50 nm. Due to the proximity effect in the e-
beam lithography, the grating gaps become successively more
closed as the waveguide, which is written with a higher e-
beam dose, is approached. Within a distance of a few periods
of the SWG from the waveguide, the grating is essentially a
subwavelength sidewall grating. This gradual closing of the
gaps may in fact be beneficial to the performance of the
coupler, as it reduces the small discontinuity in the effective
mode index as the waveguide transforms into an SWG,
making the transition more adiabatic. Figure 9(b) shows the
same coupler at a position closer to the facet. Here the
fabricated structure shows little deviation from the design
except for some corner rounding. To increase the effective
index gradient along the SWG coupler, the width of the SWG
segments is tapered from 0.45 μm at the waveguide to 0.2 μm
at the facet.

Samples with SWG couplers of varying lengths and taper
widths have been fabricated. Two identical couplers are
connected via S-shaped PW waveguides for transmission
measurements. The S-shape helps to reduce the amount
of scattered light reaching the photodetector, as the latter
is laterally offset from the light source. The SWG couplers
are compared with inverse tapers of similar dimensions, as
well as untapered waveguides. The inverse taper couplers
are adiabatically tapered waveguides that reach a specific
minimum width at the facet [16]. Coupling loss was inferred
from measurements of the waveguide transmittance at a
wavelength λ = 1.55μm using an erbium doped fiber
amplified spontaneous emission (ASE) source with 50 mW
output power. An indium gallium arsenide photo diode was
used as a detector. Coupling loss values were estimated from
the measured waveguide transmittance by correcting for the
photonic wire propagation loss, which was determined using
the cut back method on comparable samples to be 9.1 dB/cm
and 6.5 dB/cm for TE and TM polarization, respectively.
The lowest coupling loss for the SWG couplers of 6.5 dB
and 4 dB for TE and TM polarization, respectively, was
obtained for a width of 0.2 μm. The corresponding values for
straight waveguides with a width of 0.45 μm are 18 dB and
11 dB. The coupling loss of our first coupler is comparable
to the loss of inverse couplers as reported in [16] (6.0 dB
and 3.3 dB loss for TE and TM polarization, respectively),
but is achieved for a two times larger width. A wider
taper width implies improved fabrication tolerance to width

fluctuations. We expect the loss can be reduced by further
improvements in our design and fabrication, using a thicker
box and/or a wider taper width. Our experiments provide
a first verification of the proposed SWG coupler concept.
Also, the SWG principle experimentally demonstrated in
this paper can be generalized to other types of waveguide
modifications including effective index changes and mode
transformations, opening new possibilities for engineering of
waveguide properties at the subwavelength scale.

5. SUMMARY AND CONCLUSIONS

We have reviewed our work in implementing first SWG
structures in SOI waveguides. Three types of structures have
been discussed, namely, AR and HR waveguide facets and
fiber-chip couplers, all fabricated using standard fabrication
techniques. The AR facets were demonstrated exploiting
either a GRIN effect from triangular SWGs or a single-
layer AR effect from square SWGs. The GRIN AR structures
were found to be particularly efficient, with measured
facet reflectivities below 2.5% for both polarizations. These
experimental results are in good agreement with EMT
calculations. A minimum reflectivity of 3.6% for the TE
mode is reported for square SWGs, including highly polar-
ization selective properties. HR facets employ a very similar
structure to that of square AR SWG waveguide facets but
with different grating parameters. The 0.7 μm pitch of the
HR grating is large enough that the ±1 orders of diffraction
are allowed in the Si, but are evanescent in air. For light
incident from the air, such gratings act as a zero-order
suppressed phase mask. In the opposite direction (light
incident from the waveguide), high specular reflectivity is
observed. We have measured up to 75% reflectivity for
facets in 1.5 μm thick SOI waveguides, in good agreement
with 3D FDTD simulations. The FDTD simulations predict
that reflectivities in excess of 95% can be achieved for SOI
waveguides with a thickness of 5 μm or more. Finally, the
principle, design and first experimental results on SWG fiber-
chip couplers were reviewed. Coupling losses on the order
of ∼1 dB can be achieved with these structures according to
FDTD simulations and losses of 6.5 dB and 4 dB for TE and
TM polarized light, respectively, have been demonstrated
experimentally. The first results suggest that the SWG
couplers may outperform inverse taper fiber-chip couplers in
terms of fabrication robustness, compactness, and tolerance
to misalignment.
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1. INTRODUCTION

High-speed consumer connections are becoming more
prevalent due to the introduction of newer services such as
online video, HDTV, IPTV, and the increase of personalized
data content. This is leading to significant connectivity
bottlenecks in the network infrastructure of, for example,
datacenters, campus networks, and storage area networks.
Internet exchanges and network centers have expanded
to as many as 100 000 optical fibers routing traffic at
speeds of 10 Gbps. The availability of cost-effective interface
solutions operating at data rates of multiples of 10 Gbps
or above over a single fiber will enable the prolifera-
tion of these new services by greatly reducing the wiring
complexity, instrumentation, and operating cost in high-
capacity fiber-optic networks. In this paper, we discuss the
development of components based on a silicon photonics
hybrid platform that will create a compact and low-cost
solution for multiple channel transmission over single
mode fiber. Initial work focuses on a 10 channel/10 Gbps
per channel solution, but extension of channel count
and/or modulation speed is envisioned, enabling aggregate
data rates of up to 1 Tbps for a 25 channel, 40 Gbps solu-
tion.

The approach is illustrated in Figure 1. On the transmit
(Tx) side of the link, light at multiple wavelengths from

a hybridized laser array is multiplexed onto a single fiber.
After transmission over the fiber, the light is coupled onto
the receiver (Rx) chip where the wavelength channels are
demultiplexed and detected using a hybridized photodiode
array. The silicon platform is able to support the formation
of low-loss RF traces onchip to enable space-efficient posi-
tioning of driver and receiver electronics. Transimpedance
amplifiers (TIAs) may also be hybridized onchip if that
is appropriate to a particular packaging solution. Laser
diode output power monitoring may be accomplished by
hybridized back-facet monitor photodiodes. Alternatively, as
illustrated in Figure 1, the silicon photonics platform offers
the option of front-facet monitoring through the fabrication
of tap coupler and the hybridization of PIN photodiodes
[1]. It is also possible to monolithically fabricate monitor
diodes in silicon using defect engineering [2]. A useful
function that may be included in future devices is per
channel variable attenuation, a well-established monolithic
functional element in silicon technology [3].

The refractive index of silicon is similar to that of active
materials such as GaAs and InP, facilitating efficient coupling
between silicon waveguides, and hybridized active devices
such as lasers and photodetectors. For powered devices such
as lasers, the high thermal conductivity of silicon enables
efficient heat removal and good equalization of temperature
across a chip.
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Figure 1: Multichannel optical transmission link.

Figure 2: Silicon-on-insulator waveguide structure.

The basic silicon-on-insulator (SOI) waveguide ridge
structure used in this work is shown in Figure 2. Vertical
confinement is provided by the buried layer of oxide inside
the wafer (SOI) and a top layer of oxide deposited on
the waveguide during fabrication. Lateral confinement is
provided by the ridge structure. Such waveguides can be
designed to be single mode based on correct choice of ridge
height and width.

The manufacturing process for the basic waveguide is
based on pattern definition by an appropriate masking layer
and subsequent photolithography. RIE etch is used to achieve
the required topology. Following the removal of the masking
layer, an oxide cladding layer is deposited followed by a
protective nitride thin film.

A key challenge for a Si photonics platform is coupling
light efficiently on and off the chip. The large index of Si
drives small waveguide dimensions, which enables highly
compact structures, but in turn can cause high beam
divergence off chip and high mode mismatch to other optical
components such as fibers. Although not implemented for
the devices described in this paper, the Si photonics platform
enables the fabrication of three dimensional tapers (Figure 3)
that can significantly reduce fiber coupling loss to standard
single-mode fiber. If necessary, taper structures can also be
used to improve coupling efficiency to hybridized optical
components.

2. SILICON MUX AND DEMUX

Silicon-based multiplexers and demultiplexers are the critical
passive elements in a multichannel link system using a single
fiber. The key challenges are the design and fabrication of
low loss, low crosstalk, and small footprint devices. The
echelle grating-based design (Figure 4) is favored for use in
the link architecture because of its much smaller footprint
compared to, for example, an arrayed waveguide grating
(AWG) design [4]. A wavelength channel spacing of 20

Figure 3: 3D mode transforming taper.

9
m

m

10 mm

Echelle
grating

Figure 4: 10-channel echelle grating demultiplexer in silicon.

nm was chosen for fabrication of a demonstration device.
This channel spacing is typically used in coarse wavelength
division multiplexing (CWDM) systems, and will ensure
sufficient passband width to accommodate the spectral
deviation of laser wavelength and filter passband position
due to temperature and polarization variations.

The loss of echelle grating arises mainly from nonvertical
grating facets and facet roughness. It is difficult to make both
a smooth and vertical grating facet because of fabrication
limitations. Grating performance variation due to wall
roughness and verticality are shown in Figures 5(a) and 5(b),
respectively. For this work, the roughness of the grating facets
is estimated from SEM measurements as ∼11 nm, and the
verticality as ∼1.5 degrees. Projected process developments
are likely to improve these values to ∼7 nm and 0.5 degrees,
respectively.

Another important factor influencing the loss of the
mux and demux element is the rounding of the grating
teeth element within the echelle grating design. This can
be reduced with better photolithographic tools and etching
processes as indicated in Figure 6.

Nonguided stray light and scattered light from the rough
grating facet can generate high optical crosstalk in an echelle
grating. To reduce crosstalk and enhance performance,
proprietary absorber structures were utilized.

To make the silicon demux polarization independent, a
relatively large silicon waveguide core size is used (waveguide
height and waveguide width are both ∼3 μm). The buried
oxide thickness is approximately 0.4 μm. The drawback of
using large area waveguides is that the minimum waveguide
bending radius for single mode operation is large (∼5 mm)
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Figure 6: Effect of grating teeth roundness on insertion and antici-
pated potential improvement.

and although the echelle grating itself can be very small,
the waveguide fan-in and fan-out can take up much of
the available space because of the bend radius limitation.
For this work, sharp waveguide bends using a deep-etched
multimode curved waveguide with tapered transitions into
the bend to maintain power in the fundamental mode were
used. Using this method, the bending radius was reduced to
approximately 0.25 mm so that the overall silicon mux and
demux footprints were reduced to <1 cm2 for 10-channel
devices with 20 nm channel spacing. Because the outputs of
the receive waveguides in the architecture of Figure 1 can be
coupled directly to hybridized photodiodes, for the demux
design a flat-top output spectrum was produced by using
multimode output waveguides. Measured transmission spec-
tra from fabricated multiplexer and demultiplexer devices are
shown in Figure 7.

The mux demonstrated 6.5 dB insertion loss over the
passband of 6.4 nm; PDL was <0.5 dB. Because the refractive
index of silicon has a similar temperature variation to that of
InP, this passband is sufficient to ensure low transmission loss
is maintained over a wide temperature change because the
mux passband will track the drift in the emission wavelength
of the DFB laser. Figure 8 shows expected temperature varia-
tions for typical InP/InGaAsP DFB lasers from two different
manufacturers compared with the calculated variation for a
silicon multiplexer device. For comparison, the much smaller
temperature variation expected for a silica-based device is
included. A large channel spacing ensures that only very
coarse and thus low-cost heater-based temperature control
solution is required for stable operation over normal ambient
conditions (typically 0–70◦C). The demux device shown in
Figure 7(b) demonstrated 4 dB insertion loss over a passband
of 12 nm, <0.5 dB PDL, and better than 22 dB crosstalk.

Although a 10 channel device has been demonstrated, the
design can be readily extended to higher channel counts. The
optimum channel count for a given application will depend
on multiple factors including per channel modulation speed,
laser wavelength range, required bandwidth over a given
temperature range, and minimum chip footprint.

3. HYBRID INTEGRATION

3.1. Laser

To produce an interface for the highly efficient optical
transition between a semiconductor laser and the silicon
waveguide, the mode profile mismatch and surface reflection
between the laser and the waveguide should be reduced as
much as possible. This modal mismatch can be improved by
appropriate tailoring of the laser structure.

The silicon ridge waveguide structure can be optimized
to obtain low coupling loss to the laser. Even at 5 μm separa-
tion between the two facets, the coupling loss can potentially
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Figure 7: (a) Multiplexer TE transmission spectra; (b) demultiplexer transmission spectra for TE and TM polarization states.
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based multiplexers.

be lower than 3 dB for silicon waveguides with different ridge
width ranging from 3 to 7 μm. A specific ridge width within
this range can thus be chosen to well match the diverging
laser mode and provide some tolerance to alignment errors
for a targeted gap size. Coupling loss can theoretically be less
than 1 dB if the gap size (z-direction gap) is smaller than
2 μm. However, the coupling of the laser to the waveguide
in the direction perpendicular to the plane of the chip (y)
and along the plane of the chip (x) requires alignment to a
few tenths of a micron to obtain low coupling loss. Figure 9
shows the calculated coupling loss taking into account
possible alignment errors as a function of silicon waveguide
width (W) for a typical DFB laser.

To reduce the amount of reflected light coupled back into
the laser cavity, the waveguide facet can be etched in such a
way so that it is tilted at an angle (>10◦) away from the optical
axis of the laser beam. A nitride film of thickness∼200 nm on
the waveguide surface further reduces the reflectivity of the
facet. When the laser facet is 4 μm away, the total reflected
light coupled back into the laser can be kept below −30 dB
over a wavelength range of 200 nm (Figure 10).

3.2. Photodetector

The effective aperture of a high-speed (≥10 Gbps) detector
is typically smaller than 30 μm in diameter to obtain low
capacitance and large bandwidth. To prevent large beam
divergence and achieve high detection efficiency, the gap
between the output facet of a waveguide and the detector
surface must be as small as possible.

The electronic connection employing conventional wire
bonds between the detector die to the transimpedance
amplifier (TIA) circuits may introduce too much unwanted
parasitic capacitance and inductance that limits the speed
of the receiver, especially for higher than 10 Gbps detection
speed. Two possible methods of hybridization can be consid-
ered: edge coupling and flip-chip coupling.

When the detector is vertically attached to the edge
of the waveguide chip, the waveguide facet can be almost
in direct contact with the detector surface. The detector
to waveguide alignment is relatively simple because the
effective detection area can be a few times larger than
the waveguide mode size. The relatively large aperture
of the photodiode covers the entire mode profile at the
waveguide facet and ensures high optical detection efficiency.
A ceramic submount can be used to fasten the detector
(e.g., at the p-side) with necessary metal contacts and traces
that can readily be connected to a separated amplifier IC
chip through wire bonding. The main disadvantage of this
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Figure 10: Calculated back-reflection of light into the laser as a function of waveguide tilt angle and z-separation (D).

approach is that the waveguide edge needs to be polished,
and hence it is not suitable for low-cost, high-volume
manufacture.

A more manufacturable approach is to flip-chip bond
the detector onto the silicon chip surface (p-side up), where
an etched reflective mirror redirects the output beam to
the detector surface, as shown in Figure 11. A smooth
〈111〉 direction crystal plane with a 54.7◦ angle results
from the anisotropic etching on the silicon surface; it is
coated with aluminum to enhance reflectivity. The etched
waveguide facet is coated with a thin nitride antireflection
film to minimize the reflection loss at the silicon-to-air
interface.

All electronic contacts can be made through the solder
pads and metal traces directly plated on the silicon surface.
A separate amplifier IC chip with conducting via holes can

be attached onto the silicon chip surface to facilitate low
parasitic electronic contact for high-speed operation. Alter-
natively, the detector can be integrated with the amplifier
circuits before being mounted on the silicon chip.

4. POWER BUDGET

The available power budget for a point-to-point transmis-
sion system determines the optical loss performance targets
for the components making up the system. The maximum
optical loss permissible for the system is determined by the
output power of the laser source and the sensitivity of the
detector. However, the sensitivity of the detector is not only
dependent upon the speed, but also on the extinction of the
source signal. For example, if the output power of a DFB laser
is +6 dBm and the maximum sensitivity of a PIN detector
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Figure 11: SEM photos of an etched waveguide facet and turning
mirror.

Table 1: Loss budget estimation for a 2 km transmission link.

Source of loss 10× 10 Gbps DFB

Laser chip power 6 dBm

To Mux −3

In Mux −6.5

Mux to fiber −1.5

Fiber to DeMux −1.5

DeMux −4

DeMux to PD −0.5

Maximum fiber loss (2 km) −2

Signal quality (CDP/PMD) −2

Power to detector −15 dbm

Detector sensitivity −17 dbm

Margin 2 db

is −17 dBm at 10 Gbps at an extinction of ∼5 dB, then the
maximum optical loss budget is +23 dB for 10 × 10 Gbps
transmission. Table 1 summarizes the projected loss budget
assuming use of the mux/demux components demonstrated
in this paper.

5. CONCLUSIONS

We have discussed the feasibility of using the silicon
photonics platform to provide a viable route to low-cost
and compact single-fiber transmission solutions through
hybridization of actives with low coupling loss and high-
performance mux-demux capability. Although this work
concentrated on a 10-channel solution and 10 Gbps data
rate per channel, implementation with a greater number of
channels and higher data rates is readily achievable.
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1. INTRODUCTION

It used to be a great challenge to tightly confine light in a
wavelength-scale volume, which had limited the capability of
photonics technologies in various aspects. Recently, however,
an optical resonator with ultrahigh-Q (∼1 million) and
small volume (∼(λ/n)3) becomes possible by employing the
state-of-the-art photonic crystal technologies [1–6]. Figure 1
shows an example of high-Q nanocavities, which we have
recently demonstrated in silicon photonic crystals. This
particular cavity shows a theoretical Q of over 108 and
an experimental Q of 1.3 million with a mode volume
of 1.5(λ/n)3 [4, 7]. These values are hardly available in
optical systems other than photonic crystals. Various forms
of light-matter interactions are expected to be enhanced
in such high-Q nanocavities having large Q/V ratio [8].
Among them, in this article, we focus on application to all-
optical switching and memory operations based on optical
nonlinear interaction. Especially for this, we investigate all-
optical operations based on carrier-induced nonlinearity and
examine the features of photonic crystal nanocavities for
such applications.

As has been studied in various forms, all-optical switches
can be realized using optical resonators, where a control
optical pulse induces a resonance shift via optical nonlinear
effects. For such a resonator-based switch, there is a two-
fold enhancement in terms of the switching power if a
small cavity with a high-Q is employed. First, the light
intensity inside the cavity should be proportional to Q/V .
Second, the required wavelength shift is proportional to
1/Q. In total, the switching power should be reduced
by (Q2/V), which can be significantly large for photonic
crystal nanocavities [9]. Although the switching mechanism
itself is basically similar to that of previous resonator-
based switches, such as nonlinear etalons [10], this large
enhancement has had an important impact on optical
integration since most optical switching components require
too much power for realistic integration. Furthermore, in
the case of carrier-induced nonlinearity or thermo-optic
nonlinearity, the smallness of the device naturally leads
to fast operation speed, since the relaxation time of such
processes normally depends on the size. As we will show
below, this advantage is significant for wavelength-sized
cavities.



2 Advances in Optical Technologies

c1-hole c2-hole c3-hole

(a)

Tr
an

sm
is

si
on

Q = (1.28± 0.06)× 106

1.2 pm

Wavelength (nm)

1575.336 1575.34

(b)

In
te

n
si

ty

Q = (1.34± 0.08)× 106

τ : 1.12 ns

Time (ns)

100

10
1 2 3 4

(c)

Figure 1: Width-modulated, line-defect photonic crystal cavities. (a) Cavity design. The cavity has the theoretical Q. The hole shifts are
typically 9 nm (red holes), 6 nm (green holes), and 3 nm (blue holes). (b) Spectral measurement of a nanocavity fabricated in a silicon
hexagonal air-hole photonic slab with a = 420 nm and 2r = 216 nm. The transmission spectrum of a cavity with a second-stage hole-shift.
The inner and outer hole-shifts are 8 and 4 nm, respectively. (c) Time-domain ring-down measurement. The time decay of the output light
intensity from the same cavity as (b). Details can be found in the reference.

In addition, resonator-based optical switches are well
known to exhibit optical bistability [10] and thus they can
be used for optical memory and all-optical logic [11]. Such
functionality is one of the most important functions missing
from existing photonic devices. Thus, we believe that all-
optical bistable switches based on photonic crystal cavities
are important candidates for future optical integration.

In this paper, we investigate all-optical switching and
memory action in silicon photonic crystal nanocavity
devices. First, we study the switching action using thermo-
optic nonlinearity. Next, we investigate similar switch-
ing action using much faster carrier-plasma nonlinearity.
Thirdly, we analyze the effect of carrier relaxation process in
the switching action and made an attempt to further decrease
the relaxation time by ion implantation. Furthermore, we
demonstrate bistable memory action employing basically the
same nanocavity devices and present an example of design
for on-chip all-optical logic circuits consisting of two bistable
nanocavities.

2. ALL-OPTICAL BISTABLE SWITCHING BY
THERMO-OPTIC NONLINEARITY

As described above, photonic crystal nanocavities have a
promising potential for all-optical switching applications.
To experimentally confirm this, we have investigated all-
optical bistable switching operations employing the thermo-
optic nonlinearity induced by two-photon absorption (TPA)
in silicon [12]. For this study, we employed an end-
hole shifted four-point Si photonic crystal cavity integrated
with input/output photonic crystal waveguides (shown in
Figure 2(a)) [13, 14]. Figure 2(b) shows transmission spectra
with various input power at 1.5 μm wavelength region.
As clearly seen in the graph, the transmission spectrum
is shifted to longer wavelength (red-shifted). This shift is
due to thermo-optic nonlinearity induced by two-photon
absorption in the cavity. At input power higher than
10 μW, there is an abrupt kink in the spectrum. This
kink corresponds to bistable switching. To see this more
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Figure 2: All-optical bistable switching in a silicon hexagonal air-hole photonic crystal nanocavity (end-hole shifted four-point defect cavity)
realized by the thermo-optic nonlinearity induced by two-photon absorption in silicon. (a) Schematic of the sample and a scanning electron
micrograph of the sample. a = 420 nm, 2r = 0.55a. The radius of end-holes of the cavity is 0.125a. V = 0.102 μm3. The radius of end-holes
of the waveguide is 0.15a. (b) Intensity-dependent transmission spectra taken by a tunable laser in the upsweep condition. Q in the linear
regime is 33400. (c) Output power versus input power for various detuning values. The nonlinear regime starts from 10 μW, and the bistable
regime starts from 40 μW.

directly, we measured the output power as a function of
the input power at various detuning conditions, as shown
in Figure 2(c). Now, it is clear that this device exhibits
bistable switching. The most noteworthy point regarding this
switching is its switching power, which is as small as 40 μW.

This value is remarkably smaller that of bulk-type thermo-
optic nonlinear etalons (a few to several tens mW) [15]
and also smaller than that of recent miniature-sized thermo-
optic silicon microring resonator devices (∼0.8 mW) [16]. In
addition, it is important to note that TPA occurs only in the
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Figure 3: Temporal response of thermo-optic switching. (a) Switch-off. Temporal response of the probe output. At t = 800 nanoseconds,
the pump signal was switched off. The input instantaneous power for the pump is 64 μW. The pulse width and period are 400 nanoseconds
and 40 microseconds. The exponential fit gives a decay time of approximately 100 nanoseconds. (b) Switch-on operation for various input
power. (c) Incident energy required for the switch-on operation estimated from the product of the incident energy and the time required for
switch-on in (b).

cavity (the linear absorption of silicon at this wavelength is
negligible), and, therefore, we can easily integrate this device
with transparent waveguides in the same chip.

Our cavity shown in Figure 2(a) was intentionally de-
signed to have two resonant modes, and, therefore, we
can perform all-optical switching using independent two
inputs with different wavelengths (signal and control),

which is normally required for signal processing. Since
bistable switching for one resonant mode should influence
the transmission intensity of the other resonant mode in
the same cavity, we can easily realize such operation. As
we reported in [12], we observe basically similar bistable
switching behavior in the relation between the input power
for the control mode and the output power for the signal
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Figure 5: Comparison between the rate-equation analysis and measurement result. We modeled the cavity resonance as a Lorentzian
function whose center wavelength is shifting in proportion to the carrier density. (a) Calculation. (b) Experiment.

mode. This operation is basically what we expect for the so-
called all-optical transistors, and will be basis for various
logic functions. The detail of this operation is described in
[12]. For example, we demonstrated that we can amplify an
AC signal using this device.

Although the bistable operation itself is similar to that
of nonlinear etalon switches, these photonic crystal switches
can be clearly distinguished in terms of the operating power
and capability for integration. The mode volume of this
cavity is only approximately 0.1 μm3. This small footprint
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itself is of course advantageous for integration, but it is
also beneficial for reducing the switching speed because
our device is limited by the thermal diffusion process. To
demonstrate these characteristics, we measured temporal
response of the operation for switch-off and switch-on
processes, as shown in Figures 3(a) and 3(b). The relaxation
time of our switch is approximately 100 nanoseconds, which
is much shorter than that of conventional thermo-optic
switches (∼milliseconds). This amazingly fast thermo-optic
switching is primarily due to the smallness of our cavity. In
addition, we can estimate the required switching energy from
the switch-on measurement. The deduced smallest value is as
small as 11 pJ as shown in Figure 3(c).

3. ALL-OPTICAL SWITCHING BY
CARRIER-PLASMA NONLINEARITY

These thermo-optic nonlinear bistable switches clearly
demonstrate that large Q/V photonic crystal cavities are
very effective in improving the operation power and speed.
However, the speed itself is still not very fast, which is limited
by the intrinsically slow thermo-optic effect. To realize much
faster all-optical switches, here we employ another nonlinear
effect, namely, the carrier-plasma effect [17]. This process is
also based on the same TPA process in silicon. Thus most of
the arguments concerning their advantages are similar to that
for thermo-optic nonlinearity. For this experiment, we used
similar photonic crystal cavity devices with a control pulse
input. If the duration of the control pulse is sufficiently short,
we can avoid thermal heating and may be able to observe only
carrier-plasma nonlinearity. In fact, we observed a clear blue
shift in the resonance when we injected a 6-picosecond pulse
into this device, which is consistent with the expected shift
induced by the carrier-plasma nonlinearity. Figure 4 shows
the time-resolved output intensity for the signal mode when
a 6-picosecond control pulse is input [17]. We observed clear
all-optical AND-type switching from OFF to ON for the
detuning of 0.45 nm (Figure 4(a)) and NOT-type switching
from ON to OFF for the detuning of 0.01 nm (Figure 4(b)).
The required switching energy is only a few hundred fJ,
which is much smaller than that of ring-cavity-based silicon
all-optical switches [18]. If we take the coupling efficiency
between the cavity and waveguide into account, the actual
pulse energy used for the switching is less than 10 fJ. This
extremely small switching energy is attributed to large Q/V
ratio in our cavity.

The switching time of our device is approximately
from 50 picoseconds to 300 picoseconds depending on the
detuning and control pulse energy. Considering the fact
that the carrier lifetime in silicon is normally very long
(∼microseconds), this switching time is also surprisingly
fast. This apparently indicates that the switching time is
not limited by the carrier recombination time of bulk
silicon. We analyzed the switching behavior employing
simplified rate equations for the photon and carrier density
in a photonic-crystal nanocavity incorporating the effective
carrier relaxation time. We found that this simple model
can reproduce the experimental result fairly well. Figure 5
shows simulated and experimental results for the same

parameter condition. In this calculation, we assumed the
carrier relaxation time of 80 picoseconds. This suggests that
the effective carrier relaxation time for this all-optical switch
is in the range between 50 to 100 picoseconds. This fast
carrier relaxation may be attributed to the short diffusion
time for generated carriers. Note that the photon lifetime
of our cavity is approximately 10 picoseconds, and thus
the operation speed of our device is limited by the carrier
relaxation time. This carrier relaxation time is much shorter
than that in other silicon photonic microdevices [18]. That
is, the small footprint of the device is again effective in
improving the operating speed.

4. EFFECT OF CARRIER RELAXATION PROCESS ON
SWITCHING OPERATION

In Section 3, we demonstrate that silicon all-optical switches
based on carrier-plasma nonlinearity can operate at a
significantly fast speed, which is attributed to the fast carrier
relaxation process. We regard that this fast carrier relaxation
is possibly due to the fact that the diffusion process is an
efficient relaxation channel for nanocavities. To verify this
explanation, we performed numerical simulations for the
carrier diffusion process in silicon photonic crystal cavities
[19]. In this simulation, we assumed an initial carrier dis-
tribution determined from the optical intensity distribution
of the cavity mode, and numerically solved two-dimensional
diffusion equations with assuming a realistic photonic
crystal cavity structure which is the same as that used in
the experiment. The side-wall nonradiative recombination
process at the air-hole surface is incorporated in the equation
as effective surface recombination rate (S), and the effect
of the top-surface nonradiative recombination process is
incorporated as an effective carrier lifetime parameter which
is determined from another calculation for a simple slab.
We calculated the time-dependent resonance wavelength
shift using instantaneous carrier concentration in the cavity.
The calculated snapshots of the carrier distribution at t
= 0, 8, and 24 picoseconds are shown in Figures 6(a),
6(b), and 6(c). These snapshots clearly show that the initial
distribution is rapidly spread as a result of diffusion. This
rapid diffusion results rapid switching recovery. Figure 6(d)
shows the calculated shift of the resonance wavelength for
the cavity. The initial wavelength shift caused by the carrier
plasma shift is recovered quickly. As shown in the figure,
the nonradiative recombination does not seriously affect the
initial recovery. Therefore, we believe that the fast operation
of our optical switches is explained by the rapid carrier
diffusion process.

If we wish to increase the operation speed further,
we have to somehow decrease the carrier relaxation time.
Although there are several ways to do so, we have recently
employed an Ar-ion implantation process in order to
introduce extremely fast nonradiative recombination centers
into silicon. If the carrier recombination time becomes faster
than the diffusion time, we can expect an improvement in the
operation speed. When we implanted silicon photonic crystal
nanocavity switches with Ar+ dose of 2.0 × 1014 cm−2 and
an acceleration voltage of 100 keV, we observed a significant
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Figure 6: Numerical simulation of carrier diffusion process for a silicon end-hole-shifted photonic crystal cavity. (a), (b), (c) snapshots of
the carrier distribution at t = 0, 8, 24 picoseconds. (c) Shift of the resonance wavelength for the cavity as a function of time with the sidewall
nonradiative recombination rate S = 0 and S = 8× 103 cm/s.

improvement in switching speed as shown in Figures 7(a),
7(b). The implantation condition was carefully determined
so as to keep almost the same cavity Q but to significantly
decrease the carrier lifetime in the cavity. In the case of
detuning for an NOT gate (Figure 7(a), it was reduced from
110 picoseconds to 50 picoseconds. In the case of detuning
for an AND gate, the switching time was reduced from
220 picoseconds to 70 picoseconds (Figure 7(b)) [20]. As
shown in Figure 7(c), the ON/OFF ratio is mostly the same
between two conditions. In addition, the required switching
energy was almost the same as that without the implantation.
Although the reduction of the carrier lifetime may lead to
increase in the switching energy, this change is not significant
as far as the carrier lifetime is longer than the photon lifetime
and the control pulse length (which was the case in our
experiment). These results clearly demonstrate the effect
of ion-implantation on the improvement in the switching
speed.

5. ALL-OPTICAL MEMORY OPERATION
AND LOGIC CIRCUIT

In the same way as thermo-optic switching, carrier-plasma
switching also provides bistable operation. Figure 8 shows
bistable operations realized by employing a pair of set and
reset pulses [21]. When a set pulse is fed into the input
waveguide, the output signal is switched from OFF to ON
and remains ON even after the set pulse exits (green curve).
When a pair of set and reset pulses is applied (as shown in
Figure 8(a)), the output is switched from OFF to ON by the
set pulse and then ON to OFF by the reset pulse (blue curve).
This is simply a memory operation using optical bistability.
The energy of the set pulse is less than 100 fJ, and the DC bias
input for sustaining the ON/OFF states is only 0.4 mW. These
small values are primarily the results of the large Q/V ratio of
the photonic crystal cavity. It is worth noting that the largest
Q/V should always result in the smallest switching power,
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Figure 7: All-optical switching for samples with and without ion-
implantation. (a) NOT-type switching. (b) AND-type switching.
(c) Signal transmission at the time when the control pulses enters
the cavity. The ON/OFF contrast of the signal is shown in relation
to the input control pulse energy. The circles are the minimal
transmission for the nonimplanted sample, and the squares are for
the implanted sample.

but the operation speed can be limited by Q. In the present
situation, the switching speed is still limited by the carrier
relaxation time, and thus a large Q/V is preferable. In the
case when the photon lifetime limits the operation speed, we
have to choose appropriate loaded Q for the required speed.
Even in such a case, it is better to have high unloaded Q
because loaded Q can be controlled by changing the cavity-
waveguide coupling, and high unloaded Q means low loss
of the device. The best design of out device would be a
device with the smallest volume, the lowest transmission loss,
and the designated loaded Q (depending on the operation
speed). The lowest loss with the designated loaded Q can be
obtained only when we employs an ultrahigh unloaded Q
cavity. Compared with other types of all-optical memories,
this device has several advantages, such as small footprint,
low-energy consumption, and the capability for integration.
The fact that all the light signals used for the operation are
transparent in waveguides is important for the application,
which is fundamentally different from bistable-laser-based
optical memories.

In the above, we showed that a single photonic crystal
cavity coupled to waveguides functions as a bistable switch
or a memory. If we couple two or more bistable cavities,
we can create much more complex logic functions [11], in
the same way as with transistor-based logic in electronics.
As an example, here we show our numerical design for
an all-optical flip-flop consisting of two bistable cavities
integrated in a photonic crystal. It has been proposed that all-
optical flip-flops be realized by using two nonlinear etalons
with appropriate cross-feedback [22], but this proposal is
unsuitable for on-chip integration. Here, we propose a
different design using two photonic crystal nanocavities [23].

A typical example of flip-flop operation in the high-
speed information processing is a retiming circuit, which
corrects the timing jitter of an information bitstream and
synchronizes it with the clock pulses. This function is
normally accomplished by high-speed electronic circuits, but
if it can be done all optically, it will be advantageous for
future ultrahigh-speed data transmission. Here, we propose
a simple flip-flop design for realizing the retiming function.
Figure 9(a) shows a design for the retiming circuit. The
coupled cavities (C1 and C2) have one common resonant
mode (λ2 = 1548.48 nm, Q2 = 4500) extended to both
cavities and two modes (λ1 = 1493.73 nm, Q1 = 6100,
and λ3 = 1463.46 nm, Q3 = 4100) localized in each cavity.
Here, we use two bistable switching operations for C1 and
C2. The cross-feedback is realized as follows. C1 is switched
ON only when λ1 and λ2 are both applied (PIN1 and PIN2
are ON). C2 is ON only when λ3 are applied (PIN3 is ON)
and simultaneously λ2 is supplied from C1 (which means C1
is ON). Thus the output signal of λ3 (POUT3) becomes ON
only if PIN3 is turned ON when C1 is already ON in advance.
These results achieve retiming process. We set PIN1 and PIN3
as two different clock signals as shown in Figure 9(b), and
assume PIN2 to be bit-stream NRZ (nonreturn-to-zero) data
with finite timing jitter. The resultant POUT3 is precisely
synchronized to the clock signals and is actually an RZ
(return-to-zero) data stream converted from PIN2 with jitter
corrected.
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Figure 8: All-optical bistable memory operation in a silicon
photonic crystal nanocavity (end-hole shifted four-point defect
cavity) realized by the carrier-plasma nonlinearity induced by two-
photon absorption in silicon. Q for the control mode is 7640, and
Q for the signal mode is 12400. (a) Injected control light consisting
of a pair of set and reset pulses. (b) Output signal intensity as a
function of time for three different cases: with no set/reset pulses
(red curve), with set pulse only (green curve), and with set and reset
pulses (blue curve).

We designed this function in a photonic crystal slab
system, and numerically simulated its operation using the
FDTD method. The structural parameters are shown in the
figure caption. We assumed realistic material parameters
(with a Kerr coefficient χ(3)/ε0 = 4.1 × 10−19 (m2/V2), a
typical value for AlGaAs) and the instantaneous driving
power is assumed to be 60 mW for all three inputs.
Figure 9(b) shows three input signals (a data stream with
jitter, and two clock pulses), and the output from PD(POUT3).
As seen in this plot, POUT3 is the RZ signal of the input
with the jitter corrected. We confirmed that the operation
speed corresponds to 50 GHz operation. Note that this work
was intended to demonstrate the operation principle and
the structure has not yet been optimized. We expect ∼mW
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Figure 9: All-optical retiming circuit based on two bistable cavities.
(a) Design based on a hexagonal air-hole 2D photonic crystal with
a = 400 nm and 2r = 0.55 a. Two waveguides in the upper area (PA

and PC) are W1 and the other two in the lower area (PB and PD) are
W0.8. (b) Simulated operation.

operation may be possible after the optimization since our
rough estimation shows that a single cavity switch can
operate at sub-mW input power for the similar condition. In
addition, if we manage to employ the carrier-plasma effect
for this operation (as was done in Figure 8), we can expect
further decrease in terms of the input power.

In addition to this work, we have reported another design
of all-optical logic circuit which is mostly equivalent to an SR
flip-flop employing two bistable cavities [8].

6. SUMMARY

Recent rapid progress in photonic crystal nanocavities
is enabling low-power, all-optical switching and memory
actions on a silicon chip. We have shown that our experimen-
tal demonstration of all-optical switching operation using
thermo-optic nonlinearity and carrier-plasma nonlinearity,
both based on two-photon absorption in silicon. For both
cases, we observed significant decrease in the switching
power (energy) and also significant increase in the switch-
ing speed. In this article, we numerically investigated the
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diffusion process concerning photonic-crystal nanocavities,
which is fundamentally different from that in conventional
optical devices with much larger size. Moreover, we have
demonstrated their potential for optical logic by a com-
bination of bistable elements. For the application in all-
optical processing, a photonic crystal has several important
advantages, such as small footprint, small energy consump-
tion, high speed, and significant integratability. Thus we
believe that it may be a promising candidate for all-optical
information processing on a silicon chip.
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1. INTRODUCTION

The preliminary work of Soref et al. and the subsequent study
by Pogossian et al. demonstrated the ability to produce single
mode optical waveguides in silicon at telecommunication
wavelengths with cross-sectional dimensions compatible
with standard photolithography [1, 2]. Immediate interest
pursued as this structure was a suitable candidate for low-
loss, high-index-contrast waveguides capable of routing
optical signals at the wafer scale. The integration of optical
components on a silicon platform also had the added
benefits of low-cost large-scale manufacturability utilizing
existing CMOS facilities and the possibility of amalgamating
electrical and optical functionality on a single wafer.

Consequently, the miniaturized counterparts of many
bulk optical components have been realized in silicon. These
include detectors, couplers, filters, and sensors [3–6]. It is of
particular interest to control the propagation of individual
optical wave-fronts in such devices. One method to achieve
wavelength dispersion exploits the unique behavior of optical
waves propagating in a medium containing a periodically
modulated refractive index. Indeed, this approach has found
extensive use in such areas as photonic crystals, distributed

feedback (DFB) lasers and optical spectroscopy. In one-
dimension, the perturbation is referred to as a grating
and serves as a robust and flexible tool in photonics
technology. Depending on the desired outcome, gratings
can be implemented to acts as couplers, reflectors, mode
converters, optical filters among others [7].

In the case of silicon-on-insulator (SOI) waveguides, a
surface relief structure provides the most straightforward
method for fabrication of an integrated Bragg grating. Such
devices are inherently passive, although electrically tuneable
gratings based on the plasma dispersion effect have been
developed [8] along with those which are thermooptically
tuned [9]. The Bragg grating itself is typically formed
through a lithographic patterning technique and an etching
sequence, although, relatively recently, focused ion beam
milling has been used to realize higher-order mode con-
version and filtering in SOI [10]. Perhaps the benchmark
for performance of gratings in SOI waveguides remains the
work of Murphy et al. [11]. There, surface relief gratings
with a period of 223 nm were formed in 3 μm high SOI
rib waveguides via interference photolithography and plasma
etching to a depth of 150 nm. The authors demonstrated an
optical transmission dip of 8 dB at the resonant wavelength
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of 1543 nm, for the fundamental TE mode. The device
had a transmission loss of nearly 10 dB which the authors
attributed to sidewall scattering. The biggest drawback of
the fabrication method leading to surface relief is the
inherent deviation from a planar surface, limiting the ability
of further processing.This is particularly problematic in
nanophotonics, where the required thin processing layers are
quickly skewed by alterations of wafer topography.

An alternative method which we propose here involves
the well-established ion implantation process to introduce
dopants and/or structural modifications to the crystalline
lattice. By selectively introducing ions using a masking
process, the refractive index can be periodically modified to
produce a Bragg grating. The implantation process can alter
the refractive index through either compound formation,
as in the case of oxygen implantation, or chemically inert
structural damage as achieved by self-irradiation [12, 13].
Apart from small volumetric changes, the result is a Bragg
grating retaining a nearly planar surface. This makes it a
very interesting candidate for photonic applications pos-
sessing surface sensitive topography, such as wafer-bonding
techniques required for three-dimensional photonic circuits.
Therefore, this paper investigates the formation of Bragg
gratings via implantation of oxygen and silicon into SOI.
To the authors’ knowledge, this preliminary work is the
first report of integrated Bragg gratings in SOI waveguides
formed via ion implantation.

2. ION IMPLANTED GRATING DESIGN AND
CONSIDERATIONS

Some authors have already pointed out the possibility of
fabricating isolated buried oxide regions through a high
dose oxygen implantation [14] in order to create hybrid
SOI/silicon wafers for CMOS applications in a manner simi-
lar to the buried oxide formed in the separation by IMplan-
tation of OXygen (SIMOX) process [12]. Such formation
is generally conducted using doses around 1018 ions/cm2,
with energies of 150–200 keV and at high temperatures
(65◦C) in order to prevent amorphization [15]. Traditional
SIMOX processes need high dose implants in order to obtain
a stoichiometric oxide. In the case of grating fabrication,
high dose is still a desirable process parameter, whereas
the implant energy will be lower as the oxide layer needs
not to be buried but close to the wafer surface. For this
reason, implantation energy can be lowered to 20–30 keV.
Following the implantation process, the substrate generally
contains a series of extended defects. Depending on the
implant condition these defects may include stacking faults,
dislocation loops, amorphous clusters, oxygen precipitates,
and columnar defects [16]. In general, SIMOX process
requires postimplant annealing treatment up to 1300◦C.
The postimplant anneal is essential in order to finalize
oxide formation, as it stimulates oxygen diffusion and
SiO2 formation via Ostwald Ripening [17], while repairing
lattice damage. By this mechanism, small faulty zones and
precipitates tend to coalesce into bigger aggregations in order
to achieve a more favorable energy configuration. Although
the structures reported here have not received such a high-
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Figure 1: Coupled mode theory prediction of peak reflected power
as a function of the silicon slab waveguide height for grating lengths
of 500, 1000, and 1500 μm. Simulations are performed with regard
to amorphous silicon induced via self-implantation. The depth of
amorphous silicon is taken to be 100 nm.

temperature anneal, it is likely that isolated precipitates of
SiO2 are formed during the high temperature implantation
stage.

In contrast, the low temperature self-irradiation of
silicon results in the production and accumulation of point
defects, defect complexes, and locally amorphous regions
until it becomes thermodynamically favorable for the lattice
to undergo a transition from the crystalline to amorphous
state [18]. Of particular interest to optical devices is the ensu-
ing increase of the index of refraction as a result of damage
accumulation. The increase continues until the amorphous
transition, at which point the refractive index saturates to
a value approximately 0.27 higher (for a wavelength of
around 1550 nm) than that of crystalline silicon [19]. It
should be noted that although propagation losses tend to
be high, amorphous silicon (a–Si) has demonstrated guiding
capabilities. Therefore, if applied periodically, a–Si serves as
a unique candidate for grating structures.

In order to achieve a first-order Bragg grating in silicon,
the Bragg condition,

Λ = λ

2Neff
, (1)

requires a period (Λ) of 222 nm, assuming a wavelength (λ)
of 1550 nm and an effective index (Neff) of approximately
3.48. This poses a fabrication challenge since the lateral
damage/straggle must remain below 55 nm in order to
achieve adequate modulation. Since the implantation pro-
files depend on the implantation energy, dose, temperature,
implantation angle, and ion mass, the lateral profile can be
manipulated by varying these parameters.

The implantation profiles can be construed using ion
implantation simulators. In the case of the oxygen implan-
tation, in order to achieve a uniform dopant implantation
to a depth of 70 nm and retain adequate lateral modulation,
it was determined that a dual implant process was required.
The first implant utilized ion energy of 20 keV with a dose
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(i) Silicon-on-insulator wafer

(ii) Silicon nitride (LPCVD at 740 ◦C)

(iii) E-beam pattern 222 nm grating

(iv) Oxygen implantation

(a)

(i) Silicon-on-insulator wafer

(ii) 30 nm thermal oxide and 100 nm photoresist

(iii) Holographically defined 220 nm grating

(iv) Silicon implantation

(b)

Figure 2: Fabrication process of planar SOI gratings for the case of (a) oxygen implantation and (b) silicon implantation.

of 1.6 × 1017 ions/cm2. A subsequent surface implant was
carried out at 10 keV with a dose of 0.8 × 1017 ions/cm2.

For silicon self-irradiation, and implanting at a temper-
ature of 77 K to minimize dynamic annealing, a dose of
approximately 1015 ions/cm−2 is required to induce amor-
phization [18]. The total damage to the lattice is charac-
terized by the number of displacements per unit volume of
the crystal. When the defect contributions are higher than
a critical value, the substrate can be approximated as amor-
phous. Although reported values vary, lattice displacement
concentrations in the range of 10% to 25% of the silicon
density appear to satisfy this condition [20, 21].

Assuming an impenetrable masking layer, it was deter-
mined that to provide suitable lateral modulation the
implant energy should remain below approximately 60 keV.
The 60 keV implant limit also determines the extent of the
grating depth. Using similar analysis, a modulated index is
expected to exist to a depth of approximately 150 nm. Since
the degree of coupling from the forwards to the backwards
modes depends directly on the overlap integral of the mode
with the grating region, it is important to quantify the
suitability of the depth limitation.

A two-dimensional coupled mode theory (CMT) ap-
proach assuming TE modes in a slab SOI waveguide, with
an upper-cladding of air, was applied to approximate the
strength of the grating [22]. Assuming an implantation dose
capable of rendering the silicon amorphous and taking the
depth of the implant to be fixed at 100 nm, the degree of
modal overlap can be altered by varying the slab height.
This is analogous to changing the silicon over-layer height.
Figure 1 depicts the maximum reflected power for different
grating lengths while varying the slab height, assuming
a lossless medium for simplicity. From the figure, it is
apparent that over 90% of the power is expected to be

reflected at the resonant wavelength for slab heights on
the order of 2 μm and a grating length of approximately
1500 μm. Similar analysis was performed assuming a 70-nm
deep grating consisting of a periodic oxide (as opposed to
amorphous silicon) and grating lengths of 1000 μm were
found to result in approximately 35 dB reflections.

3. FABRICATION

The fabrication process is depicted schematically in Figure 2
for the cases of the oxygen implant and the silicon implant.
For the oxygen implanted samples, a 100-nm layer of silicon
nitride was deposited onto a 1.5 μm over-layer SOI wafer
using LPCVD at 740◦C. Electron-beam lithography then
provided the necessary resolution to produce the 222 nm
gratings in the silicon nitride layer to a length of 1000 μm.
The patterned silicon nitride layer then served as the implan-
tation mask. The samples were subsequently implanted
following the dual implantation process formulated above
at an elevated temperature such that amorphization was
prevented. Following implantation, the nitride mask was
removed.

While fabricating oxygen implanted samples, several
processing issues have been noticed that can negatively
influence the device performance. First and foremost, the
necessity of high dose implantation associated with this
is sputtering and target erosion problems. In the current
case, the nitride hardmask used for pattern definition tends
to sputter as the implantation advances. This means that
pattern definition becomes more and more uncertain by
the termination of the implantation. The sputtering yield is
greatest on the mask sidewalls, as the angle between the ion
beam and the surface is not zero. Atomic force microscopy
(AFM) measurements on the implanted target also showed
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Figure 3: Experimental TE response of oxygen implant Bragg
grating.

surface erosion of the order of 10 nm. This means that the
grating response could also be influenced by the surface
modification.

The silicon implanted samples were implemented on a
2.2-μm over-layer SOI wafer. The wafers were subject to a
thermal oxidation resulting in a 40-nm silicon dioxide layer.
This layer serves as a buffer aiding the removal of the pho-
toresist following implantation. A 7000-μm grating pattern
was produced holographically in photoresist using a Lloyd’s
mirror setup and a 325-nm HeCd laser. The photoresist
layer then serves as the low-energy implantation mask. After
exposure and development, scanning electron microscopy
(SEM) images determined the photoresist thickness to be
100 nm. Si implantation was carried out at energies of 50
and 70 keV and a nominal dose of 1 × 1015 ions/cm2 at 77 K.
Following implantation, the photoresist mask was removed,
followed by the oxide buffer layer.

4. RESULTS

Optical transmission spectra were obtained utilizing a
tunable laser operating in the range of 1525 to 1570 nm.
For the oxygen implanted samples, the signal was coupled
to the waveguides using an objective lens. Light was then
measured via a free-space power meter at the output. Prior
to the objective lens, a beam splitter and half-wave plate
were inserted to provide discrimination between TE and TM
modes. The silicon implants were measured in transmission
in a similar fashion, except for the use of a low-loss tapered
optical fiber to butt couple light into the waveguide.

Figure 3 shows the TE mode of the “as-implanted” oxy-
gen implanted sample, following the removal of the nitride
mask. The peak response occurs at approximately 1547 nm
for the TE polarized light and shows a discrimination of
approximately 10 dB. This appears to be a promising result,
considering no post implantation annealing was preformed.

Using CMT analysis, the expected result on reflected
power of a grating formed of SiO2 can be overlaid with
the previous result to compare the expected and measured
grating response. It is also possible to approximate the index
of refraction responsible for the response in Figure 3 as
a single fit factor, by assuming that the oxygen implant
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Figure 4: Simulated response of oxygen grating corresponding to
experimental results.

achieves a depth of approximately 70 nm. The result is shown
in Figure 4.

From Figure 4, it is shown that the expected transmission
drop, assuming complete oxide synthesis, is on the order
of −55 dB, suggesting that the current results could be
dramatically improved. Further, we approximate the index
of refraction of the “as-implanted” region to lie at around
3.08. What is thus clear in this preliminary work is that
the high dose, high temperature oxygen implantation, does
not form continuous volumes of SiO2. In agreement with
previous work [17], this should only be expected following
postimplant annealing at around 1300◦C. An effort to
fabricate gratings with fully formed oxide is currently in
progress.

The resultant data for the 50 keV and 70 keV silicon
implanted samples for TE light are shown in Figures 5
and 6. The 50 keV samples show a wavelength suppression
of approximately −5 dB at approximately 1530 nm with
the oxide layer intact. Upon removing the oxide layer,
the response drops to an extinction of around −3 dB.
SEM images determined that no residual photoresist mask
remained on the oxide and, therefore, suggested the damage
inherent in the oxide layer contributes to the grating
response. For the case of the 70 keV implant with the oxide
removed, the sample exhibited a −5 dB suppression. The
spectral response of the 50 keV response is in agreement
with the CMT model for the holographically defined 220 nm
gratings, however, a −3 dB suppression corresponds to an
implanted index of only 3.493. This value is lower than
expected for completely amorphized silicon and is either a
result of ion straggle inflicting damage underneath the mask
material reducing modulation or is a result of incomplete
amorphization. For the 70 keV samples, the implant depth
is approximately 170 nm, and the corresponding index to
produce the −5 dB extinction is 3.491.

It is noted that for both the oxygen and silicon implanted
grating devices there exists a deviation from the anticipated
resonant wavelength of 1550 nm. This can be attributed to
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Figure 5: Experimental TE response of 50 keV silicon implanted
Bragg grating.

an error associated with the lithographical fabrication. In
the case of electron-beam lithography, we might anticipate
a deviation in Λ on the order of a few nm’s, reflected in
the small deviation from the resonance at 1550 nm of only
∼3 nm, while in the holographic lithography process, a slight
angular misalignment of the Lloyd’s mirror setup of 1◦ leads
to a change in the Bragg wavelength of ∼25 nm (a direct
result of the dependence of Λ on the angle between the
two mirrors). The measured resonance of ∼1530–1532 nm
reflects a misalignment of the Lloyd’s mirror setup of ∼1–2◦.
For this preliminary work, we find these results encouraging
while recognizing that control of the lithographical process is
critical to achieve precise resonance wavelengths.

In an attempt to improve the lateral modulation, a
300◦C anneal for 10 minutes was performed on the silicon
implanted samples. This annealing process was aimed to
remove primary defects such as di-interstitials and di-
vacancies (which can be found at the end of the implanted
range in ion beam amorphized silicon) while retaining the
amorphous structure itself [18]. As a result, amorphous
pockets should remain and, in effect, be defined with a
sharper amorphous/crystalline boundary. The results of the
annealing on the transmission spectra are shown in Figures
5 and 6. It is seen that the grating response is essentially
quenched in both cases. This strongly suggests that the
implantation conditions were not sufficient to invoke com-
plete amorphization. Hence, the grating comprised of simple
point defects in an otherwise crystalline structure. Therefore,
the low-temperature anneal was enough to eliminate the
point defects and lower the refractive index to near that of
c-Si and consequently eliminating the Bragg response. At the
present time, further samples are being fabricated using a
higher implantation dose, and a report of the annealing will
be made in the future on the successful thermal processing of
these grating structures.

No attention was paid to minimizing the optical prop-
agation loss in these relatively crude slab waveguides. It is
anticipated that Fresnel loss, mode mismatch between the
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Figure 6: Experimental TE response of 70 keV silicon implanted
Bragg grating.

input beam and the waveguide, and incomplete collection
of the output would introduce a significant “coupling” loss
in this system of tens of dB. Of some importance to these
specific devices is the excess loss caused by the introduction
of implantation induced lattice damage to the SOI (as in the
case of the silicon implantation). This has been previously
measured to be as much as 1000 dBcm−1 for almost com-
pletely irradiated rib waveguide structures [23]. Given the
shallow depth of the implantation used in this study (on
the order of 100 nm) and thus the relatively small overlap
of the mode with the lattice damage, we expect an excess
loss in the region of 10 dB. Although this is undesirable, it is
likely to be reduced significantly following low-temperature
annealing [19]. The balance between minimizing optical loss
and producing a strong interaction between the propagating
mode and the grating will be dealt with in some detail in a
future publication.

For this initial study, grating fabrication is limited to
slab waveguides, although they will ultimately be of more
practical importance when incorporated into rib waveguides.
Whereas rib waveguides can be made effectively single mode
by suitable choices of rib width and etch depth [2], slab
waveguides of the thicknesses used in this study are highly
multimode. The resonances shown in Figures 3 to 5 result
from the coupling of light in the forward propagating
fundamental mode into the reverse propagating fundamental
mode. One might also expect to see resonances due to
coupling from the forward propagating fundamental mode
into higher-order reverse propagating modes or from higher-
order forward propagating modes into reverse propagation
of the same mode. The former type of higher-order res-
onance is observed in the case of relief gratings on rib
waveguides where the higher-order modes are leaky [11].
We also expect to see this when implanted gratings are
used in rib gratings. The higher-order resonances occur
at wavelengths that are a few tens of nm lower than that
of the fundamental resonance, corresponding to effective
index differences of 1–2% between low-order modes in these
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structures. In this work, however, we observed neither type
of higher-order resonance. We believe that the former type
will be much weaker than in the rib waveguide case because
of more complete mode orthogonality. The latter case is
absent because the input light couples predominantly into
the fundamental mode so that any individual higher-order
mode has very little power in it to lose to resonant coupling.

5. CONCLUSION

This report demonstrated the viability of utilizing ion
induced refractive index change in the manufacture of an
optical filter in silicon waveguides. Response curves typical
of passive grating filters were achieved, and extinction ratios
of −10 dB and −7 dB were found for oxygen implants and
−5 dB and −2 dB for silicon implants for TE and TM
polarized light, respectively. From CMT analysis, it appears
that the current results have the potential to be improved
upon significantly. These implanted gratings could serve a
useful role in future three-dimensional integrated photonics
whose fabrication is contingent on surface sensitive bonding
techniques.
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1. INTRODUCTION

Artificial structures exhibiting a spatially periodic structure
with lattice constants comparable to the wavelength of light
[1, 2] are extremely promising materials for integrated
optical devices. These structures, referred to as photonic
crystals [3–11], are characterized by an unusual dispersion
relation which might show a photonic band gap (PBG), that
is, a frequency range in which the propagation of light is not
permitted. Properly designed defects within these structures
may serve, for example, as optical waveguides, frequency
filters, optical switches, or resonant microcavities with high
quality factor, which can be used for low-threshold lasing.
Many excellent works have demonstrated the potential
capabilities of these structures, but their fabrication is still
elaborate.

Electrochemical etching of silicon turned out to be a very
reliable and versatile technique to fabricate two-dimensional
periodic arrays of macropores [12–15]. Similarly to the
method of electrochemical polishing, silicon wafers are
dipped into hydrofluoric acid and a DC voltage between
the wafer and a counter-electrode is applied. The generation
of free charge carriers in the doped silicon is assisted by

exposure to infrared radiation. However, in contrast to the
common polishing process, the parameters are chosen in
a narrow range where the etching process does not lead
to flattening of the surface, but instabilities cause the self-
organized growth of pores. Spontaneously, the pores tend to
arrange in a two-dimensional hexagonal lattice with spacings
between 0.5 μm and 10 μm. Additional pretreatment of
the surface by photolithography can be used to alter the
symmetry of the lattice, to create extremely high correlation
lengths, and to design the arrangement of defects with very
high precision. The depth-to-width ratio of the pores can
be as large as 500. In addition, it is possible to modulate
the width of the pores along the pore axes by controlling
the current through the sample during the growth process,
thereby creating even three-dimensional structures [13–15].

In addition to utilizing the benefits of the unusual dis-
persion relation, it is highly desirable to change the dielectric
properties and to control them by external parameters,
thereby achieving even a tunable dispersion relation [16–
18]. This might be necessary in order to compensate for
fabrication tolerances and to fine-tune the properties of the
produced photonic crystal, or be motivated by targeting
active switching devices. An obvious way to achieve tunable
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properties is altering the dielectric susceptibility of the
silicon. As usual, the dielectric susceptibility can be expanded
in a power series as follows:

χ = χ(1) + χ(2)E + χ(3)EE + · · · . (1)

Thus, linear [χ(1)] or nonlinear effects [χ(2), χ(3), . . .] may be
considered. In addition, the macroporous silicon structures
can be filled with a dielectric compound. If the silicon (ε =
ε1) is infiltrated with a different compound (ε = ε2), the
most fundamental change is a shift of the average dielectric
constant εav, which is approximately given by the Maxwell-
Garnett relation [19]

(
εav − ε1

)(
εav + 2ε1

)−1 = f2
(
ε2 − ε1

)(
ε2 − 2ε1

)−1
, (2)

where f2 is the volume fraction of component 2. If the
denominators in (2) are not too different, the effective
refractive index of the composed material is approximately
given by

neff =
(
Σ fin

2
i

)1/2
, (3)

where fi is the volume fraction of component i of the
heterogeneous system. Thus, changing the refractive index of
one of the two components has an effect on the properties
of the entire structure. However, the influence on the
dispersion relation and on the linear and nonlinear photonic
properties is much more subtle than a simple change of the
average refractive index. Due to their sensitivity to external
parameters, liquid crystals proved to be very efficient as a
dielectric liquid yielding addressable photonic properties.

In this paper, we would like to review the methods of
tuning by means of liquid crystal infiltration (Section 2) as
well as all-optical effects that are due to the properties of the
silicon (Section 3). The latter effects can be based on charge
carrier injection due to one- or two-photon absorption or on
Kerr-like nonlinearities (the latter being described by the real
part of χ(3)).

2. TUNING BY MEANS OF LIQUID
CRYSTAL INFILTRATION

Liquid crystals [20–24] exhibit very sensitive electro- and
thermo-optical properties. Filled into the pores of a photonic
crystal, they provide the opportunity of adjusting the effec-
tive refractive index by external parameters. This method was
proposed by Busch and John [25–28] and experimentally
demonstrated for colloidal crystals [29–34] before being
applied to macroporous silicon [35–46] and other PBG
semiconductor structures, including tunable light sources
[47–50]. The sensitivity of liquid crystals is due to a preferred
uniform alignment of their typically rod-like molecules,
which in turn leads to birefringence. The local structure
of the least complicated liquid crystalline mesophase, the
nematic phase (Figure 1), can be described by the director
n (a pseudovector) and a scalar order parameter S, which
indicate the local molecular alignment (i.e., the optical
axis) and the degree of orientational order, respectively.
External fields can rotate the optical axis, while an increasing
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Figure 1: The chemical structure of 4-cyano-4′-pentyl-biphenyl,
arrangement of rod-like molecules in the (nonchiral) nematic phase
(N), and temperature dependence of the ordinary refractive index
no (effective for light that is linearly polarized with its electric field
perpendicular to the director n), the extraordinary refractive index
ne (effective for light that is linearly polarized with its electric field
parallel to the director n), and the isotropic refractive index niso.

temperature results in a decreasing order parameter and thus
a decreasing birefringence Δn. Typically, the difference Δn =
ne − no between the extraordinary refractive index ne and
the ordinary refractive index no is of the order Δn ≈ 0.2
if the temperature is several Ks below the nematic-isotropic
phase transition (clearing temperature). No birefringence
appears above the clearing temperature. Thus, relatively large
thermally induced changes of the effective refractive index
are observed at this phase transition.

Leonard et al. [35] were the first to infiltrate a two-
dimensional structure made of macroporous silicon with
a liquid crystal and observed changes of the photonic
band edge for light propagating in the plane of the silicon
wafer. This effect might be very useful for integrated
optical waveguides in silicon. Subsequent experiments were
focused on three-dimensional (3D) structures consisting of
macroporous silicon that are filled with a liquid crystal. The
latter structures show also a stop band for light propagating
perpendicular to the plane of the wafer. Two-dimensional
hexagonal or rectangular arrays of pores with an extremely
high aspect ratio (diameter ≤1 μm, depth ≥100 μm) were
fabricated by a light-assisted electrochemical etching process
using HF [12, 13], and a periodic variation of pore diameter
was induced by variation of the electric current during the
etching procedure, thereby yielding in a three-dimensional
photonic crystal (PhC) [14, 15]. The macroporous structure
was evacuated and filled with a liquid crystal. The photonic
properties for light propagation along the pore axis were
studied by Fourier transform infrared (FTIR) spectroscopy
[36–38]. Deuterium-nuclear magnetic resonance (2H-NMR)
[36, 37] and fluorescence confocal polarizing microscopy
(FCPM) [39–42] were used in order to analyze the director
field of the liquid crystal inside the pores.

For example, Figure 2 shows the infrared transmission
of samples that show a two-dimensional hexagonal array of
pores with a lattice constant a = 1.5 μm. Along the pore
axis, the diameter of each pore varies periodically between
Dmin = (0.76 ± 0.10) μm and Dmax = (1.26 ± 0.10) μm
with a lattice constant b = 2.6 μm. The pores were filled
with the nematic liquid crystal 4-cyano-4′-pentyl-biphenyl
(5CB, Figure 1) which shows a clearing temperature of
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TNI = 34◦C. For light propagation along the pore axes,
the FTIR transmission spectrum of the silicon-air structure
shows a stop band centered at λ = (10.5 ± 0.5) μm. Filling
the pores with 5CB decreases the dielectric contrast to silicon
and results in a shift of the stop band to λ ≈ 12 μm. The band
edge was found to be sensitive to the state of polarization
of the incident light. For linearly polarized light, rotation
of the sample with respect to the plane of polarization was
found to cause a shift of the liquid crystal band edge by
Δλ ≈ 152 nm (1.61 meV). This effect can quantitatively
be explained by the square shape of the pore cross-section,
which brakes the threefold symmetry of the hexagonal lattice.
Due to the presence of the liquid crystal, the band edge
at lower wavelengths (“liquid crystal band” edge) can be
tuned by more than 140 nm (1.23 meV) by heating the liquid
crystal from 24◦C (nematic phase) to 40◦C (isotropic liquid
phase).

The shift of the photonic band edge towards larger
wavelengths indicates an increase of the effective refractive
index with increasing temperature. This effect can be
explained by a predominantly parallel alignment of the
optical axis (director) of the nematic liquid crystal along
the pore axis. For a uniform parallel alignment, the effective
refractive index of the nematic component corresponds to
the ordinary refractive index no of 5CB. Increasing the
temperature above the clearing point causes an increase to
the isotropic value niso ≈ (1/3n2

e + 2/3n2
o)1/2, where ne is

the extraordinary refractive index of the liquid crystal (ne >
no). For a very crude approximation, the average dielectric
constant εav of the heterogeneous structure can be calculated
from the respective dielectric constants [εLC(24◦C) = n2

o

and εLC(40◦C) = n2
iso] using the Maxwell-Garnett relation

(2) [19]. The relative shift of the stop band edge towards
larger wavelengths corresponds approximately to the relative
increase of the average refractive index by≈ 0.65%. However,
more precise analysis of the data shown in Figure 2 indicates
that the shift of the two band edges is not the same (the
shift of the left band edge is larger). The reason for the
difference is that the overlap of the electric field with the
pores is different at the two band edges (it is larger at the
short wavelength edge), therefore changes of the refractive
index in the pores translate into different shifts of the band
edge. This is correctly predicted by the calculated dispersion
relation shown in the right part of Figure 2, but cannot be
explained by the Maxwell-Garnett relation [36].

Planar microcavities inside a 3D photonic crystal appear
when the pore diameter is periodically modulated along
the pore axis, stays constant within a defect layer, and is
continued to vary periodically. Figure 3 shows a structure
where a defect layer is embedded between five periodic
modulations of the pore diameter. The pores are arranged
in a 2D square lattice with a lattice constant of a = 2 μm.
The pore width varies along the pore axis between Dmin =
0.92 μm and Dmax = 1.55 μm. The length of a modulation
is b = 2.58 μm. The defect has a length of l = 2.65 μm
and pore diameters Ddef = 0.82 μm. Within the defect
layer, the filling fraction of the liquid crystal is ξdef = 0.17.
For infrared radiation propagating along the pore axes, a
fundamental stop gap at around 13 μm and a second stop

gap at around 7 μm are expected from calculations using
the plane wave approximation [51]. The experiment shows
a transmission peak at λ = 7.184 μm in the center of the
second stop band, which can be attributed to a localized
defect mode. Filling the structure with the liquid crystal
4-cyano-4′-pentyl-biphenyl (5CB, Merck) at 24◦C causes a
spectral red-shift of the stop band. Together with the stop
band, the wavelength of the defect state is shifted by 191 nm
to λ = 7.375 μm. An additional shift of Δλ = 20 nm
to λ = 7.395 μm is observed when the liquid crystal is
heated from 24◦C (nematic phase) to 40◦C (isotropic liquid
phase). Again, the shift towards larger wavelengths indicates
an increase of the effective refractive index neff of the liquid
crystal with increasing temperature and can be attributed to
the transition from an initially parallel aligned nematic phase
(nLC,eff = no) to the isotropic state (nLC,eff = niso). During
continuous variation of the temperature, a distinct step by
20 nm is observed at the phase transition from the nematic to
the isotropic phase. The quality factor Q of the investigated
structure, Q = λ/δλ = 52, is rather small and thus the shift
by 20 nm appears to be small compared to the spectral width
of the defect mode. However, the same order of magnitude
of the temperature-induced wavelength shift can be expected
for structures with a much higher quality factor and might be
quite large compared to the band width of the defect mode.

Comparison of experimental 2H-NMR results and cal-
culated spectra (Figure 4) confirms a parallel (P) alignment
of the director along the pore axis for substrates that
were treated like the samples described above. However,
also an anchoring of the director perpendicular to the
silicon surfaces (“homeotropic” anchoring) can be achieved
if the silicon wafer is cleaned with an ultrasonic bath and
a plasma-cleaner and subsequently pretreated with N,N-
dimethyl-n-octadecyl-3-aminopropyl-trimethoxysilyl chlo-
ride (DMOAP). NMR data indicate the appearance of an
escaped radial (ER) director field in the latter case.

For the first time, optical microscopic studies of the
director field in pores with a spatially periodic diameter
variation could be achieved by means of a nematic liquid
crystal polymer that shows a glass-like nematic state at
room temperature [39, 40]. For fluorescence polarizing
microscopy, the polymer was doped with N,N′-bis(2,5-di-
tert-butylphenyl)-3,4,9,10-perylene-carboximide (BTBP).
After filling the photonic crystal in vacuum, the sample
was annealed in the nematic phase at 120◦C for 24 hours
and subsequently cooled to room temperature, thereby
freezing the director in the glassy state. The silicon wafer
was dissolved in concentrated aqueous KOH solution and
the remaining isolated polymer rods were washed and
investigated by fluorescence confocal polarizing microscopy
(FCPM). The transition dipole moment of the dichroic dye
BTBP is oriented along the local director of the liquid crystal
host. The incident laser beam (488 nm, Ar+) and the emitted
light pass a polarizer, which implies that the intensity of the
detected light scales as I ∝ cos4α for an angle α between the
local director and the electric field vector of the polarized
light. Thus, the local fluorescence intensity indicates the
local orientation of the liquid crystal director with very high
sensitivity. For a template with homeotropic anchoring and
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Figure 2: (a) SEM top-view and side-view of a photonic crystal made of macroporous silicon containing a two-dimensional hexagonal
array of pores with periodically modulated diameter. (b) Transmission spectra of the same photonic crystal for light propagation along the
pore axes if the sample is filled with (—) air, (- - -) 5CB in its nematic phase, and (· · · ) 5CB in its isotropic liquid state, respectively. (c)
Comparison of the calculated dispersion relation using the plane wave approximation and the experimental spectra. For details, see [36].
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Figure 3: (a) SEM image (bird’s eye view) of a silicon structure with modulated pores including a planar defect layer without modulation.
(b) Transmission spectra of this structure if the sample is filled with (—) air, (- - -) 5CB in its nematic phase, and (· · · ) 5CB in its isotropic
liquid state, respectively. For details, see [38].

a sine-like variation of the pore diameter between 2.2 μm
and 3.3 μm at a modulation period of 11 μm, the FCPM
images of the nematic glass needles (Figure 5) indicate an
escaped radial director field. Comparison with numerical
calculations based on a tensor algorithm [52, 53] reveals
some characteristic features that differ from nonmodulated
pores. In the cylindrical cavities studied previously, point-
like hedgehog and hyperbolic defects appear at random
positions and tend to disappear after annealing, due to the
attractive forces between defects of opposite topological

charges. In contrast, the modulated pores stabilize a periodic
array of disclinations. Moreover, disclination loops appear
instead of point-like disclinations.

3. ALL-OPTICAL TUNING

Altering the optical properties by optical irradiation has been
the subject of intense research efforts related to the potential
development of active photonic crystal components. Here,
the impact of an optical pump beam on a photonic crystal
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Figure 4: (a) Schematic relation between parallel (P), planar polar (PP), or escaped radial (ER) director fields and the respective 2H-NMR-
lineshapes. (b) 2H-NMR spectrum of α-deuterated 5CB in cylindrical pores with perpendicular anchoring [thin line: spectrum expected for
an escaped radial (ER) structure with weak anchoring]. For details, see [36, 37].
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Figure 5: (a) Nematic escaped radial (ER) director field, calculated
using the algorithm described in [52, 53]. (b) Theoretical and
experimental fluorescent confocal polarizing microscopy (FCPM)
images for polarized light with its electric field parallel to the tube
axis. (c) Theoretical and experimental FCPM images for polarized
light with its electric field perpendicular to the tube axis. For details,
see [39].

consisting of a two-dimensional array of macropores in
silicon [54–59] is reviewed. Figure 7(a) shows a sketch of
such a crystal with photo-electrochemically etched straight
pores with an aspect ratio of 100 [8, 12, 14]. If the
photon energy (�ωp) of the pump beam is larger than
the electronic band gap of silicon, absorption causes a
free charge carrier generation in the semiconductor which
in turn changes the dielectric constant due to the Drude
relation [54] (Section 3.1). These free carriers, generated
by photon absorption, can be injected either by a single
photon absorption or, in the presence of very high pump
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Figure 6: Variation of the air band edge of the silicon photon crystal
following optical pumping by a 300 fs, 800 nm pulse of variable
fluence.

intensities, by two-photon absorption. In contrast to the
changes achieved by liquid crystal reorientation, this direct
optical addressing of the silicon is very fast. Whereas the
former occurs on time scales ranging from milliseconds to
seconds, the optical tuning takes place in the subpicosecond
regime.

Because of the centrosymmetric space group of silicon,
bulk-contributions corresponding to the second-order non-
linear susceptibility χ(2) are ruled out, but surface effects and
third-order, that is, Kerr-like nonlinearities, corresponding
to χ(3) can be found. In addition, two-photon absorption of
photons with low energy can cause a charge carrier injection
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Figure 7: (a) The 2D Si photonic crystal showing pump-probe beam geometry. The probe beam is incident along the Γ-M direction. (b)
Band structure of the photonic crystal for the Γ-M direction. The solid and dashed lines correspond to E and H polarized lights, respectively.

like the one-photon absorption of photons with high energy.
Silicon has an indirect band gap of 1.1 eV (λ = 1.1 μm) at
295 K and a direct band gap of 3.5 eV (λ = 355 nm). Thus, a
relatively weak phonon-assisted linear absorption or a two-
photon one occurs across the visible and near infrared. If the
pump intensity is sufficiently high, nonlinear optical effects
can cause changes of the dielectric constant even for photon
energies that are smaller than the electronic band gap of
silicon [55].

3.1. Charge carrier injection by
one-photon absorption

To explore the influence of an electron-hole-plasma, a high
density of carriers in a native macroporous silicon sample
had been optically injected using optical techniques and by
this monitoring the shift of a stop-gap edge [54]. As the
(indirect band gap) absorption edge of silicon is at 1.1 μm
for room temperature, electron-hole pairs can be efficiently
produced at shorter wavelengths. The presence of the high
density (N) carriers is expected to alter the real part of
the dielectric constant ε at probe frequency ω through the
expression

ε = εSi − Ne2

ε0ω2m∗ , (4)

where εSi (11.9) is the quiescent dielectric constant of
silicon, ε0 is the permittivity of free space, and m∗ is the
optical effective mass of the electrons and holes. The carrier
relaxation rate (∼6 THz) has been neglected in comparison
with the probing frequencies of interest. In the infrared
region of the spectrum for wavelengths between 1 μm and
5 μm, this is a reasonable approximation. Similarly, the
influence of the imaginary part of the dielectric constant that
would contribute to loss was neglected. From the frequency
dependence in (1) one observes that for probing wavelengths
in the near infrared region, changes in the dielectric constant

of the order of 10% can be obtained for our peak carrier
densities. These substantial changes are expected to modify
the location of the band gaps. For the experiments, the
lowest stop band was investigated, which occurs in the
photonic crystal described above between 1.9 μm and 2.3 μm
for E-polarized light propagating along the Γ-M direction.
In particular, the shift of the shorter wavelength band
edge was measured. Similar shifts are expected for the
longer wavelength band edge. The experimental results were
obtained with a parametric generator pumped by a 250 kHz
repetition rate Ti-sapphire oscillator/regenerative amplifier
which produces 130 fs pulses at 800 nm at an average power
of 1.1 W. The signal pulse from the parametric generator is
tunable from 1.2 μm to 1.6 μm and the idler pulse is tunable
from 2.1 μm to 1.6 μm. Reflection measurements were made
using 150 fs pulses with center wavelength of 1.9 μm and
of sufficient bandwidth to probe the dynamical behavior of
this edge. The pulses were focused onto the silicon photonic
crystal with fluence per pulse up to ∼2 m J cm−2. Simple
estimates based on anticipated absorption properties of the
photonic crystal at this wavelength indicate that the peak
density of electron hole pairs is >1018 cm−3. The focal spot
diameter of the probe beam was 30 μm, reasonably small
compared to the ∼100 μm spot diameter of the H-polarized
pump beam. Figure 6 shows how the probe reflection
characteristics change with the fluence of the pump beam.

The major effect of the optical pumping is to shift the
band edge to shorter wavelengths as expected since the Drude
contribution decreases the dielectric constant of the silicon.
Detailed calculations based on absorption characteristics
of the photonic crystal at the pump wavelength and the
variation of the photonic crystal dispersion curves with
injected carrier density are in agreement with the maximum
shift of about 30 nm (at the 3 dB point) that is observed here.
Indeed, the shift of the edge scales linearly with the pump
fluence, or injected carrier density, as expected theoretically.
It should be noted however that the shift of the edge is not
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rigid. The shift is less for higher values of the reflectivity.
This is presumably related to the fact that the 800 nm pump
radiation is inhomogeneously absorbed, with an absorption
depth of a few microns. In the spectral range near the
peak value of the reflectivity associated with a stop gap, the
reflectivity originates from lattice planes over a considerable
depth within the crystal. In contrast, Fresnel reflectivity of
the surface region dictates the reflection characteristics in the
spectral range with higher transmission. To overcome this
problem, other pumping schemes have to be used.

It was also possible to time resolve the reflectivity
behavior by monitoring the probe reflectivity of the band
edge as a function of delay between the probe and pump
beams. Not surprisingly, the probe reflectivity change is
virtually complete within the duration of the pump beam
as charge carriers accumulate in the silicon. However, the
recovery of the induced change occurs on a much longer time
scale (at least nanoseconds) in our photonic crystal reflecting
the electron-hole carrier recombination characteristics.

3.2. Tuning by Kerr-like optical nonlinearities

The Kerr effect was used to tune the short wavelength
edge of a photonic band gap. In these experiments, a 2D
photonic crystal was used to demonstrate the all optical
tuning. Both the short wavelength edge (1.3 μm) and the
long wavelength edge (1.6 μm) could be redshifted by the
Kerr effect (χ(3)). But for high pump intensities, the two-
photon absorption was significantly generating free carriers,
leading to a blueshift of the photonic band edge via the
Drude contribution to χ(1).

The 2D silicon PhC sample has a triangular lattice
arrangement of 560 nm diameter, 96 μm deep air holes
with a pitch, a, equal to 700 nm. Figure 7(a) shows a real
space view of the sample while Figure 7(b) illustrates the
photonic band structure for the Γ-M direction, which is
normal to a face of the PhC. Of particular interest is the
third stop gap for E-polarized (E-field parallel to the pore
axis) light. Lying between 1.3 μm and 1.6 μm, this gap falls
between two dielectric bands that are sensitive to changes
in the silicon refractive index. The purpose was to optically
induce changes to the two edges with idler pulses from
the parametric generator and probe these changes via time-
resolved reflectivity of the signal pulses. Note that, because of
the link between the signal and idler wavelengths, different
pump wavelengths (2.0 μm for a 1.3 μm probe; 1.76 μm for
a 1.6 μm probe) must be used when the probe wavelength
is changed. However, as will be shown in what follows,
small changes in the pump wavelength can lead to significant
changes in the induced optical processes.

Figure 8 shows the time-dependent change in reflectivity
at 1.3 μm for a 2.0 μm pump pulse and the cross-correlation
trace of both pulses. The pump and probe intensities are 17.6
and 0.5 GW/cm2, respectively. The decrease in reflectivity is
consistent with a redshift of the band edge due to a positive
nondegenerate Kerr index. The FWHM of the reflectivity
trace is 365 ± 10 fs which is 1.83 times larger than the
pump-probe cross-correlation width as measured by sum
frequency generation in a beta-barium borate (BBO) crystal.
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Figure 8: Temporal response of reflectivity change at the 1.3 μm
band edge when the PhC is pumped with a 2.0 μm pulse at
17.6 GW/cm2. Also shown is the cross-correlation trace of the pump
and probe pulses.

This difference can be explained in terms of pump and probe
beam transit time effects in the PhC as discussed above.
Indeed, from the pump group velocity and probe spot size,
one can deduce that the reflected probe pulse is delayed by
110 fs within the PhC sample. After these effects are taken
into account, the intrinsic interaction times are essentially
pulse width limited, consistent with the Kerr effect.

One can estimate a value for the nondegenerate Kerr
coefficient n2 in the silicon PhC from the relation [55]

ΔR = dR

dλ

dλ

dn
n2

1− Ru

f
I0, (5)

where I0 is the incident intensity, f is the filling fraction,
and Ru is the reflectivity of the sample. The experimental
values of the steepness of the band edge reflectivity, dR/dλ =
0.04 nm−1, and the differential change in band edge wave-
length with refractive index, dλ/dn = 174 nm, are relatively
large. Thus, induced reflectivity changes in the vicinity of the
1.3 μm band edge are found to be 70 times more sensitive
than that in bulk materials for the same refractive index
change, a degree of leverage also noted by others [54, 60].
Indeed, when the PhC is replaced by bulk crystalline silicon,
no change in reflectivity is observed for the range of pump
intensity.

The inset to Figure 9 shows there is good correlation
between the change in probe reflectivity and the steepness of
the band edge reflectivity (measured separately) at different
wavelengths and for a range of pump intensities. Figure 9
shows the change in reflectivity with pump intensity at zero
time delay. The linear dependence is consistent with the Kerr
effect and the nondegenerate Kerr index is estimated to be
5.2 × 10−15 cm2/W. This is within an order of magnitude of
the degenerate Kerr index reported [61, 62] at 1.27 μm and
1.54 μm and represents reasonable agreement considering
uncertainty in the lateral position (x) of the pump pulse and
its intensity at the probe location. It should also be noted that
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linear scattering losses as the pump pulse propagates through
the PhC along the pore axis have not been taken into account.

3.3. Tuning by Kerr-like nonlinearities and
two-photon absorption

In general, overall pulse-width limited response can only be
achieved using nonresonant, nonlinear induced changes to
material optical properties such as the optical Kerr effect
(a third-order nonlinearity). In this case, the change in
refractive index for a probe beam is given by

Δn = n2I , (6)

where I is the intensity of the pump beam and n2 is the Kerr
coefficient associated with the pump and probe frequencies.
If the probe light intensity is limited to values like in the
experiment of Leonard et al. [54], the imaginary terms in the
dielectric function arising from free-carrier absorption and
intervalence-band absorption are very small.

Results from experiments used to probe the 1.6 μm
band edge when the sample is pumped with 1.76 μm pulses
are illustrated in Figure 10, which shows the temporal
response of the change in probe reflectivity at different
pump intensities for a probe intensity of 0.13 GW/cm2. There
is an initial increase and decrease in probe reflectivity on
a subpicosecond time scale followed by a response that
decays on a time scale of 900 picoseconds and partially
masks the Kerr effect near zero delay. At this band edge,
the subpicosecond behavior is consistent with a Kerr effect
similar to the previous experiments. The long time response
could possibly be due to thermal or Drude contributions
to the dielectric constant due to the generation of free
carriers. Using a peak pump intensity of 120 GW/cm2 and
a 0.8 cm/GW two-photon absorption coefficient [61, 62] for
1.55 μm as an upper limit, one can estimate the surface
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Figure 10: Temporal response of the reflectivity change at the
1.6 μm band edge for different pump intensities at 1.76 μm. The
inset shows the dependence of the carrier-induced reflectivity
change on pump intensity for low pump powers.

peak carrier density to be <1019 cm−3 and the maximum
change in temperature to be <0.15 K. From the thermo-optic
coefficient ∂n/∂T ≈ 1 × 10−4 K−1 at the probe wavelength
[63], the change in silicon refractive index is on the order
of 10−5 and the (positive) induced change in reflectivity is
expected to be about the same. From free carrier (Drude)
contributions to the refractive index at the probe wavelength,
changes to the imaginary part of the dielectric constant are
about 2 orders of magnitude smaller than that of the real part
[64], which is about −10−3. Hence, free carrier absorption
of the probe pulse as well as thermally induced changes can
be neglected in what follows and the change in reflectivity is
ascribed to changes in the real part of the dielectric constant
due to Drude effects.

At low pump powers, the change in probe reflectiv-
ity scales quadratically with pump intensity. This can be
explained by free carrier generation due to two-photon
absorption, with the charge carrier density N being given by

N(z) =
√
πβτp

4�ωp

√
ln 2

I2(z), (7)

where β is the two-photon absorption coefficient, τp is
the temporal FWHM pulse width of the pump pulses,
and ωp is the pump frequency. However, at higher pump
intensities, there is an apparent deviation from this quadratic
dependence (see inset in Figure 10) due to pump saturation
effects, since the pump intensity I varies along the z-direction
as

I(z) =
(
1− Ru

)
I0

f + βz
(
1− Ru

)
I0

, (8)

according to attenuation by two-photon absorption. With
increasing intensity in a two-photon absorption process, an
increasing fraction of the carriers are created closer to the
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Table 1: Spectral shifts and switching speeds of the different effects described in Sections 2 and 3.

Effect
Initial frequency
ν (Hz)

Frequency shift δν or refractive
index shift δn/control parameter

Relative frequency
shift |δν|/ν Time constant (s)

Temperature-induced shift
of the “silicon” band edge
in a liquid crystal-infiltrated
structure [36].

2.32 · 1013 δν/δT = −1.68 · 1011 Hz/16◦C 0.72%

≈ 10−3
Temperature-induced shift
of the “liquid crystal” band
edge in a liquid crystal-
infiltrated structure [36].

2.81 · 1013 δν/δT = −3.74 · 1011 Hz/16◦C 1.33%

Temperature-induced shift
of the microcavity reso-
nance in a liquid crystal-
infiltrated structure [38].

4.05 · 1013 δν/δT = −1.56 · 1011 Hz/1◦C 0.39%

Temperature-induced shift
of the PL emission fr-
equency in an Er-doped liq-
uid crystal-infiltrated struc-
ture [46].

1.93 · 1014 δν/δT = −8.70 · 1011 Hz/23◦C 0.45%

Free charge carrier injection
induced by one-photon
absorption [54].

1.58 · 1014 δν/δT = −2.53 · 1012 Hz/(2.1± 0.4)
m J/cm2 1.60% ≈ 10−6

Tuning by Kerr-like nonlin-
earities [55].

δn ≈ 10−3 Instantaneous (10−13)

surface where the pump pulse enters and the probe region
develops a reduced and increasingly nonuniform carrier
density. It can be estimated that at a depth of 60 μm, the
expected saturation pump intensity is about an order of
magnitude larger than the maximum pump intensity used
in this setup. The carrier lifetime of 900 picoseconds is most
likely associated with surface recombination within the PhC
sample with its large internal surface area.

The reflectivity change due to the Drude effect is given by

ΔR = dR

dλ

dλ

dn

e2

2n0ω2
rm∗ε0

√
πβτp

4�ωp

√
ln 2

I2(z), (9)

where ωr is the probe frequency, m∗ is the effective optical
mass of the electrons and holes (= 0.16m0), and ε0 is
the permittivity of free space. Thus, from the low intensity
behavior in the inset to Figure 10, the two-photon absorption
coefficient, β, can be estimated to be 0.02 cm/GW, which
is within an order of magnitude but smaller than that
reported [61, 65] for wavelengths near 1.55 μm. For the
2 μm pump wavelength, the upper limit for β is estimated
to be 2×10−3 cm/GW from the signal to noise and the
fact that no measurable long-lived response at the highest
pump intensity used is observed. This value is an order of
magnitude smaller than what is determined at 1.76 μm and
it is not a surprise since β is expected to decrease rapidly with
increasing wavelength as the indirect gap edge is approached.

4. SUMMARY

In conclusion, either the infiltration of macroporous silicon
with liquid crystals and subsequent control of the thermo-

P, A

2μm

Figure 11: FCPM image of a cholesteric cylinder with perpendicu-
lar anchoring and a helix pitch smaller than the cylinder diameter.
The regular fringes are perpendicular to the pitch axis and their
distance corresponds to one half of the pitch. For further details,
see [41].

dynamic variables or the use of light absorption of Kerr-
like optical nonlinearities can be used to achieve tunable
properties in photonic crystals made of macroporous silicon.
For both methods, the relative frequency shift of photonic
bands, band edges, or resonance frequencies of microcavities
is roughly of the order of 1% of the absolute frequency
(Table 1). The effect is limited, but can nevertheless be
much larger than the linewidth of modes to be tuned,
since microresonators with very large Q factors can be
fabricated. The methods summarized in Sections 2 and 3
may find different applications. The use of liquid crystals
has the advantage that the control parameters temperature
and electric fields are easily available. However, the greatest
disadvantage is probably the limited speed of director



10 Advances in Optical Technologies

reorientation, which corresponds to time constants in the
millisecond range. In contrast, absorption and nonlinear
effects lead to very fast changes of the photonic properties
(with time constants below 1 picosecond) and can be used
for all-optical switching. However, very large intensities are
required for the nonlinear optical effects.

Besides further technical developments that make use of
the effects studied, so far, a couple of novel, fundamentally
interesting systems deserve to be explored in more detail:

(1) Chiral liquid crystals: cholesteric phases and blue
phases [20–24] show a helical superstructure of the local
alignment, thereby leading to a spatially periodic director
field n(r). This intrinsic periodicity can be combined with
two-dimensional arrays of pores, thereby leading to novel
three-dimensional heterogeneous structures [41]. As an
example, Figure 11 shows the FCPM image of a sample
which shows an inherent periodicity within the pores. Such
structures may show enhanced nonlinear optical effects or
may be used for switching between a three-dimensional
and a two-dimensional periodicity of the optical density.
Additional work on these systems is in progress.

(2) Liquid crystals can exhibit both second- and third-
order optical nonlinearity. Thus, infiltration of photonic
crystals with liquid crystals that exhibit large χ(2)- or
χ(3)-values may be used for frequency conversion or all-
optical switching, respectively. A considerable enhancement
of second harmonic generation (SHG) intensity is known
to appear in spatially periodic structures, where both the
fundamental frequency and the second harmonic are close
to photonic stop bands [66, 67]. In addition, suitable liquid
crystals are known for their giant optical nonlinearity (GON)
[68], that is, a huge Kerr effect which is due to collective
reorientation of the liquid crystal molecules induced by the
optical electric field strength.

Fundamental studies of these effects in the environment
of a silicon photonic crystal appear to be challenging. In
conclusion, the development of tunable photonic crystals
based on silicon is still in progress.
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[23] G. P. Crawford and S. Žumer, Eds., Liquid Crystals in Complex
Geometries Formed by Polymer and Porous Networks, Taylor &
Francis, London, UK, 1996.



Heinz-S. Kitzerow et al. 11

[24] H.-S. Kitzerow, “The effect of electric fields on blue phases,”
Molecular Crystals and Liquid Crystals, vol. 202, no. 1, pp. 51–
83, 1991.

[25] K. Busch and S. John, “Photonic band gap formation in certain
self-organizing systems,” Physical Review E, vol. 58, no. 3, pp.
3896–3908, 1998.

[26] K. Busch and S. John, “Liquid-crystal photonic-band-gap
materials: the tunable electromagnetic vacuum,” Physical
Review Letters, vol. 83, no. 5, pp. 967–970, 1999.

[27] S. John and K. Busch, “Photonic bandgap formation and tun-
ability in certain self-organizing systems,” Journal of Lightwave
Technology, vol. 17, no. 11, pp. 1931–1943, 1999.

[28] S. John and K. Busch, “Electro-actively tunable photonic
bandgap materials,” US patent 6813064, November 2004.

[29] K. Yoshino, Y. Shimoda, Y. Kawagishi, K. Nakayama, and M.
Ozaki, “Temperature tuning of the stop band in transmission
spectra of liquid-crystal infiltrated synthetic opal as tunable
photonic crystal,” Applied Physics Letters, vol. 75, no. 7, pp.
932–934, 1999.

[30] K. Yoshino, S. Satoh, Y. Shimoda, Y. Kawagishi, K. Nakayama,
and M. Ozaki, “Tunable optical stop band and reflection peak
in synthetic opal infiltrated with liquid crystal and conducting
polymer as photonic crystal,” Japanese Journal of Applied
Physics, vol. 38, no. 8, pp. L961–L963, 1999.

[31] D. Kang, J. E. Maclennan, N. A. Clark, A. A. Zakhidov, and
R. H. Baughman, “Electro-optic behavior of liquid-crystal-
filled silica opal photonic crystals: effect of liquid-crystal
alignment,” Physical Review Letters, vol. 86, no. 18, pp. 4052–
4055, 2001.
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1. INTRODUCTION

Recently, a large research effort has been dedicated to
the development of compact optoelectronic platforms. The
increasing interest in conjugating optical functionality to
integrated circuits stems not only from the potential of
optics to overcome interconnect bottlenecks imposed on
electronic circuits by speed, power, and space demands, but
also from their flexibility for human interface devices (e.g.,
displays and image recognition) and for a large set of specific
applications (including, e.g., biological sensors and compact
optical tomography apparatus). Optical signals are generally
interesting in connection to low power consumption, a key
issue in the context of general trends such as increased
miniaturization and wireless and autonomous operation.

From the industrial perspective, the preferred route
towards optoelectronic platforms is the upgrade of existing
electronic technology, in which Si has had no competitors
since the 1960’s. Compared to Ge, Si has larger bandgap
(1.12 eV), which allows higher operating temperature, can be
naturally structured with a companion insulator (SiO2), and
is cheap and easily available. On the other hand, compound
semiconductor technologies, such as InP or GaAs, are not
competitive with Si essentially because of cost issues.

While monolithic Si-compatible solutions have been
known since several years for many devices such as light
detectors, waveguides, and modulators, the lack of mono-
lithic energy-efficient and cost-effective CMOS-compatible
light sources has hampered the development of optoelec-
tronic and photonic platforms. In this paper, we consider

the state of the art of Si-based light-emitting devices for
Si integrated circuits. The reader is encouraged to consult
also the various review articles or books which have been
published on the topic of light emission in Si [1–8] as well
as on hybrid technology [9]. It is worth to note that in this
paper we will not discuss the hybrid approach based on III–V
semiconductors either bonded or heteroepitaxied on silicon,
though hybrid lasers have been integrated in silicon with very
promising performances.

2. BASICS OF LIGHT AMPLIFICATION AND GAIN

A laser requires three main components: an active material
which is able to generate and amplify light by stimulated
emission of photons, an optical cavity which provides the
optical feedback to sustain the laser action, and a pumping
mechanism to supply energy to the active material. In the
case of lasers based on first-order optical processes, the
pumping mechanism must be able to produce a population
inversion in the material. In an injection diode laser, the
pumping mechanism is provided by carrier injection via a
p-n junction and the optical feedback is usually provided by
a Fabry-Perot cavity, [10, 11] although recently whispering
gallery resonators (microdisks) and photonic crystals are
receiving increasing attention.

The light generation by electron-hole recombination
in semiconductors is quantified by the internal quantum
efficiency ηint, which is the ratio between the number of gen-
erated photons and the number of electron-hole pairs that
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recombine. This number is given by the ratio of the electron-
hole (e-h) radiative recombination probability over the total
e-h recombination probability, that is, by the fraction of
all excited e-h pairs that recombine radiatively. It is easy to
demonstrate that ηint = τnr/(τnr + τr), where τnr and τr are
the nonradiative and radiative lifetimes, respectively. Thus, in
order to have a high ηint, either the radiative lifetime should
be short (as in direct bandgap semiconductors) or the non-
radiative lifetime should be long (as in color center systems).

The property of amplifying light is given by the gain
spectrum of the material. For a bulk semiconductor, it
is related to the joint density of states ρ(�ω), the Fermi
inversion factor fg(�ω), and the radiative lifetime:

dΦ(�ω) = drstim(�ω)− drabs(�ω)

= λ2

8πτr
ρ(�ω) fg(�ω)Φ(�ω)dz

= g(�ω)Φ(�ω)dz,

(1)

where g(�ω) is the gain coefficient, dΦ is the change in the
photon flux, drstim or drabs is the rate of stimulated emission
or absorption at a given photon energy �ω, respectively,
fg(�ω,Ee

F ,Eh
F ,T) = [ fe(�ω,Ee

F ,T) − (1 − fh(�ω,Eh
F ,T))], fe

and fh are the thermal occupation functions for electrons
and holes, and Φ is the photon flux density. Ee

F and Eh
F are

the quasi-Fermi levels for electrons and holes, respectively.
When no external pumping is present, the Fermi inversion
factor reduces to the simple Fermi statistics for an empty
conduction band and a filled valence band ( fg < 0), and the
gain coefficient reduces to the absorption coefficient α. When
an external pump excites a large density of free carriers,
the splitting of the quasi-Fermi levels increases, and when
Ee
F − Eh

F > �ω the condition of population inversion is
satisfied and fg > 0. This means that (1) is positive and hence
the system shows positive net optical gain (g > 0). Note that
in (1) a critical role is played by the radiative lifetime: the
shorter the lifetime, the stronger the gain.

For an atomic system, the expression of the gain coeffi-
cient reduces to

g(�ω) = σem(�ω)N2 − σabs(�ω)N1, (2)

where σem is the emission cross-section, σabs is the absorption
cross-section, and N2 and N1 represent the density of active
centers in the excited and ground states, respectively. If σem =
σabs, the condition to have positive optical gain is that N2 >
N1, that is, the condition of population inversion.

If a piece of active material of length L is used to amplify
light, one achieves light amplification whenever the material
gain g is positive and larger than the propagation losses αp of
the light through the material, that is, g > 0 and g > αp. If
the system is forged as a waveguide of length L, and we call
IT and I0 the intensity of the transmitted and the incident
beams, the amplification factor of the light is then

G = IT
I0
= exp

[(
Γg − αp

)
L
]
> 1, (3)

where Γ is the optical confinement factor of the optical mode
in the active region.

In a laser, optical feedback is usually provided by a Fabry-
Perot cavity so that the round-trip gain (the overall gain
experienced by a photon traveling back and forth across the
cavity) can be larger than 1. This condition is expressed by
the relation G2R1R2 > 1, where R1 and R2 are the back and
front mirror reflectivities.

3. LIMITATION OF Si FOR LIGHT EMISSION
AND AMPLIFICATION

Among the various semiconductor materials which have
been used to form LEDs and lasers, the absence of Si
is striking. Let us review why Si has not been used as
a light-emitting material [4, 5, 7, 8]. Si is an indirect
bandgap semiconductor (see Figure 1). As a consequence,
the probability for a radiative recombination is low, which in
turn means that the e-h radiative lifetime is long (of the order
of some milliseconds). An e-h pair has to wait on average a
few milliseconds to recombine radiatively. During this time,
both the electron and the hole move around and cover a
volume of the order of 10 μm3. If they encounter a defect or a
trapping center, the carriers might recombine nonradiatively.
Typical nonradiative recombination lifetimes in Si are of the
order of some nanoseconds. Thus, in electronic grade Si, the
internal quantum efficiency ηint is about 10−6. This is the
reason why Si is a poor luminescent material, that is, the
efficient nonradiative recombinations which rapidly deplete
the excited carriers. Many strategies have been researched
over the years to overcome this Si limitation, and some
of which are based on the spatial confinement of the
carriers, and others on the introduction of impurities, the
use of quantum confinement, and the use of Si-Ge alloys or
superlattices [4]. The fact that a slow emission, that is, a long
radiative lifetime, is also associated with low brightness of the
source and with the requirement of an external modulation
scheme for high-speed data transmission is to be noticed.

In addition, two other phenomena limit the use of Si
for optical amplification (see Figure 1). The first is a non-
radiative three-particle recombination mechanism where an
excited electron (hole) recombines with a hole (electron)
by releasing the excess energy to another electron (hole).
This is called nonradiative Auger recombination mechanism
(Figure 1). This recombination mechanism is active as soon
as more than one carrier is excited. The probability of an
Auger recombination is proportional to the square of the
number of excited carriers Δn and inversely proportional to
the bandgap energy [12]. For our discussion, this is a very
relevant mechanism because the more excited the semicon-
ductor is, the more the Auger recombination is effective. The
probability for an Auger recombination in a bulk material is
proportional to Δn2; we can thus write a nonradiative recom-
bination lifetime due to Auger as τA = 1/CΔn2, where C is a
constant which depends on the doping of the material. For Si
C ∼ 10−30 cm6 s−1 [7]. For Δn ∼ 1019 cm3, τA =10 nanosec-
onds. The Auger recombination is the dominant recombina-
tion mechanism for high carrier injection rate in Si.

The second phenomenon is related to free-carrier
absorption (see Figure 1). Excited carriers might absorb
photons and thus deplete the inverted population and, at
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Figure 1: Band structure of bulk Si with the various possible
transitions for an electron-hole pair: radiative recombination,
Auger recombination, and free-carrier absorption.

the same time, increase the optical losses suffered by the
signal beam. The free-carrier absorption coefficient can be
empirically related to the Si free-carrier density n f c and to
the light wavelength λ as αn ∼ 10−18n f cλ2 at 300 K [7]. For
n f c= 1019 cm−3 and λ = 1.55 μm, αn = 24 cm−1. For heavily
doped Si, these are the main limitations to lasing, while for
intrinsic Si this contribution can be exceedingly small unless
n f c is very high as in a laser. In confined systems, such
as Si nanocrystals, this recombination mechanism is due
to confined carriers, and hence it is called confined carrier
absorption.

4. APPROACHES TO Si LIGHT-EMITTING SOURCES

In early 2000’s, a series of papers appeared, which questioned
the common belief that Si cannot be used to form a laser [13–
19]. In October 2004, the first report on an Si laser appeared
[20–22], while in February 2005 the first CW Raman laser
integrated in Si was reported [23–25]. Hybrid approaches
became effective in 2006-2007 [9]. We summarize the most
relevant approaches towards light emission in Si in the
following list.

High-quality bulk Si inserted in a forward biased
solar cell. This approach has a demonstrated emis-
sion wavelength of 1.1 μm, and its system features
include LED. The advantages of such approach are
demonstrated through a power efficiency of >1%
at 200 K and through the highly efficient electrical
injection, and the disadvantages are demonstrated
by a wavelength in an unsuitable wavelength region.

Evidence of optical gain has never been reported in Si
[15, 26].

Stimulated Raman scattering in Si waveguides. The
demonstrated emission wavelength of such system is
1.6 μm, and its system features include CW optically
pumped Raman laser. Its advantages are demon-
strated by the fact that it is the only system where
lasing has been clearly demonstrated in a cavity, and
the continuously tunable wavelength in near infrared.
The disadvantage is that no electrical injection is
achievable according to fundamental mechanism [24,
25].

Nanopatterned Si. The demonstrated emission wave-
length of the system is 1.28 μm, and its system fea-
tures include optically pumped stimulated emission
at cryogenic temperature. The advantages include
significant line narrowing and threshold behaviour at
low pumping power, and the disadvantages are man-
ifested by a wavelength in an unsuitable wavelength
region, and the fact that the effect is demonstrated
only at cryogenic temperature and that electrical
injection seems prohibitive [16].

Dislocation loops formed by ion implantation in an Si
p-n junction. The demonstrated emission wavelength
is 1.1 μm. The system features include LED with a sig-
nificant efficiency. The advantages are demonstrated
through simple fabrication method and efficient
electrical injection, and the disadvantages through a
wavelength in an unsuitable wavelength region. The
evidence of optical gain has never been reported in Si
[27].

Si nanocrystals in dielectric (SiO2) matrix. The sys-
tem’s demonstrated emission wavelength is 0.75 μm,
and its system features include optical gain at room
temperature and efficient LED demonstrated in AC
electrical pumping regime. The advantages lie in the
fact that it is CMOS-compatible and easy to fabricate,
as well as its demonstrated optical microcavity and
electrical injection scheme (AC). The disadvantages
lay in the fact that a wavelength does not match
standard optical communication, and that efficient
bipolar electrical injection has not been yet achieved
[13, 28].

Er coupled to Si nanocrystals in a dielectric. The
demonstrated emission wavelength is 1.535 μm. The
system features include internal gain demonstrated in
waveguides. The advantages lie in the fact that it is
CMOS-compatible and easy to fabricate, in addition
to its demonstrated optical cavity and wavelength
being suitable for optical communication. The disad-
vantages lie in the fact that overall gain has not been
yet demonstrated in waveguides, and that efficient
electrical injection has not been yet achieved [29].

Strained germanium on Si. The system’s demon-
strated emission wavelength is 1.55 μm. The system
features are demonstrated by a theory being able to
predict high gain. The advantages lie in the fact that
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Figure 2: Summary of the results of the Australian group on a bulk Si LED. (a) Sketch of the LED geometry. (b) Luminescence spectrum
(red), absorption spectrum (green), power efficiency versus injected electrical power density (blue), and I-V characteristics (inset) at room
temperature, adapted from [15, 26].

it is easy to fabricate and has a wavelength suitable
for optical communication. The disadvantages are
manifested by the fact that no experiments are in
support of the theory till now [30].

On considering the CMOS compatibility, one should
mention that annealing procedure to nucleate the Si
nanocrystals requires high temperatures (usually in excess
of 1000◦C). In a CMOS run, such high-temperature steps
can only be introduced at the beginning of the process. This
implies that the standard CMOS steps are to be performed
after the nanocrystal fabrication. While this is an obviously
tight constraint, compatibility with standard CMOS is in
principle possible within this limitation. Otherwise one
needs to consider other kinds of processing such as layer
bonding.

4.1. Bulk Si light-emitting diodes

The common belief that bulk Si cannot be a light-emitting
material has been severely questioned in a series of recent
works. An Australian group noticed that top-quality solar
cells are characterized by extremely long carrier recombi-
nation lifetimes of the order of some milliseconds. That is,
the recombination lifetime is of the order of the radiative
lifetime; hence ηint is of the order of 1. Then, if the solar cell
is biased in the forward regime instead of the usual reverse
regime, the solar cell could behave as a very efficient light-
emitting diode [15, 26].

Figure 2 shows a schematic of the device and a room
temperature emission spectrum. To increase the light extrac-
tion efficiency, the LED surface was texturized so that most
of the internally generated light was impinging on the
external surface of the cell with an incident angle lower
than the critical angle for total internal refraction. Thus,
the light extraction efficiency was increased from a few

% being typical of a flat surface to almost 100% for the
texturized LED. Finally, to reduce free-carrier absorption to a
minimum, the electrodes, that is, the heavily doped regions,
were confined in very thin and small lines. By using these
three practices, a plug-in efficiency (ratio of the optical power
emitted from the LED to the electrical driving power) larger
than 1% at 200 K was achieved. Most interestingly, the turn-
on voltage of the device was the same as the forward bias of
the solar cell, that is, less than 1 V.

The same research group published also a theoretical
paper [31], which questioned one common belief that indi-
rect bandgap materials could not show optical gain because
of parasitic absorption processes due to free carriers [32].
Indeed they demonstrated that optical gain is theoretically
possible, and pointed out that the most suitable energy
region is the sub-bandgap region where processes involving
photons could help in achieving gain.

These theoretical arguments have been partially con-
firmed in a recent study where stimulated emission has
been observed (see Figure 3) [33]. As the limit to efficient
light generation in Si is the short nonradiative lifetime, the
idea was to avoid carrier diffusion and to spatially localize
free carriers in a small device region where nonradiative
recombination centers can be easily saturated.

Carrier localization was achieved by spin-on doping of
small silica nanoparticles at the junction of a p-n diode
(Figure 3) [33]. The current-voltage I-V characteristic of the
diode shows rectifying behavior with a clear threshold in
the light-current L-I characteristic. A change from a broad
emission spectrum characteristic of band-to-band emission
below threshold to sharp peaks due to stimulated emission
above threshold is observed too. Stimulated emission is
observed for a two-phonon indirect transition as it was
theoretically predicted. Furthermore, when the injection
current significantly exceeds the threshold, a single peak
dominates. All these results are very encouraging since
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the proposed systems have excellent electrical qualities as
they are p-n junctions. One puzzling question is about the
reproducibility of this work since no other papers were
appearing after this result. The crucial question about the
nature of the stimulated emission (bulk- or defects-related)
is still unanswered.

Recently, another report of stimulated emission in bulk Si
has appeared [16]. Nanopatterning of a thin Si on insulator
layer allows to have a large effective Si surface, where a sizable
density of A’ centers could pile up. These defect centers are
believed to play the role of active optical centers which can be
optically inverted. Indeed, very convincing experimental data
of gain in these nanopatterned films have been reported. The
major caveat is that the gain is vanishing as the temperature
is raised; sizable gain is observed only for temperatures lower
than 80 K.

Strong efficiency improvement of electroluminescence
has been independently reported by two groups. They have
used carrier confinement in extremely thin Si layers (few
nm). In one work [17], lateral p+-p-n+ junctions have been
developed where the p-layer has been thinned down to
5 nm. Electroluminescence peaked at 1130 nm due to carrier
confinement in the thin p-region, and an efficiency of 1.4 ×
10−4 was reported (0.1 μW optical power for mA injection
current). In another approach [18, 19], a light-emitting field-
effect transistor with lateral p-n junction was used to inject
carrier into an active layer made by ultrathin intrinsic Si
layer, thinned down using LOCOS processing. Performances
similar to the one shown in [17] have been achieved.

4.2. Optical gain in Si nanocrystals

Another interesting approach to form light emitters and
amplifiers in Si is to use small Si nanoclusters (Si-nc)
dispersed in a dielectric matrix, most frequently SiO2 [4].
With this approach, one maximizes carrier confinement,
improves the radiative probability by quantum confinement,

shifts the emission wavelength to visible and controls the
emission wavelength by Si-nc dimension, decreases the
confined carrier absorption due to the decreased emission
wavelength, and increases the light extraction efficiency
by reducing the dielectric mismatch between the source
materials and the air. Various techniques are used to form
Si-nc whose size can be tailored in the few nm range
(Figure 4).

Starting with an Si rich oxide, which can be formed
by deposition, sputtering, ion implantation, cluster evapo-
ration, and so on, a partial phase separation is induced by
thermal annealing. The duration of the thermal treatment,
the annealing temperature, the starting excess Si content are
all determining the final sizes of the clusters, their dispersion
in size which can be significant, and the Si-nc crystalline
nature. The size dispersion is usually claimed as the source
of the broad emission lineshape that at room temperature
is typical of the Si-nc emission spectra. In addition to size
dispersion, both size-selected deposition [34] and single Si-
nc luminescence experiments [35] demonstrate that Si-nc
emission is intrinsically broad due to the indirect nature of
the emission. The active role of the interface region in deter-
mining the optical properties of Si-nc has been highlighted in
a joint theoretical and experimental paper [36]. The origin
of the luminescence in Si-nc is still unclear; many authors
believe that it comes from confined exciton recombination
in the Si-nc [37], while others support a defect-assisted
recombination mechanism where luminescence is due to
recombination of carriers trapped at radiative recombination
centers which form at the interface between Si-nc and the
dielectric [38] or even in the dielectric [39]. One candidate
for these centers is the silanone bond which is formed by
double Si–O bonds [40]. The most probable nature of the
luminescence in Si-nc is a mechanism which involves both
recombination paths: excitons at about 800 nm and trapped
carriers on radiative interface state, which form in small
sized nanocrystals, at about 700 nm. Indeed, passivation
experiments show that the intensity and lineshape of the
emission can be influenced by exposition to hydrogen gas or
by further oxidation [41].

A number of papers reported observation of optical gain
in these systems [13, 42–49]. The observations of gain by
several different groups and on several differently prepared
materials make the observation solid. Figure 5 reports a
summary of the most relevant data taken on Si-nc formed
by plasma-enhanced chemical vapor deposition (PECVD)
[44, 45, 47]. Two techniques are reported here: the variable
stripe length method (VSL) which is sketched in the inset
of Figure 5 and is based on the one-dimensional amplifier
model [45], and the pump-probe technique which is based
on the probe amplification in presence of a high-energy
and high-intensity pump beam [47]. In the VSL method, by
varying the extent of the pumped region (whose length is
z), one measures the amplified spontaneous emission (IASE)
signal coming out from an edge of a waveguide whose core is
rich in Si-nc:

IASE(z) = Jsp(Ω)

g mod

(
eg mod z − 1

)
, (4)



6 Advances in Optical Technologies

Ion implantation
Chemical vapor deposition
Sputtering

Chemical synthesis
Laser ablation
Cluster deposition

Silicon rich oxide

Annealing

Partial phase separation

(a)

Interface region

Crystalline
silicon core

Amorphous
SiOx matrix

1–5 nm

Lu
m

in
es

ce
n

ce

500 1000

Wavelength (nm)

Passivation

More silicon
higher temperature

Si band-gap

Size shrinking

(b)

Figure 4: Si nanocrystals formation, structure, and luminescence spectrum.

where Jsp(Ω) is the spontaneous emission intensity emitted
within the solid angle Ω, and gmod is the net modal gain of
the material, defined as gmod = Γgm − α.

Data reported in Figure 5 show that the ASE intensity
increases sublinearly with the pumping length when the
pumping power is lower than a threshold. For pumping
power higher than threshold, the ASE signal increases more
than exponentially. This is a consequence of the pump-
induced switching from absorption (gmod < 0) to gain
(gmod > 0).

In addition, if time-resolved measurements are per-
formed (Figure 5(c)), [45] the ASE decay lineshape shows
two time regimes: a fast decay within the first nanosecond,
and a slow time decay with typical time constant of
few microseconds. It is well known that Si-nc has time
decay constant of some microseconds, so the appearance
of a nanosecond time decay is at first surprising. What is
important is the fact that the fast decay appears only if
the pumping power and the excitation volume are both
large. If one decreases the excitation volume at high power
or the pumping power at large excitation volume, the fast
decay disappears. This can be understood if the fast decay is
due to stimulated emissions. In fact, at high pumping rate,
three competitive paths open: stimulated emission, Auger
recombination, and confined carrier absorption. All of these
could be the cause of the fast decay. In particular, the Auger

lifetime τA and the confined carrier absorption lifetime τCC
can be modeled in an Si-nc by

τA = 1
CANex

, τCC = 1
2CCCNex

, (5)

where CA and CCC are coefficients, and Nex is the density of
excited recombination centers. Nex is directly proportional to
the pumping power and not to the pumping volume. Thus,
by decreasing the pumping length, the ASE lineshape should
be unchanged. On the other hand, by a simple rate equation
modeling [50], the stimulated emission lifetime τse turns out
to be

τse = 4
3
π(RNS)3 1

ξσgcnph
, (6)

where RNS is the average radius of the Si-nc, ξ is their packing
density, σg is the gain cross-section, and nph is the photon
flux density. Note that τse depends not only on the material
properties (RNS, ξ, σg) but also on the photon flux density
nph which exists in the waveguide. Also, nph depends in turn
on the waveguide losses, the Si-nc quantum efficiency, and
the pumping rates. In addition, if the sample shows gain, by
increasing the excitation volume, nph exponentially increases;
that is, τse decreases. τse shortens when either the pumping
length or the pumping power increases as both increase nph.
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Figure 5: Summary of various experimental proofs of gain in Si-nc. (a) Geometry used to measure the amplified spontaneous emission
(ASE); (b) ASE versus the pumping length for two pumping powers; (c) ASE time decay for the various pumping conditions indicated
in the inset (L is the pumping length); (d) luminescence, absorption, and gain spectra at room temperature for an Si-nc rich waveguide;
(e) transmission spectra for various pumping powers (the inset shows the experimental geometry used). Data have been redrawn from
[44, 45, 47].

It is important to note that calculations show that the Auger
lifetime in Si-nc is in the interval of 0.1–10nanoseconds
[51], which means that Auger recombination is a strong
competitive process which should be always considered. In
some Si-nc systems, due to either material problems or poor
waveguide properties or even both, Auger recombination
and confined carrier absorption might prevail, and no optical
gain could be observed.

Figure 5(d) shows a summary of the wavelength depen-
dence of the luminescence, absorption, and gain spectra
in a sample with 4 nm Si-nc [44]. It is seen that the gain
spectrum is on the high-energy side of the emission band
and that absorption is negligible in the region of gain and
luminescence. These facts suggest a four-level model to

explain the gain where the levels can be associated with
both different Si-nc populations or with a radiative state
associated with an Si=O double bond for which optical
excitation causes a large lattice relaxation of the Si=O
bond [52, 53] as in the silanone molecule. A recent paper
shows that oxide is needed to observe gain [54]. Indeed, Si
nanocrystals formed in Si nitride do not show gain, while Si
nanocrystals formed in Si oxide do show gain.

Pump-probe measurements were attempted with contra-
dictory results [47, 55]. Our group was able to show probe
amplification under pumping conditions (see Figure 5(e))
[47], while another group reported pump-induced absorp-
tion probably associated with confined carrier absorption
[55]. Literature results show that the confined carrier
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absorption cross-section σ f c in Si-nc is at least one order
of magnitude reduced with respect to bulk Si [56]: σ f c ≈
10−18 cm2 at 1.55 μm in P-doped Si-nc. This cross-section
should be further reduced at 700 nm due to the λ2 depen-
dence of the confined carrier absorption. Transmission
measurements of a probe beam through an Si-nc slab
deposited on a quartz substrate show the typical interference
fringes due to multiple reflection at the slab interfaces
(Figure 5). When the pump power is raised, the transmission
is increased and, at the maximum power used, net probe
amplification with respect to the input probe intensity in air
is observed in a narrow wavelength interval. Note that the
probe amplification spectrum overlaps the fast luminescence
spectrum measured by time-resolved technique. Based on
these results, design of optical cavity for an Si-nc laser has
been published [57].

In addition, very favorable results have been published
with respect to Si-nc-based LED, where turn-on voltage as
low as few volts can be demonstrated by using thin Si-nc
active layers [58]. Electroluminescence in these LEDs was
due to impact excitation of electron-hole pairs in the Si-
nc. Improvements in the electroluminescence efficiency have
been achieved by using Si nanocrystals dispersed within a
polymer matrix [59].

Another recent work reports on an FET structure where
the gate dielectric is rich in Si-nc [28]. In this way, by
changing the sign of the gate bias, separate injection of
electrons and holes in the Si-nc is achieved. Luminescence
is observed only when both electrons and holes are injected
into the Si-nc. By using this pulsing bias technique, high
efficiency in the emission of the LED is achieved due
to the copresence of electrons and holes. Channel optical
waveguide with a core layer rich in Si-nc shows optical losses
of only a few dB/cm mainly due to direct Si-nc absorption
and to scattering caused by the composite nature of the
guiding medium [60]. All these different experiments have
still to be merged into a laser cavity structure to demonstrate
an Si-nc-based laser.

4.3. Light amplification in Er-coupled Si nanoclusters

The radiative transitions in the internal 4f shell of erbium
ions (Er3+) are exploited in the erbium-doped fiber amplifier
(EDFA) [61], an all optical amplifier which has revolu-
tionized the optical communication technology. During the
nineties, several experimental efforts have been exerted in
order to develop an efficient and reliable light source by using
Er3+ in Si [4]. The idea was to excite the Er3+, which emits
1.535 μm photons, by an energy transfer from the electrically
injected e-h pairs in a p-n Si diode. The most successful
results have been shown by the demonstration of room
temperature emission with an external quantum efficiency
of 0.1% in an MHz modulated Er3+-doped Si LED [62]. The
main problem associated with Er3+ in Si is the back transfer
of energy from the Er3+ ions to the Si host, which causes a
lowering of the emission efficiency of the diode [63]. This is
due to a resonant level which appears in the Si bandgap due
to the Er3+ doping and which couples with the Er3+ levels. In
order to reduce this back-transfer process, it was proposed to
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σem
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Figure 6: Diagram of the excitation process of Er3+ ions via an Si-
nc, with the main related cross-sections. On the right, the main
internal energy levels of the Er3+ are shown.

enlarge the bandgap of the Er3+ host so that the resonance
between the defect level and the internal Er3+ levels is lost
[64]. Si-nc in an SiO2 dielectric were thus proposed as the
host [65]. Indeed, it turns out that Si-nc are very efficient
sensitizers of the Er3+ luminescence with typical transfer
efficiency as high as 70% and with a typical transfer time
of 1 microsecond [66]. In addition, the Er3+ are dispersed
in SiO2, where they found their most favorable chemical
environment. Quite interestingly, the transfer efficiency gets
maximized when the Si-nc are not completely crystallized
but still in the form of Si nanoclusters [67]. Some reports
claim even that the Er3+ can be excited through defects in the
matrix [68]. Still under debate is the number of Er ions that
can be excited by a single Si-nc: a few or many ions.

Figure 6 summarizes the various mechanisms, and
defines the related cross-sections for this system. Excitation
of Er3+ occurs via an energy transfer from photoexcited e-
h pairs which are excited in the Si-nc; the overall efficiency
of light generation at 1.535 μm through direct absorption in
the Si-nc is described by an effective Er3+ excitation cross-
section σexc. On the other hand, the direct absorption of
the Er3+ ions, without the mediation of the Si-nc, and the
emission from the Er ions are described by absorption σabs

and emission σem cross-sections, respectively. The typical
radiative lifetime of Er3+ is of the order of 1 millisecond,
with values as high as 7 milliseconds in carefully prepared
samples, which is similar to the one of Er3+ in pure SiO2 [69].
Figure 7(a) reports the luminescence and absorption spectra
measured in an Er3+-coupled Si-nc ridge waveguide at room
temperature [70, 71].

Table 1 summarizes the results for the various cross-
sections which are the results of an intensive study [72]. It
is important to note the five orders of magnitude increase
in σexe and the fact that this value is conserved also when
electrical injection is used to excite the Si-nc [73]. If one
places the Er3+ ions in an Si-nc ridge waveguide (see inset
of Figure 7(b)), one can perform experiments on signal
amplification at 1.535 μm with the aim of demonstrating an
Er-doped waveguide amplifier (EDWA). The main advantage
of an EDWA with respect to an EDFA is the reduced size,
the decreased pump power to achieve the same gain, and the
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Figure 7: (a) Absorption and luminescence spectra of an Er3+-coupled Si-nc waveguide. Adapted from [71]. (b) Signal enhancement at
1.535 μm in an Er3+-coupled Si-nc waveguide versus the pumping power density by using top pumping as shown in the inset. Adapted from
[74].

Table 1: Summary of the various cross-sections related to Er3+ coupled to Si-nc. These values are the results of the LANCER collaboration
[71].

Erbium absorption cross-section at 1530 nm σabs = 6.6 × 10−21 cm2

Erbium emission cross-section at 1530 nm σem = 5.7 × 10−21 cm2

Erbium effective cross-section at 470 nm σexc = 2 × 10−16 cm2

Erbium metastable level lifetime 3 ms

Erbium decay time 4I11/2 to 4I13/2 transition 2.38 μs

Upconversion coefficient Cup for NEr < 3× 1020 cm−3 7× 10−17 cm3/s

Si-nc absorption cross-section at 470 nm σSi = 2 × 10−16 cm2

Si-nc exciton lifetime τab 50 μs

Transfer coefficient Cb1 = 2× 10−15 cm3/s

wide spectrum range to optically pump the system. A few
groups have performed such an experiment [70, 71, 74–76].

The most successful result was reported in [76] (see
Figure 7(b)). In this work, a very low Si-nc concentration has
been used, and an internal gain of 7 dB/cm has been deduced.
A successful experiment of pumping the EDWA with LED
was also reported [76]. In other experiments, with a large Si-
nc concentration, no or weak signal enhancement has been
observed [70, 71, 75]. The reason is attributed to the presence
of a strong confined carrier absorption which introduces a
loss mechanism at the signal wavelength, and prevents the
sensitizing action of the Si-nc. Indeed, the energy transfer is
in competition with confined carrier absorption at the signal
wavelength (see Figure 6). A confined carrier cross-section
of 10−18 cm2 is usually assumed [66]. Propagation losses,
saturation of Er3+ excitation, upconversion, and confined
carrier absorption make the proper design of EDWA difficult,
where optical amplification can be observed. The most
relevant problem in the realization of an amplifier is related
to the fact that the coupling of Er with Si-nc is not complete.
Indeed, most of the reported works show that only up to 5%

of the Er ions are coupled to the Si-nc, while the other can
be excited only through direct Er absorption [72]. This is the
main problem limiting the achievement of a net overall gain
in the waveguide amplifier. In addition, a flux-dependent
effective excitation cross-section has been demonstrated due
to the distance-dependent coupling coefficient. Higher flux
yields lower excitation cross-section due to the saturation of
the strongly coupled ions. Thus, the main problem to obtain
overall gain with this system concerns the nanoengineering
of the material composition, allowing the production of
materials with a high density of small sized Si-nc coupled
effectively to all the Er ions in the system. The small size is
needed to minimize the confined carrier absorption, while
the high density is necessary to increase the coupling with
the Er ions [72]. Having obtained internal gain, electrically
injected LED [63, 77], and optical cavities [78], a laser
which uses the Er3+-coupled Si-nc system as active material
seems feasible. With this respect, it is worth noticing that
toroidal microcavities formed in silica doped with Er3+ have
demonstrated optically pumped lasing at room temperature
[79].
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5. CONCLUSIONS

After seven years from the first observation of optical gain
in Si nanocrystals, a first Si laser has been demonstrated,
though not using Si-nc but the Raman effect. Various
different approaches have been however suggested to achieve
electrically pumped lasing in Si. These cover a wide spectral
range from visible to infrared. These facts show that the
perspectives to achieve an injection laser in Si are nowadays
more solid than ever. We are quite optimistic that a laser will
be realized in the near future by using one of the various
approaches presented here.
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1. INTRODUCTION

Silicon photonics is a rapidly growing research field with
many important advances in recent years [1–9]. Primarily
motivated by the potential of high-integration density and
compatibility with mature CMOS technologies, silicon-
on-insulator (SOI) has been the main material platform
for silicon photonic waveguide components [1, 9]. Along
with these benefits, control and utilization of polarization-
dependent properties arise as a challenge, as well as open new
possibilities in advanced designs and functionalities [10–15].

Polarization-dependent properties have long been an
important issue in integrated optics systems. In applications
such as wavelength demultiplexing and high resolution
spectroscopy, the shift in channel wavelength with the
polarization state of the incoming optical signal often com-
promises the device spectral resolution [8]. One approach
to handle this issue is to produce devices with polarization
insensitive performance. In some cases this approach may
not be practical, and then polarization diversity may be
adopted where the signal is divided into orthogonal polar-
ization states using a polarization splitter and processed

separately. In this paper, we review the characteristics of
modal birefringence in SOI waveguides, with regard to
the two main sources of polarization anisotropy, namely,
the geometrical and the stress-induced birefringence [13,
16]. Design methodologies and experimental demonstra-
tions for using the stress-induced birefringence to achieve
polarization-insensitive arrayed waveguide gratings (AWGs)
[13, 17], polarization insensitive ring resonators [18, 19], and
zero-order AWG-based broadband polarization splitters [20]
are presented.

2. WAVEGUIDE BIREFRINGENCE:
GEOMETRICAL EFFECTS

In planar waveguides, the modal birefringence (the difference
in the effective index for the TM and TE polarizations
Δneff = nTM

eff − nTE
eff ) results from the combination of

geometrical, compositional, and stress-induced effects. In
low index contrast glass waveguides, the geometrical effect
is negligible and the birefringence is primarily controlled by
the residual stress in the waveguide layers. A large body of
research has been devoted to this subject, where the main
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Figure 1: Schematic cross-section of an SOI ridge waveguide.

goal is to reduce the stress anisotropy in the waveguide
core region by adjusting the thermal expansion coefficients
of the cladding and core layers or creating stress relief
features [21, 22]. In high-index contrast waveguides such as
SOI where the light confinement is strong, electromagnetic
boundary conditions dictated by the cross-section geometry
of the waveguides have the largest impact on the waveguide
effective index and consequently the birefringence. These
geometrical dependencies have been used to obtain single
mode waveguides with large cross-sections, and to adjust
the waveguide geometrical birefringence Δngeo to desired
values. In an SOI ridge waveguide as illustrated in Figure 1,
it is possible to minimize the birefringence by tailoring
the waveguide aspect ratio, particularly for waveguides with
relatively large cross-sections [10–13]. As the core size is
reduced, typically to ∼2 μm and less, it becomes increasingly
difficult to attain the designed birefringence values [13, 16,
17]. Since ridge dimensions also determine the number of
waveguide modes, the minimum usable bend radius, the
mode size, and the coupling between adjacent waveguides, it
is often impossible to meet these different design objectives
simultaneously.

As an example, Figure 2(a) (dashed lines) shows the
dependence of waveguide geometrical birefringence Δngeo

on the etch depth D for waveguides with vertical sidewalls,
ridge height H = 2.2 μm, and widths of 1.6 and 2.5 μm,
respectively. Results for waveguides under stress (solid lines)
will be discussed in Section 3. For a given waveguide width
W , the polarization degeneracy (Δngeo = 0) may be achieved
at a specific value of etch depth D. At the birefringence-free
point for W = 1.6 μm near D = 1.3 μm the change of Δngeo

with the fluctuation in the etch depth is ∼1.5 × 10−4 for
ΔD = ±10 nm. When W = 2.5 μm, Δngeo is less sensitive
to the fluctuations in the etch depth (∼2 × 10−5 for ΔD =
±10 nm near D = 1.5 μm), however the birefringence-free
condition cannot be achieved. To reduce the birefringence
below the level required for the state-of-the-art photonic
devices (Δneff < 10−4) by selecting and attaining the ridge
aspect ratio W/D, dimension control on the order of 10 nm
is required for these waveguides [13, 16, 17], which is very
difficult in fabrication.

The effect of changing the waveguide width on the
geometrical birefringence Δngeo is shown in Figure 2(b)
(dashed curves), for sidewall angles of 90◦ and 54◦,
which represent the profiles typically obtained by dry and

anisotropic wet etching, respectively. Waveguide sidewall
angles strongly affect the mode properties, especially as the
sidewall approaches vertical. With decreasing ridge width for
θ = 90◦, Δngeo shifts towards positive values initially, until the
waveguide is so narrow that the modes mainly reside in the
etched slab section and the birefringence changes to negative
values rapidly. The birefringence of a trapezoidal ridge
waveguide is less susceptible to changes in the ridge geometry
(width and etch depth) as compared to a rectangular
waveguide (i.e., θ = 90◦) with similar cross-section area,
as can be observed from the data for a sidewall angle of
54◦ shown in Figure 2(b). The geometrical birefringence,
however, remains negative for the entire waveguide width
range. For the rectangular waveguides, an optimal width
can be found to satisfy the birefringence-free condition
(zero birefringence at W∼2 μm). Detailed discussions on the
influence of geometrical parameters can be found in previous
publications [16, 17].

Even though waveguide geometries satisfying both the
single-mode and birefringence-free conditions can be found
in principle, it is important to be able to implement
the designs using existing fabrication technologies. Using
contact-print lithography, waveguide-width variations on
the order of 100 nm can be expected. Using state-of-the-
art high resolution lithography methods such as e-beam
direct write or deep UV steppers, dimensional control on
the order of 10 nm is possible but still very challenging.
These techniques, however, are expensive and are not widely
available. Because it is difficult to precisely control the
waveguide dimensions due to limitations of the fabrication
techniques, methods of controlling birefringence other than
modifying waveguide geometries are desirable.

3. PHOTOELASTIC EFFECT AND
THE STRESS-INDUCED BIREFRINGENCE

Cladding layer such as silicon dioxide is usually deposited
or grown at elevated temperatures on the silicon substrate.
A (compressive) stress is often found in the silicon dioxide
(SiO2) films, due to the different thermal expansion coeffi-
cients of Si (3.6 × 10−6 K−1) and oxide (5.4 × 10−7 K−1) as
well as intrinsic stress that may exist in the oxide film. When
a material is subjected to a stress, the material refractive
index is altered due to the photoelastic effect. The stress-
induced changes in the material refractive index are given by
[13, 14, 23]

nx − n0 = −C1σx − C2(σy + σz),

ny − n0 = −C1σy − C2(σz + σx).
(1)

Here σi (i = x, y, z) is the stress tensor, ni is the material
refractive index in the corresponding directions, n0 is the
(isotropic) refractive index in the absence of stress, and C1

and C2 are the stress-optic constants. If a stress (tensor)
with axial anisotropy is imposed on an originally optically
isotropic material, a material birefringence is induced:

ny − nx = (C2 − C1)(σy − σx). (2)
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Figure 2: (a) Calculated modal birefringence Δneff for waveguides with H = 2.2 μm. (a) Δneff in ridge waveguides with vertical sidewalls
(θ = 90◦) as a function of etch depth D. Waveguide width W = 1.6 and 2.5 μm, cladding thickness tc = 0.7μm, and film stress σfilm =
−100 MPa. (b) Δneff in vertical (θ = 90◦) and trapezoidal (θ = 54◦) waveguides as a function of the ridge top width W1, for D = 1.5 μm,
tc = 0.7μm, and σfilm = −300 MPa. The dashed curves show the geometrical birefringence Δngeo (i.e., in the absence of stress), the solid
curves show Δneff including both the geometrical and stress-induced components.

Table 1: Stress-optic constants of some materials.

Material λ (μm) C1 (10−12 Pa−1) C2 (10−12 Pa−1)

Si 1.15 −11.04 4.04

Silica 0.633 0.65 4.5

GaAs 1.15 −18.39 −10.63

Stress-optic constants of silicon and glass are listed in Table 1,
as well as those of GaAs for comparison.

The stress-induced material birefringence in turn causes
a stress contribution Δns to the modal birefringence. The
total modal birefringence can be expressed as Δneff = nTM −
nTE = Δngeo + Δns. The stress distributions in an SOI ridge
waveguide are shown in Figures 3(a) and 3(b), for SiO2 upper
and lower claddings under a compressive stress of σfilm =
−320 MPa (σfilm is the in-plane stress component in the
uniform cladding film far from the ridge), calculated using a
finite-element multiphysics solver (FEMLAB). The primarily
in-plane stress (Figure 3, x-direction) in the oxide film com-
presses the Si ridge and results in a compressive stress in the
x-direction (Figure 3(a)) and a higher tensile stress in the y-
direction (Figure 3(b)) in the silicon core. For the waveguide
example shown in Figure 3, σx ≈ −70 MPa and σy ≈
180 MPa at the waveguide center. This stress anisotropy is the
fundamental reason for the stress-induced birefringence. The
corresponding local material birefringence (ny−nx) is shown
in Figure 3(c), with values as large as 4 × 10−3. These modi-
fications in the material index cause the modal index nTM

eff to
increase and nTE

eff to decrease with the oxide thickness and the
stress level (Figure 4(a)). The corresponding stress-induced
birefringence thus can be controlled with two parameters:

the oxide thickness tc and the film stress level σfilm, as
shown in Figure 4(b). The stress-induced index variations
resulting from commonly used oxide cladding films are
of comparable magnitude to the geometrical birefringence
found in typical SOI ridge waveguides. Depending on the
specific value of the geometrical birefringence Δngeo, the
total modal birefringence may be designed to be zero or
other desired values. Figure 5 shows the calculated results for
maximum birefringence that can be induced by a cladding
with σfilm = −300 MPa in waveguides with 2 μm ridge height
and different aspect ratios. These characteristics are the bases
for stress engineering in SOI waveguides, and they can be
advantageously employed in many applications.

4. EXPERIMENTAL IMPLEMENTATIONS

In the following, we present several examples of using
stress engineering for the control of polarization-dependent
properties of SOI waveguide devices. First, we present
polarization insensitive AWG demultiplexers, where the
birefringence in the waveguide array is eliminated by the
proper selection of the oxide cladding stress and thickness
[13, 17]. Then we introduce polarization insensitive ring
resonators using multimode interference (MMI) couplers
to achieve polarization insensitive coupling between the
bus waveguide and the ring cavity [18, 19]. Stress-induced
birefringence is used to compensate the round-trip phase
difference between the two polarizations. The last example
is a polarization splitter in a zero-order AWG configuration,
where a prism-shaped oxide patch is placed in the arrayed
waveguide section to disperse the TE and TM modes into
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separate output waveguides. Since this AWG operates at near
zero-order, broadband performance is achieved [20].

4.1. Polarization-independent AWGs

In AWGs, the polarization-dependent wavelength shift Δλ =
λTM−λTE mainly arises from the birefringence of the arrayed

waveguides and can be expressed as Δλ ≈ λΔneff/ng, where
ng is the waveguide group index and λ is the operating wave-
length in vacuum. The AWGs used for this demonstration
of polarization compensation using stress engineering were
made on SOI substrates with a silicon thickness of 2.2 μm,
with 9 output channels spaced at 200 GHz, and centered at
1550 nm [8, 13, 17] (see Figure 6(a)). The arrayed waveguide
gratings of order 40 were formed by 100 waveguides of width
2 μm. Waveguides were produced using both wet and dry
etching methods, yielding ∼54◦ and nearly vertical sidewall
angles, respectively. Waveguide birefringence simulations
were performed using measured waveguide dimensions.
Upper cladding oxide films of different thicknesses were
deposited at ∼400◦C using PECVD, with a film stress of
σfilm = −320 MPa in the blank films, measured from wafer
bowing. Figure 6(b) shows the calculated and measured
dependence of Δλ on the cladding thickness tc, for both
trapezoidal and rectangular waveguides. Calculated results
agree well with experiments for both types of waveguides,
showing that Δλ can be modified over ∼2 nm wave-
length range [16]. Figures 6(c) and 6(d) show the TE
and TM spectra of a wet-etched AWG before and after
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Figure 6: (a) Optical image of a fabricated AWG. (b) Polarization-dependent wavelength shift Δλ as a function of the cladding thickness tc,
for AWGs fabricated using wet (waveguide top width W1 = 1.1 μm and bottom width W2 = 3.8 μm) and dry (W1 = 1.85 μm and W2 = 2.0μm)
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polarization compensation. The adjacent channel cross-talk
is less than −25 dB. The noncompensated AWG device has
a polarization-dependent wavelength shift of Δλ∼0.6 nm
(Figure 6(c)), arising from the geometrical birefringence of
Δngeo∼−1.3×10−3 in the arrayed waveguide. With an oxide
upper cladding film of −320 MPa in stress and 0.6 μm in
thickness, the Δλ was then reduced to below 0.04 nm for all
channels (corresponding to Δneff < 1 × 10−4) (Figure 6(d)).
The polarization dependent loss (PDL) was also found to be
negligible in these devices after the compensation.

4.2. MMI-coupled polarization-independent
ring resonators

We also applied the stress engineering technique to achieve
polarization-insensitive ring resonators [18, 19]. Ring res-

onators have been used as the building blocks in applications
including add-drop, switching, modulation, and sensing
[24–27]. However, polarization sensitivity is often an obsta-
cle that limits their practical use [12, 15, 18].

The power transmission in the bus waveguide of a single
coupler ring resonator (Figure 7(a)) can be obtained by a
generalization of the ring resonator equations to incorporate
the coupler loss [18, 28]:

|T|2 = α2
MMI

[
α2 − 2 αt cosφ + t2

1− 2 αt cosφ + α2t2

]
, (3)

where φ is the total round trip phase accumulation, and
α2 = α2

MMI·α2
ring is the combined power loss factor including

both the ring loss and the coupler loss. The self-coupling
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coefficient t2 is the ratio of power transfer from the
input to the output port 1 of the multimode interference
(MMI) coupler, as indicated in Figure 7(b). The resonance
extinction ratio is maximum at α2 = t2, which is referred
to as the critical coupling condition. A series of transmission
minima occur at wavelengths λm for which the round-trip
phase accumulation is integer multiple of 2π. It is apparent
that a polarization dependence in the coupling coefficient t
and/or the loss factor α lead to different resonance quality
factors and linewidths for TE and TM input polarizations. If
the waveguides are birefringent, the round trip phase accu-
mulation φ varies with the polarization, and the resonance
wavelengths and free spectral range (FSR) are polarization
sensitive. To achieve polarization independence in a ring
resonator, all these factors need to be addressed.

Polarization-independent ring resonator designs using
directional couplers have been investigated [12], but showed
long coupler length and very stringent fabrication require-
ments. We proposed the use of MMI couplers to achieve
polarization-independent light transfer between the res-
onator bus and the ring waveguides (Figures 7(a) and 7(b)).
For simplicity, we have chosen the commonly used 2 × 2
restricted interference coupler with a 50 : 50 splitting ratio
between the two output ports [29]. The coupler width is
WMMI = 3D, where D is the center-to-center separation
between the access waveguides (Figure 7(b)). The resonators
are designed with the following ring and access waveguide
dimensions: ridge height H = 1.5 μm, width W = 1.5 μm and
1 μm, and etch depth H − h = 0.9 μm. A separation of D =
2.5 μm between the access waveguides is used in the MMI
design, based on the considerations of a compact footprint
and ease of fabrication, yielding an MMI width of WMMI

= 7.5 μm. The quality factor of a resonator is determined
by the coupler splitting ratio and the loss in the resonator
cavity. MMI designs with variable splitting ratios have been
proposed and demonstrated by other groups and may be
used for high-quality factor resonators [30, 31].

The optical field distribution in the 2 × 2 MMI coupler
is shown in Figure 8(a), while Figure 8(b) shows the MMI
coupler transfer characteristics in terms of the normalized
power coupled to the fundamental mode in ports 1 and 2,
respectively, as a function of the coupler length. For each
polarization, a splitting ratio close to 50 : 50 is achieved
over the range of coupler length LMMI from 82 to 86 μm,
with a coupler imbalance of ≤0.05 dB. The combined power
in the two outputs is the total transmitted power α2

MMI,

which indicates the loss through the coupler (with α2
MMI

= 1 being lossless). The optimum coupling length differs
by ∼2.5 μm (or ∼3%) between the two polarizations. As
a first approximation, a coupler length of LMMI = 84 μm
at the crossing point is used in all our resonator designs,
where a similar excess loss of ∼−0.2 dB is found for both
polarizations. This choice is based on the assumption that
losses from all other mechanisms are similar for TE and
TM, which is not necessarily the case. In addition to the
coupler excess loss, there are several other mechanisms
contributing to the overall resonator loss. For example, the
waveguide propagation loss due to scattering depends on the
optical mode overlap with the roughness at the waveguide
boundaries and is generally polarization dependent. This loss
is proportional to the propagation distance, and therefore to
the cavity length of a ring resonator. Another source is the
radiation loss in waveguide bends, as well as possible losses
at discontinuities such as the junctions between the straight
and curved waveguides. These factors need to be considered
in the device design, and detailed discussions can be found
in [19].

Since the stress in SOI waveguides caused by the cladding
layer can be used effectively to control the birefringence over
a wide range, it can be applied to eliminate the polarization
dependence in the ring phase accumulation φ. The phase
change in the MMI section is 2πnMMI

eff LMMI/λ, plus a constant
correction factor which is a multiple integer of π/2 [32].
Since the stress-induced birefringence in the ring waveguide

Δn
ring
s is much larger than that in the wider MMI section

[16] (i.e., ΔnMMI
s � Δn

ring
s ), the difference in the phase

accumulation Δφ between TM and TE polarizations can be
expressed as [18]:

Δφ = 2π
λ

[
ΔnMMI

geo LMMI + Δn
ring
geo L1 + Δn

ring
s L1

]
. (4)

Here L1 is the total length of the narrower ring waveguide
sections, L1 = L − LMMI = 2πR + LMMI. Figure 9 shows
the ring resonator phase difference Δφ = φTM − φTE

as a function of the oxide cladding thickness for two
cladding stress levels. Obviously, various combinations of
cladding stress and thickness can be found to adjust Δφ to
zero.

We have fabricated MMI-based ring resonators in
SOI wafers with 1.5 μm thick silicon at the Canadian
Photonics Fabrication Center (CPFC). SEM images of a
fabricated device are shown in Figures 10(a) and 10(b).
Standard inhouse PECVD process produces oxide films with
−250 MPa stress. Measured transmission spectra for a MMI-
coupled ring resonator with a radius of 200 μm are shown
in Figure 10(c) for TE and TM polarizations. Over the 4 nm
scan range, the polarization-dependent wavelength shift is
below 2 pm, which is the laser scan step used in these
measurements. The measured free spectral range (FSR) is
∼0.46 nm, and the quality factor is Q ∼ 15,000. Polariza-
tion insensitive operation is achieved in these resonators,
demonstrating the effectiveness of the proposed method for
polarization control.
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4.3. Broadband polarization splitter in a zero-order
AWG configuration

Stress-induced effects can also be used to produce high level
of birefringence in selected waveguide areas. Since the stress-
induced index modifications are several orders of magnitude
smaller than the core-cladding refractive index contrast in
SOI, the effect of a SiO2 cladding on mode shape is negligible.
Thus there is little mode mismatch loss or polarization-
dependent loss at the junctions between waveguide sections
with and without the cladding. Figure 11 shows a zero-
order AWG where all of the arrayed waveguides have

identical geometrical path lengths [20]. A triangular patch
of oxide cladding is placed in the arrayed waveguide section
with a constant length increment ΔL between the adjacent
waveguides. The stress in the waveguide cladding induces a
polarization-dependent phase difference in the light signal
propagating in the waveguide array (see Figure 4(a)), causing
a polarization-dependent tilt in the phase front of the light
in the free propagation region (FPR) (see Figure 11(b)).
Since all waveguides have the same physical length, the phase
difference for light propagating in the adjacent waveguides
of the arrayed section depends solely on the cladding stress-
induced index change and the patch-length increment. Since
the stress-induced index change in the TE and TM polar-
ization modes has opposite signs for silicon waveguides, the
two modes are spatially displaced in the opposite directions
in the focal region relative to the free propagation region
centerline, as shown in Figure 11(b). With proper placement
of the two receiver waveguides along the focal plane, the two
polarizations are spatially separated.

Zero-order AWG-based polarization splitters were
designed and fabricated on SOI wafers, with a 2.2 μm thick
silicon core layer. The deposited oxide cladding film had a
thickness of 1 μm, and the measured cladding film stress
was approximately −340 MPa. The overall device size is
∼12 mm × 4 mm. Figure 12(a) shows several fabricated
AWG devices with triangular cladding regions of varied
patch sizes. Based on the measured cladding film stress
and thickness, the cladding patch-length increment ΔL
between the adjacent waveguides was set to 16.4 μm to
produce the required polarization-dependent phase front tilt
at the output of the waveguide array. Since stress-induced
effects do not vary with wavelength appreciably, and the
AWG operates close to zero order, the performance of the
splitter is expected to be wavelength independent over
a large application bandwidth, which was experimentally
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confirmed. The measured extinction ratio of the polarization
splitter was better than −10 dB for both output polarizations
over the entire tuning range of our laser (1465–1580 nm).
Figure 12(b) shows the measured polarization splitter
transmission for a wavelength range of λ = 1537 to 1557 nm.
Over this range, the splitter extinction ratio is <−15 dB.
The best extinction ratio achieved was −20 dB. Similar
birefringence modification method was also applied in
a Mach-Zehnder interferometer configuration to form
polarization splitters and filters [33].

5. SUMMARY

We have reviewed the stress-induced modifications of the
waveguide effective index for the TE and TM modes and
the associated birefringence which are important for a wide
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range of commonly employed SOI waveguide geometries.
The significance of these stress-induced effects is now being
recognized in the research community and applied in com-
ponent development. If not taken into consideration, these
effects can lead to large deviations in device characteristics
from the designed specifications. Fortunately, the use of
cladding stress to correct the waveguide birefringence allows
a considerable degree of freedom in designing SOI waveg-
uides to meet other performance criteria such as relaxed
dimensional tolerance, reduced loss at waveguide bends,
and overall improved device performance. This technique is
simple to implement, and there are no additional process
steps required other than the conventional cladding layer
deposition. The stress-induced modifications to the effective
index in SOI waveguides are readily controlled by the stress
level and the thickness of the upper-oxide cladding. We have
demonstrated that cladding stress engineering can be used
to achieve polarization insensitivity in AWGs, spectrometers,
and ring resonators, leaving the freedom of optimizing
the waveguide geometry for considerations other than the
birefringence. Since the effect of the SiO2 cladding on the
mode profile is negligible, there is little mode mismatch
loss or polarization-dependent loss at the junctions between
waveguide sections with and without the cladding. There-
fore, tailored cladding patches can be applied at discrete
locations in a planar waveguide circuit with negligible
insertion loss and PDL penalty, as we demonstrated in the
example of a broadband polarization splitter. The applica-
tions of cladding stress-induced effects can be envisioned in a
variety of situations to enhance device functionality, simplify
fabrication, and improve operation tolerance.
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1. INTRODUCTION

The progressive demand for the rapid and precise detection
of any type of substances has speed up the development of
a large variety of biosensors. For most of the applications,
it is desirable to have a compact biosensor with high
sensitivity, fast response, and able to perform real-time
measurements. These requirements can be achieved mainly
with optical sensors [1] due to the own nature of the
optical measurements that endow a great number of different
techniques, as emission, absorption, fluorescence, refrac-
tometry, or polarimetry. Among them, photonic biosensors
based on evanescent wave detection have demonstrated its
outstanding properties, such as an extremely high sensitivity
for the direct measurement of biomolecular interactions, in
real time and in label-free schemes [1].

In the evanescent wave detection, a receptor layer is
immobilized onto the core surface of the waveguide. The
exposure of the functionalized surface to the complementary
analyte molecules and the subsequent biochemical interac-
tion between them induces a local change in the optical
properties of the biological layer. This change is detected via
the evanescent field of the guided light and its amplitude can

be correlated to the concentration of the analyte and to the
affinity constant of the interaction, yielding a quantitative
signal of the interaction.

The wide variety of optical sensing platforms is spread
over sensors based on optical fibers [2], planar waveguide
structures [3], microresonators [4–6], resonant waveguide
diffractive structures [7, 8], light addressable potentiometric
devices (LAPS) [9, 10], micromechanical structures with
optical readout [11], porous silicon [12, 13], and so forth.

The advantages of optical sensing are significantly im-
proved when this approach is used within an integrated
optics context. Integrated optics technology allows the inte-
gration of passive and active optical components (including
fibres, emitters, detectors, waveguides, and related devices)
onto the same substrate, allowing the flexible development
of miniaturized compact sensing devices, with the addi-
tional possibility to fabricate multiple sensors on a single
chip. The integration offers additional advantages such as
miniaturization, robustness, reliability, potential for mass
production with consequent reduction of production costs,
low energy consumption, and simplicity in the alignment of
the individual optical elements.
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Figure 1: The main research areas in the development of photonics
biosensors based on silicon technology.

Several technologies are available for the fabrication of
photonic biosensors, but the well-developed silicon tech-
nology is one of the most useful and promising tools.
Much work on silicon photonic devices has been done in
the telecommunications field, and some results have been
successfully applied for sensor development. In “siliconized”
photonics, the fabrication of the devices is performed with
silicon or silicon-related materials using microelectronics
technologies, with the aim of integrating all the sensing
components in a single chip. In order to “siliconize”
photonics, there are several building blocks for investigation,
including light generation and coupling, selectively guiding
and transporting within the waveguides, light encoding,
detection, packaging the devices, and, finally, “smart” elec-
tronic control of all these photonic functions (see Figure 1).
Biofunctionalization of the sensing element is a subject of
special research beyond photonics, thus the element has been
highlighted in a separate block on the diagram of Figure 1.

In particular, light guiding for sensing applications can be
based on total internal reflection (TIR) planar or rib waveg-
uides [3, 14, 15], hollow waveguides [16–19], antiresonant
reflecting optical waveguides (ARROW) [20–22], or slot [4,
23] waveguides. Interestingly, complex waveguide structures
developed for telecommunications with the purpose of
further miniaturization of photonics devices, which show
potential sensing applications, have been reported recently
[24].

In this paper, we will discuss the photonic biosensing
platforms based on silicon technology, which are investigat-
ing in our laboratory, such as interferometric Mach-Zehnder
(MZI), bimodal waveguides devices, and optomechanical
microcantilevers. The three devices have advantages and
disadvantages and depending on the specific biological app-
lication one is more suitable than the others. The inter-
ferometric MZI sensors show extremely high sensitivity;
however, the existing light coupling methods frequently
limit their application to laboratory use only. High thermal
stability is required for the bimodal waveguide interferom-
eters but this device is simpler in operation than the MZI.
The optical microcantilevers also require a high mechanical
and thermal stability for operation but this device is easily
scalable to dozens or hundreds of sensors in the same
chip opening the way to high-throughput screening using
label-free biosensors. The main aim of this article is to
describe the use of silicon technology for the implementation

of integrated optical biosensor rather than to perform a
sensitivity comparison between the different devices.

2. INTEGRATED MACH-ZEHNDER INTERFEROMETER
(MZI) SENSOR

Interferometric biosensors constitute one of the most sen-
sitive integrated-optic alternatives as compared to other
optical biosensor (i.e., plasmonic biosensors) for label-free
detection. In these sensors, the guided light interacts with
the analyte through its evanescent field or, alternatively, the
analyte can propagate in the core of the waveguide if hollow
or slot waveguides are employed. The most common Mach-
Zehnder and Young interferometers [3, 25, 26] are composed
of an incident waveguide that is split in two single mode
waveguide branches, in which one of them contains a sensing
window.

We have developed integrated Mach-Zehnder inter-
ferometers based on TIR waveguides (Si/SiO2/Si3N4) of
micro/nanodimensions, as it is shown on Figure 2. For
biosensing applications, the optical waveguides of the MZI
must have high surface sensitivity and single mode behavior.
For that reason, we have chosen Si3N4 core layers (nc =
2.00) over a SiO2 substrate (ns = 1.46). In this waveguide
configuration (and wavelength in the visible range), the
single mode behavior is obtained for core thickness below
300 nm. In order to provide single mode operation in the
lateral direction, rib structures several nanometers high
(below 5 nm) and rib widths of 4 μm were fabricated.
To achieve single mode behavior, the waveguide could be
designed to be narrower and with a higher rib but this will
depend on the tolerances of the equipment available for the
fabrication. With the equipment of our facilities, we can
ensure the reproducibility of the rib height at a nanometric
scale which allows us to make relatively wide waveguides
which are more convenient for experimental work. Figure 2
shows a schematic of the waveguide configuration. In the
MZI, Y-shape divisors with circular arms of R = 80 mm
were designed to direct light in the two branches of the MZI
with 3 dB split ratio. To protect the device from temperature
fluctuations, the waveguide branches are placed very close
to each other (100 μm,), thus the temperature changes affect
both waveguides simultaneously.

The devices are fabricated in our clean room facilities.
The final device has a length of 3 cm and the sensor area is
1.5 cm long and 50 μm wide. The experimental evaluation
of the device was performed in an optical bench, where
polarized light from an He-Ne laser (λ = 0·633 μm) was
end-fire coupled to the sensor. The propagation losses of
the waveguides were measured by the Fabry-Perot resonance
technique, and the optical coupling losses were measured by
the cutback method. Propagation losses, in the case of MZI
of 200 nm core thickness, vary between 0.13 and 0.15 dB/cm
for TE polarization and between 0.27 and 0.30 dB/cm for TM
polarization. Insertion losses are 5.84 dB for TM polarization
and 8.3 dB for TE polarization. The sensitivity of the sensor
for both polarizations was analyzed in the same way as
in previous reports [3]. The evaluation was done flowing
solutions of water and ethanol of varying concentration
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Figure 2: (left). Mach-Zehnder interferometer (MZI) configuration. (right) Cross-section schematic of the TIR waveguides employed in the
integrated MZI device.
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Figure 3: Real-time DNA hybridization signal corresponding
to 1 μM and 100 nM complementary oligonucleotide and 1 μM
noncomplementary oligonucleotide.

(refractive index steps of 10−3) and measuring the output
signal in real time. Taking into account the signal-to-noise
ratio of our system, the lowest detection limit in the variation
of the refractive index (n0) for the TM polarization was
found to be Δn0,min = 1·10−7.

The relatively simple design, high integration level, well
developed read out techniques, and the high sensitivity make
these devices very attractive for bio/chemical applications.
The MZI device has been used for the direct detection
of DNA hybridization and for the detection of single
mutations at the BRCA-1 gene, involved in breast cancer
development, without target labelling [27]. The oligonu-
cleotide probe is immobilized by covalent attachment to the
sensor surface through silanization procedures. A silane (3-
mercaptopropyltrimethoxysilane) with a thiol group at the
free end was employed for the chemical modification of the
surface. A thiol-derivatized oligonucleotides (28 mer) used
as receptors can bind to the silanized Si3N4 surface through
a disulphide bond. The DNA probe has also a 15-tiamine
tail which is employed as a vertical spacer chain to increase
the accessibility to the complementary DNA to the sensor
surface.

After DNA immobilization, complementary oligonu-
cleotides (58 mer) were flowed in the sensor for hybridiza-
tion experiments. The hybridization was performed for
different DNA target concentrations from 1 pM to 1 μM.
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Figure 4: Calibration curve for the hybridization of complementary
(red line) and noncomplementary (blue line) DNA (58 mers). Limit
of detection is 10 pM.

Regeneration after each hybridization was achieved flowing
deionized water and HCl 3.2 mM. Figure 3 shows examples
of the real-time detection of DNA hybridization for several
concentrations. The calibration curve as a function of the
DNA concentration can be seen in Figure 4. In these mea-
surements, a 10 pM-concentration of complementary nonla-
belled DNA in buffer solution was the lowest hybridization
limit achieved, which means an average DNA growth layer
of 1·14−4 nm, corresponding to an estimation of 2·105 DNA
molecules/cm2 hybridized at the sensor area of the MZI. In
contrast, noncomplementary oligonucleotides did not show
any significant signal.

More importantly, we have detected the hybridization
of 100 nM DNA target with two mismatching bases cor-
responding to a mutation of the BRCA-1 gene (data not
shown). These results place the Mach-Zehnder interferome-
ter as one of the most sensitive optical biosensor for label-free
mismatch and DNA hybridisation detection.

3. BIMODAL WAVEGUIDE SENSOR

This sensor is comprised by a single straight bimodal
waveguide (BiMW), which supports the zero- and first-order
transversal modes (see Figure 5). These modes propagate
with different velocities depending, among other factors, on
the refractive index of the cladding layer. The interference
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Figure 5: Schematic view of the bimodal waveguide sensor
device. The modes are propagating with different velocities. The
interference pattern, created at the exit and projected onto a two-
sectional photodetector (TSP), varies as a function of the refractive
index of the cladding layer.

pattern formed at the exit of the waveguide changes if the
refractive index varies. The pattern is projected on a two-
sectional photodetector (TSP), then the intensity maximum
moves between the lower and the upper sections of the
photodetector. The signals generated by the photodetector
sections are recalculated into a parameter Sr , according to the
expression

Sr =
Uup −Udown

Uup + Udown
, (1)

where Uup, Udown are the signals generated by the upper and
the lower sections of the photodetector, respectively.

The difference between Uup, and Udown can reach 17 dB,
which means a variation of Sr from 0 to 0.96. These values
were calculated assuming a silicon nitride waveguide with
thickness of 400 nm operated at 633 nm. The total output
signal, which can be represented by the denominator in
the right part in (1), is proportional to the light power
coupled into the waveguide, except for minor changes due
to reflection at the output facet, which slightly depends
on the intensity distribution at the exit, according to the
simulations. Using the parameter Sr , the ambiguities due to
coupling efficiency variations can be significantly reduced.
However, as the monitoring of light power coupled into
the waveguide is still desirable, a part of the incoupled
light can be tapped off and measured with a conventional
photodetector. The sensitivity of the device is given by

Sens = ∂Sr
∂φ

(
∂n1

eff

∂ncl
− ∂n0

eff

∂ncl

)
2π
λ
L, (2)

where L is the length of the sensing window, λ is the
wavelength, n0

eff, n1
eff are the effective refractive index of the

zero- and first-order modes, respectively, ϕ is the phase shift
between the modes, and ncl is the refractive index of the
cladding layer.

For the experiments, we employed a 3 μm-wide, 400 nm
thick Si3N4 waveguide deposited on a silicon dioxide buffer
layer, and the length of the sensing area was 3 mm. The
waveguide was excited by direct focusing of light from an
He-Ne laser (633 nm, 10 mW). A slight misalignment of
the objective with respect to the waveguide in the vertical
direction allows for excitation of both modes simultaneously.
Light was collected by an objective lens, and the image of the
waveguide facet was projected on the photodetector (TSP).
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Figure 6: Response of the BiMW sensor to the injection of glycerin
solutions with concentrations of 2.2% and 3.3% (v).

The detection of the refractive index changes was per-
formed by injecting varying concentrations of water/glycerin
solutions into a microfluidic channel formed over the sensing
area. An example of the changes of the interferogram due
to refractive index variation is shown in Figure 6. The
sensitivity, defined as the relative change in the output signal
per RIU change, can reach a value of better than 1 × 104

per RIU on a 1 cm-long waveguide with thickness less than
400 nm. A sensitivity of 2 × 103 per RIU was demonstrated
experimentally on a silicon nitride waveguide with thickness
of 400 nm. The obtained sensitivity was limited mostly by
the thickness of the waveguide and by the coupling technique
which allowed for only 25% modulation of the output signal.
Biosensing experiments with this device are in progress.

4. OPTICAL MICROCANTILEVER BIOSENSOR

The development of microprobes for atomic force micro-
scopy (AFM) was an important milestone for the establish-
ment of efficient technological approaches to MEMS sensors.
The principle of operation of the microcantilever sensor
is based on the bending induced in the cantilever when a
biomolecular interaction takes place in one of its surfaces.
In this way, microcantilevers translate the molecular reaction
into a nanomechanical motion, which is commonly detected
using optical or piezoresistive readout [28].

In order to achieve highly integrated microsystem with
microcantilever transducers, we have recently introduced
a new type of readout technique. The combination of
photonics and mechanics has been demonstrated in an
optical waveguide cantilever sensor. The sensor can work in
static or dynamic modes, either by monitoring the deflection
or the changes in the resonance frequency of the cantilever.
The principle of operation is based on the sensitivity of
energy transfer between two butt-coupled waveguides to
their misalignment with respect to each other as it is
represented in Figure 7. The advantage of the device is that
the transducer is integrated with the receptor in the same
chip and the external photodetector is only used for optical
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Figure 7: Sketch of the sensor based on optical waveguide micro-
cantilevers.

200μm

Figure 8: Photographs of the optical cantilevers and the light
coupling inside them.

power readout. No preliminary alignment or adjustment is
needed, except for light coupling into the chip.

We have fabricated arrays of 20 optical microcantilevers.
Each of them is 200 μm long, 40 μm wide, and 500 nm thick
with a spring constant of 0.050 N/m. Fabrication of the
sensor is done using standard microelectronic technology.
The cantilevers are made of thermal silicon dioxide, trans-
parent in visible range. Input and output waveguides are
made of silicon nitride and are 140 nm-thick and 40 μm-
wide. The cantilever has low stress gradient and is practically
flat, the misalignment between the output waveguide and the
cantilever free end is around 1 μm. Some photographs of the
fabricated devices can be seen in Figure 8. Coupling of the
light in the cantilever is achieved through the evanescent field
of the input waveguide.

In order to characterize the sensor, an experimental setup
was used to measure the amplitude of modulation of the
output signal induced by the vibration of the cantilever at
the resonance frequency. Light from He-Ne laser (632.8 nm,
7.5 mW) was coupled into the chip using direct focusing
with an objective lens (40x, NA 0.65) and was collected
upon exiting by another objective (40x, NA 0.65) before
being directed to a silicon photodetector connected to an
oscilloscope and an acquisition system for spectrum analysis
through a low-noise amplifier with bandwidth 5 to 45 kHz,
at FWHM. Light from the same laser source after splitting
was focused by a lens with a focal distance of 75 mm on the
cantilever near its free end. The reflected beam was projected
on to a two-sectional position sensitive photodetector to
monitor the displacement of the cantilever. Clear resonance
behavior near 13 kHz with a Q-factor of 12 was observed
[11]. The change in the output voltage per unit cantilever

displacement was calculated to be 15 μV/nm, thus nanometre
resolution of the system was demonstrated.

Taking account in this configuration that the minimum
detectable deflection is limited by the shot noise of the
photodetector, the Johnson noise of the load resistor, the
noise in the acquisition system, the cantilever vibration
due to the thermal noise, and the noise produced by the
laser source, we have estimated that, for a 1 μm wide
gap, the cantilever displacement can be detected with a
resolution of 18 fm/

√
Hz [11], showing similar performances

for biosensing than the standard microcantilevers.
One of the advantages of this device is that real-

time parallel monitoring of several channels can be done
simultaneously, opening the way for multisensing. The
cantilever can be metallized with gold (and then it is possible
to use the well-known thiol chemistry for bioreceptors
immobilization) and its initial displacement can be adjusted
by varying the power of light coupled inside [29]. This
new device has shown good performances for biosensing
and offers an interesting approach for further integration in
lab-on-a-chip microsystems. The integration with the light
source and the biofunctionalization of the device is a subject
of our current research.

5. INTEGRATION IN “LAB-ON-A-CHIP”
MICROSYSTEMS

For the development of a complete photonic lab-on-a-chip
microsystem device, several units must be incorporated on
the same platform: (i) the micro/nanodevices, (ii) the flow
cells and the flow delivery system, (iii) for interferometric
sensors, a phase modulation system to convert the periodic
output signal in direct phase measurements, (iv) integration
of the light sources and the photodetectors, and (v) CMOS
processing electronics. For achieving this goal, our first
step has been the development of a novel low temperature
(100◦C) CMOS compatible microfluidic technology to create
3D embedded interconnected microfluidic channels between
different substrates. The microfluidic channels have a height
from 40 to 60 μm and a width between 100 to 250 μm. More
details can be found in [30].

6. CONCLUSIONS

We have presented the development of different integrated
optical biosensor platforms based on silicon technologies: a
Mach-Zehnder integrated interferometer, a bimodal waveg-
uide sensor, and a waveguided microcantilever device. The
feasibility of the different platforms for biosensing has been
proved. In the case of the MZI device, we have achieved a
lowest limit of detection of 10 pM for the DNA hybridization
of the BRCA-1 gene, involved in breast cancer development.
These results place the Mach-Zehnder interferometer as one
of the most sensitive optical biosensor for label-free DNA
detection.

All the described sensing configurations look ahead
the possibility of the integration of optic, fluidic, and
electrical functions on one platform to obtain lab-on-a-
chip microsystems. These results open the way for further
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development of portable and multianalyte sensors for the
detection of several biological molecules of interest in situ
and in real-time.
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Silicon nanocrystals (NCs) represent one of the most promising material systems for light emission applications in microphotonics.
In recent years, several groups have reported on the observation of optical gain or stimulated emission in silicon NCs or in porous
silicon (PSi). These results suggest that silicon-NC-based waveguide amplifiers or silicon lasers are achievable. However, in order
to obtain clear and reproducible evidence of stimulated emission, it is necessary to understand the physical mechanisms at work in
the light emission process. In this paper, we report on the detailed theoretical aspects of the energy levels and recombination
rates in doped and undoped Si NCs, and we discuss the effects of energy transfer mechanisms. The theoretical calculations
are extended toward computational simulations of ensembles of interacting nanocrystals. We will show that inhomogeneous
broadening and energy transfer remain significant problems that must be overcome in order to improve the gain profile and
to minimize nonradiative effects. Finally, we suggest means by which these objectives may be achieved.
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1. INTRODUCTION

Silicon is the most widespread semiconductor in modern
microelectronics technologies. Its natural abundance, low
cost, and high purity, as well as the high electronic quality
of the Si/SiO2 interface, have led to its overwhelming
dominance in microelectronic devices. Nevertheless, the use
of silicon in optoelectronics remains highly limited. This
state of affairs has remained, in fact, almost unchanged
because of a fundamental property of the silicon band
structure—the indirect band gap.

The indirect radiative interband transitions in bulk Si
are strongly suppressed because an emitted photon cannot
satisfy the momentum conservation law for transitions from
the conduction-band minimum (Δ-point) to the top of the
valence band (Γ-point). The photon wave vector is about
three orders of magnitude less than that required for the
transition between the Δ- and Γ-points. This difference in k-
space is kΔ = 0.86× 2π/a0, with a0 being the lattice constant
of silicon, equal to 5.43 Å. The electron-hole radiative
recombination in the bulk material is exactly forbidden
unless additional mechanisms allowing the momentum to

be conserved are involved in the recombination process. The
most probable means to have a radiative indirect transition
without breakdown of the momentum conservation law is
via phonon absorption or emission. However the electron-
phonon interaction is weak; consequently, phonon assistance
is a low-probability (and hence slow) process. This leads to a
substantial increase of the total recombination time, and a
decrease of the recombination probability compared to the
direct no-phonon Γ − Γ radiative transitions in direct-gap
semiconductors. In this sense, we call such transitions in Si
“strongly suppressed.”

The discovery of visible-range emission from nanocrys-
talline [1] and porous [2–4] silicon in the early 1990s
suggested that some of the problems associated with the
silicon band structure might be overcome in nanoscale
crystallites hosted in a widegap dielectric matrix like SiO2,
in order to create a strong confining potential for carriers
inside the nanocrystal. Electronic states become localized
within the NC and the momentum distribution spreads due
to the Heisenberg uncertainty relations. In other words, the
wave functions consist of plane waves with all possible wave
vectors including both k∼kΔ for holes and k∼0 for electrons,
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respectively. Thus, the momentum conservation law is not
violated in this case, which yields a nonzero probability of the
Δ− Γ radiative transition even in the absence of phonons.

Indeed, some time later, efficient visible photolumines-
cence (PL) from silicon nanocrystals was experimentally
demonstrated, (e.g., [5]) and attributed to the transi-
tions between confined electron and hole states inside the
nanocrystal [6, 7] (the so-called quantum confinement
effect) or between interface states [8, 9]. However, the
emission quantum efficiency in Si nanocrystals remains low
compared to the direct gap III-V or II-VI materials. This is
naturally explained by the small “weights” of the plane waves
with k∼kΔ for the valence states and k∼0 for the conduction
states. Thus, improvement of the light emission efficiency
of Si quantum dots remains a challenge for optoelectronic
technologies.

As a means to modify the optical properties of silicon
crystallites, doping with shallow impurities has been sug-
gested [10–18]. In some cases (depending on the conditions
and methods of preparation), the emitting properties of
the dots were improved significantly. In particular, the PL
intensity was several times greater when the nanocrystals
were doped with phosphorus [10–12, 14] or codoped
with phosphorus and boron [15, 17]. The origin of this
phenomenon is not fully understood at the present time, and
we will touch on the problem of impurity states in silicon
nanocrystals in this review.

PL experiments are not usually carried out with a
single quantum dot but rather with large ensembles. As a
result, interpretation of the experimental data is attendant
with difficulties because of the associated inhomogeneous
broadening and various collective effects that can occur as
a result of the mutual influence of the nanocrystals in the
ensemble. Some recent studies have reported on the PL
spectra of individual silicon quantum dots [19, 20] and this
is shedding new light on the physics involved in the light
emission process. A principal distinction in the emission
of a single NC and a nanocrystal ensemble lies in the
various mechanisms of interaction amongst the nanocrystals
in an ensemble. In particular, in solid nanocrystal arrays,
some collective effects caused by electron, photon, and
phonon transfer between the dots can strongly influence the
luminescence dynamics of the nanocrystals in comparison
with the case of isolated NCs. The size distribution of the
nanocrystals can play an essential role in the excitation
exchange between the clusters.

One possible mechanism of the NC-NC interaction is
the direct tunneling of excited carriers from one quantum
dot to another [21–23]. As an example, we can imagine
two (or more) closely separated quantum dots with different
sizes. Presumably, excited carriers in the smaller nanocrystal,
having higher quantized energy levels, may relax either to the
valence band of this nanocrystal or to the conduction band
of the adjacent nanocrystal with a larger size. The transition
to the valence band is indirect, and therefore suppressed.
Meanwhile, the transfer to the neighboring quantum dot
occurs as if within the same (conduction) band, and may
be more probable in the case where the nanocrystals are
sufficiently close. If so, then the smaller nanocrystals will

inject their own excited carriers into the larger nanocrystals,
in which radiative interband transition will subsequently
take place. This idea implies the possibility of an optical
nanofountain [24]—a device emitting photons from the area
where quantum dots with larger sizes are concentrated.

An additional nonradiative mechanism of energy transfer
between adjacent nanocrystals becomes possible in dense
arrays. This is the so-called Forster mechanism originating
from the dipole-dipole (or higher-order multipole) interac-
tion between excitons in different quantum dots [25–27].
Because of the dipole-dipole interaction, the electron-hole
excitations can “travel” throughout the nanocrystals without
charge transfer. Such transitions have been observed in
solid arrays of CdSe nanocrystals [28, 29]. Some theoretical
aspects of the Forster transfer in silicon quantum dots were
recently discussed by Allan and Delerue [30].

Various collective effects in quantum-dot arrays can
result in a complicated time dependence of the experimental
PL decay. As a rule, the decay is described by the stretched
exponential function exp{−(t/τ)β} with β less than unity
[31–35]. Evidently, the value of β can be due to a size
distribution of the nanocrystals (and hence a distribution
of the recombination rates). Theoretical explanations of
the stretched exponential from the point of view of the
multiexponential decay and associated Laplace transforms
have been given in [36].

This is, in short, the framework in which we will address
the present review. At first we will briefly describe the exper-
imental situation in this field in Section 2. Then the single-
particle electronic structure and many-body corrections will
be considered in Section 3 for a single silicon quantum dot
as a basis for treatment of more complicated problem of
solid quantum-dot ensembles. The latter will be reviewed
in Section 4. Finally, Section 5 presents a general conclusion
and a commentary on the potential for stimulated emission
in silicon nanocrystal ensembles.

2. EXPERIMENTAL RESULTS: OVERVIEW

Different methods can be used for preparation of silicon
nanocrystals, for instance, Si ion implantation [37–41],
chemical vapor deposition [42], magnetron sputtering [43,
44], colloidal synthesis [45], electron beam evaporation [46,
47], and some others. A high-temperature thermal treatment
is generally required in order to precipitate the crystallites.
All these techniques allow one to form silicon NCs with
sizes predominantly ranging from 2–6 nm. Their electronic
structure and optical properties depend, of course, on the
preparation conditions and method of fabrication. However,
there are some common properties typical for silicon NCs,
independent of the fabrication technique employed. In
particular, the nanocrystals’ surroundings, either vacuum
or some host material like silicon dioxide, represent a high
potential barrier for carriers of both kinds. Such a barrier
is often referred to as a confining potential that mainly
defines the energy spectrum of the nanocrystal. In what
follows we will discuss some manifestations of the quantum-
confinement effect in experiments and theoretical models.
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Figure 1: PL spectra of silicon NCs in SiO2. The 200-nm-thick
samples were approximately identical except for the amount of
excess silicon.

First, let us briefly discuss experimental data on the PL
spectra in silicon quantum dots.

2.1. Size dependence

As has been mentioned above, silicon NCs are capable of
emitting electromagnetic energy in the visible spectrum.
This is in contrast with bulk silicon, in which energy of
the interband transition corresponds to the silicon bandgap
energy of 1.12 eV. The increase (decrease) of the photon
frequency (wavelength) in nanocrystals compared to the
bulk material is a universal phenomenon taking place in
various semiconductor materials and quantum dots. In the
general case one may say that the energy of the emitted
photon increases as the nanocrystal size decreases. Such an
increase is usually called a “blueshift” because the photon
energy shifts toward the shorter-wavelength side of the
visible spectrum. This blueshift is illustrated for Si NCs in
Figure 1. Here, the mean NC size is controlled via the excess
Si concentration, with the smallest NCs occurring in the
most silicon deficient samples. The PL intensity has not been
normalized here; the drop in intensity on the silicon-poor
side of the compositional map is due to the lower number
density of NCs, and on the silicon-rich side it is due to
the opening of nonradiative pathways in large and highly
interconnected nanoclusters.

In the simplest model of an infinitely strong confining
potential (i.e., infinitely high potential barriers at the dot
boundary) it is possible to estimate the energies of electrons
and holes localized inside the nanocrystal as proportional
to R−2, where R is the nanocrystal radius. Thus, the optical
gap may be calculated as εg(R) = εg + A/R2, where εg is
the bandgap of bulk silicon, A is some positive constant,
and A/R2 represents the total energy of the non-interacting
electron-hole pairs inside the dot. It is obvious that: (i)
the nanocrystal gap must be always greater than the bulk
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Figure 2: Experimental data on the size dependence of the optical
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one due to the additional positive term A/R2, and (ii) the
photon energy, equal to the energy of the lowest electron-
hole transition, increases as the dot size decreases.

In experimental work carried out over the past fifteen
years with silicon nanocrystals, the optical-gap dependence
on the dot size was measured and discussed extensively.
Although it is impractical to cite all the papers dealing with
this topic, a sampling is given in [8, 23, 48–56]. The data
in these papers is summarized in Figure 2. There is a fairly
large spread in the calculated values of the optical gaps
as a function of NC diameter. Presumably, several factors
influencing the accuracy of the optical-gap measurements are
as follows. First, it is difficult to determine exactly the dot
sizes and the size distribution in a luminescent ensemble of
NCs. Second, using the mean size in an ensemble of NCs in
a diagram like Figure 2 can be misleading, since it is possible
that the observed PL peak does not correspond exactly to the
mean size but instead to the largest PL rate. Third and more
practically, the nanocrystals studied by different research
groups have been prepared by different methods. As a result,
the NCs have different surroundings, surface bonds, and
shapes, all of which could lead to scatter in the experimental
data. Finally, as shown in later sections, NC-NC interactions
can play a dominant role in the emission spectrum.

Furthermore, the blue-shift energy Δεg(R), determined
from the experiments, does not obey the law A/R2 following
from the simplest quantum-mechanical model. This depen-
dence is rather Δεg(R)∼R−b with 1 < b < 1.5 or an even
weaker dependence on R in some cases. Such behavior has
been a reason for supposing a key role for interface states in
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the radiative recombination process [51]. The question about
the origin of the radiative electron-hole transitions in the
nanocrystals is remains under extensive debate even today.

Nevertheless, employing the principle of Occam’s razor,
the deviations from the simplest model predictions for
high-energy luminescence (when the peak-position energy
exceeds the bulk gap εg) may be explained within the
quantum confinement framework without necessarily the
need to invoke sub-gap radiative centers. Let us, first, take
into account the finiteness of the potential barriers, leading
to some weakening of the quantum confinement and, as
a consequence, to a more complicated and less steep size-
dependence of Δεg(R) other than R−2. In addition, electron-
hole Coulomb interaction contributes a further−R−1 depen-
dence in the blue-shift energy. Both these mechanisms result
in a more gradual dependence of the optical gap on the dot
radius, which is in fact observed in experiments.

At the same time, low-energy PL with photon energies
less than the gap of bulk silicon are also observed in
experiments, see, for example, [57]. In this work an extra
luminescence peak arose at about 0.9 eV at low temperatures,
and its position remained almost unchanged for nanocrystals
of various sizes. This may be indeed treated as an attribute
of the surface states which can appear inside the band gap
of bulk silicon. This possibility and the associated pair-wise
trapping rates have been discussed and derived theoretically
by Lannoo et al. [58].

2.2. Decay rate

Time-resolved studies of the PL of silicon NCs demonstrate
near-exponential decays of the photoluminescence intensity.
Typical decay times τPL vary within a wide range of about
1 to1000 μs depending on the particle size, temperature,
detected wavelength, method of preparation, and so forth
[31, 32, 51, 59–62]. Such lifetimes are indeed large, and this
is an explicit indication of an indirect-band-gap material.
Contrary to direct-gap III-V or II-VI compounds, the drop
of luminescence intensity for silicon crystallites is sufficiently
slow to result in a low PL irradiance compared to direct-gap
NCs, even for comparable quantum efficiencies.

The characteristic time of the PL decay is determined
by two different recombination mechanisms: radiative, with
typical time τR; and nonradiative, with typical time τNR.
The rate of the photoluminescence decay is the sum of the
radiative and nonradiative recombination rates: 1/τPL =
1/τR + 1/τNR. In the case where one of the two times is
much less than the other, the photoluminescence lifetime
coincides with the smallest time. Usually in silicon, the
nonradiative channel turns out to be faster compared to
the radiative one (see, e.g., [31]), so that the PL lifetime
equals τNR. The quantum yield η, which is proportional
to the PL intensity, may be defined as the “weight” of the
radiative channel in the recombination process: η = τ−1

R /τ−1
PL .

If τR � τNR, then η = τNR/τR � 1. Obviously, one can
use two physically different ways to increase η. The first one
is an increase of the radiative transitions, while the second
is a decrease of the nonradiative processes. The second

way appears easier in practice because the nonradiative
processes can be influenced by preparation conditions, as
has been recently demonstrated by Miura et al. [62]. On the
contrary, according to [62], radiative recombination cannot
be controlled by the preparation conditions. Therefore,
control of the radiative channel efficiency seems to be fairly
difficult to achieve in practice.

Sometimes, both radiative and nonradiative channels
contribute comparably in the interband recombination in
silicon nanocrystals. In these cases the quantum efficiency
becomes very high—possibly on the order of tens of percent
[62]. It should be noted, however, that these situations
are possible, presumably, at pumping levels corresponding
to no more than one excited carrier in every quantum
dot. Then, traps such as surface defects may be the main
sources of nonradiative recombination. Alternatively, when
the excitation power is very high and several electrons are
excited in the dots, the Auger process becomes possible.
Since Auger interactions are fast, the radiative channel will
be “shunted” in this case. Accordingly, η tends to some small
value, on the order of a fraction of a percent.

In cases when the nonradiative channel is mostly
“closed,” that is, τR � τNR, silicon nanocrystals demonstrate
strong temperature dependence of the PL lifetime [23, 33,
57, 63, 64]. In particular, the lifetime becomes smaller as the
temperature decreases from ∼300 to 4 K. This behavior is
explained within the framework of the singlet-triplet two-
level model suggested by Calcott et al. [3, 4] for porous
silicon. According to this model the exciton state splits due to
the electron-hole exchange interaction into the upper singlet
with relatively short lifetime τ↑, and lower triplet with about
2-3 orders-of-magnitude longer lifetime τ↓. The decay rate is
then defined by

1
τPL

≈ 1
τR
=
(
3/τ↓

)
+
(
1/τ↑

)
exp

[− (
ΔS-T/kT

)]
3 + exp

[− (
ΔS-T/kT

)] , (1)

where ΔS-T is the energy of the singlet-triplet splitting,
k is the Boltzmann constant, and T is the temperature.
The energy of the singlet-triplet splitting depends on the
nanocrystal size and increases from a few meV to 10–20 meV
for photon energies increasing from 1.4 eV to 2.2 eV [57, 64].
At low temperature, when ΔS-T � kT the decay of the
singlet state is strongly suppressed, and the total lifetime τPL

coincides with the longer time τ↓. In the opposite case (when
ΔS-T � kT), τPL is close to 4τ↑. As a result, the PL decay
occurs substantially faster at low temperature. More rigorous
theoretical analysis [65–68] reveals a rich fine structure in
the excitonic spectrum of silicon NCs. Exciton states with
different symmetry may be ascribed to so-called bright and
dark excitons which have essentially different recombination
lifetimes.

2.3. Enhancement and quenching of
photoluminescence due to impurities

During the past decade, doping Si NCs with shallow impu-
rities has been explored as a potential route for modifying
the luminescent properties of silicon nanocrystals. The main
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questions are the following: are we able to improve the
emission of silicon quantum dots by incorporating donors
or acceptors (or both)? If so, then the next question is what is
the mechanism for the improvement? The results obtained
by different research groups indicate that the PL spectra
of silicon nanocrystals are, indeed, sensitive to doping.
However, both an increase [10–13] and a decrease [18] of the
PL intensity have been observed. This, again, depends on the
sample fabrication method and the type of doping.

Silicon NCs doped with phosphorus [10–13, 16, 69],
boron [18], or co-doped with P and B [14, 15, 17] have

recently been investigated. At the same time, the authors of
[70–72] reported on experiments with silicon NCs doped
not only with phosphorus or boron but also with hydrogen
and nitrogen. Summarizing the results, one can conclude
that doping with phosphorus or codoping with phosphorus
and boron can enhance the PL intensity of the nanocrystals
by several times, as initially reported in [10]. Meanwhile,
no enhancement is observed for NCs doped with boron,
hydrogen, or nitrogen. Moreover, the degree of quenching
of the luminescence depends on the annealing procedure
[18, 70–72].

In accordance with the results of Miura et al. [12],
Fujii et al. [13], and Mikhaylov et al. [72] reported that
an increase of the phosphorus concentration leads to an
initial rise of the photoluminescence peak, whereupon the
PL intensity subsequently decreases with a further increase
in doping. Moreover, the P concentration corresponding to
the maximum intensity becomes greater with decreasing NC
size [11–13]. Therefore, in some cases, where the NCs had
small sizes of about 3-4 nm [11, 70], only a monotonic rise of
the PL peak was observed as P concentration increased. One
possible reason for this phenomenon lies in the passivation of
dangling bonds (i.e., neutral or charged Pb centers) at the NC
surfaces. The absence of the enhancement effect for heavily
P-doped crystallites at a given size has been explained by
more extensive Auger recombination [14, 15, 17] or a coa-
lescence mechanism [72]. The authors of [72] also pointed
out the essential distinction in the photolumine scence of the
P-doped nanocrystals formed by ion implantation at 1000◦C
and 1100◦C. The former demonstrate up to 5 to 6 times
intensity enhancement, while for the latter ony PL quenching
was found (Figure 3).

As a method to reduce the Auger recombination, simul-
taneous codoping with phosphorus and boron, thereby com-
pensating the numbers of donors and acceptors inside the
crystallite, has been proposed [14, 15, 17]. PL enhancement
was successfully obtained for larger nanocrystals of ∼6–
8 nm in diameter. In this case, a large shift of the PL
peak, even below the optical gap of bulk silicon, takes place
when increasing P concentration with fixed concentration of
boron [14]. This may be evidence of the formation of bulk-
like impurity states. At the same time, codoping with high
concentration of both donor- and acceptor-type impurities
result in a strong chemical shift of the ground-state energy
levels in the conduction and valence bands [73], which may
substantially reduce the NC optical gap. In the latter case
no assumptions on the bulk-like form of electron states
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Figure 3: Influence of doping with P, B, N on the PL intensity
at 750 nm in Si NC layers synthesized by ion implantation and
annealed at either 1000 or 1100◦C. Samples were subsequently
implanted with impurity ions and then re-annealed. The dashed
line represents the intensity of the undoped reference sample.
(The figures have been kindly provided by D. I. Tetelbaum, A. N.
Mikhaylov, O. N. Gorshkov, D. I. Kambarov, V. K. Vasiliev, and A. I.
Belov, who did the experiments).

in silicon quantum dots are required, because the effect of
the strong chemical shift is exclusively due to the confining
potential of the dot.
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3. SINGLE-DOT PROBLEM

We next turn to the quantum-mechanical analysis of various
aspects of light emission in silicon nanocrystals. It is quite
clear, of course, that a consideration of electronic structure,
electron-hole recombination, and the role of impurities in
a single quantum dot provides a basis for understanding
optical properties of the quantum-dot ensembles. Therefore
the present chapter first discusses some theoretical models
concerning the interband transitions in an individual quan-
tum dot. First, we will discuss the optical gap and energy
spectra of undoped nanocrystals. Then the “band” structure
and charge distribution in doped dots will be analyzed.
Finally, the recombination lifetimes will be calculated for
undoped and doped crystallites.

3.1. Electronic structure of perfect silicon nanocrystals

The first step is a calculation of the ground-state energies
both for the conduction and valence bands of a nanocrystal.
Note that here and throughout the paper we will use
terminology that is typical for the bulk material. Of course,
no genuine energy bands exist in the nanocrystal because of
its finite size. Nevertheless, the states above and below the NC
optical gap originate from the size-quantized states of con-
duction and valence bands of the bulk crystal, respectively.
Moreover, in the following we mainly intend to employ the
envelope-function approximation (k·p method) to describe
electronic states of the nanocrystals. Consequently, such
the terminology is convenient and should not lead to any
misunderstandings. The states above and below the optical
gap will be further referred to as conduction and valence
bands, as in the bulk. Different approaches are used when
calculating the gap of silicon nanocrystals. Among them,
the simplest is the single-particle approximation. Usually,
the single-particle gap exceeds real optical gap because the
electron-hole Coulomb interaction reduces the total energy
of the system. For this reason, the values of the single-particle
gap may be treated as an upper bound for the optical gap. In
this section we discuss electron and hole states of a “pure”
crystallite, which has no defects and a perfect diamond lattice
all over its whole volume. The results are compared with the
simpler approximations discussed in the introduction.

3.1.1. Optical gap. Numerical results

It is possible to separate all calculation methods applied
for computation of the electronic spectra in pure NCs
into two groups. In the first group we have the numeri-
cal first-principles, empirical, and semi-empirical methods,
such as density functional theory (DFT) [68, 74–78],
pseudopotential (PP) method (or various combinations of
PP and DFT) [79–82], tight-binding (TB) models [83–
86], combined Green’s function (GW-approximation), and
the Bethe-Salpeter equation (BSE) technique [87–89]. All
these methods require considerable computational time, a
problem that worsens as the nanocrystal size is increased.
Analytical methods such as the effective mass approximation
or k·p method [67, 90–95] may be ascribed to the second
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group. In following we combine these two methods into a
single envelope function approximation (EFA). The latter
allows one to perform calculations without any restrictions
on cluster sizes. Additionally, this approach can be used to
find the higher excited states of the nanocrystal.

In the present subsection, we summarize the results
of some of the methods discussed above, which illustrate
dependence of the optical gap on the nanocrystal size
(Figure 4). In all calculations, any dangling bonds at the
nanocrystal surface were considered to be H-passivated.
As is seen in the figure, there is some scatter of data
due to the different computational methods and different
approximations utilized in the computational procedure.

In particular, taking into account the self-energy correc-
tion or electron-hole interaction can considerably change
the magnitude of the nanocrystal optical gap, in opposite
directions, as has been pointed out by many authors (see,
e.g., [81, 88, 89]). In particular, it is known that the local
density approximation of the DFT tends to underestimate
the optical-gap (similar results happen for silicon nanowires)
[96, 97] compared to those obtained in experiments. For
a more accurate account of the self-energy corrections and
excitonic effects, the GW+BSE approach is often applied.
The combination of the GW and BSE methods yields almost
complete compensation of the exciton and the self-energy
corrections to the single-particle optical gap [88]. The same
effect was also found by Franceschetti and Zunger [81]
within the framework of the PP method. Unfortunately,
the GW+BSE approach is employed for nanocrystals whose
diameters do not exceed 1 nm [87–89]. Therefore, we did not
depict the results of this approach in Figure 4.
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3.1.2. Electron and hole spectra in a dot

Let us now discuss electronic spectra in both the valence and
conduction bands of the quantum dot. As has been pointed
out, for this purpose it is convenient to use the EFA. Here
we describe in more detail not only the lowest but also the
higher excited electronic states as a function of size.

We assume the total potential energy of the electron
inside the quantum dot to be of the following form

U(r) = U0(r) + Vsp(r). (2)

Here U0(r) is the confining potential equal to zero inside and
infinity outside the dot. The second part Vsp(r) describes an
interaction between the electron and its image, arising due to
the charge polarization on the boundary between the silicon
nanocrystal and its dielectric surrounding. Vsp(r) is often
referred to as a self-polarization term. It can be represented
as

Vsp(r) = e2
(
εs − εd

)
2εsR

∞∑
l=0

l + 1
lεs + (l + 1)εd

r2l

R2l
, (3)

where εs and εd are the static dielectric constants of silicon
and the dielectric matrix, respectively. In order to find the
electronic states in the dot, we have to solve the single-
particle Schrödinger-like equation for the envelope function
vector |Φ〉:

(
H + U(r)

)|Φ〉 = E|Φ〉. (4)

Here, H is the bulk k·p Hamiltonian operator acting on the
six-dimensional (6D) envelope-function vectors |Φ〉, and E
is the electron energy. The components of the 6D-vector |Φ〉
are slowly varied expansion coefficients Φ j(r) of the total
wave function in the Bloch-state basis.

The electronic states in the valence and conduction bands
can be determined separately. Starting with the valence band,
the Bloch-state for the Γ-point is |YZ〉| ↑〉, |XZ〉| ↑〉,
|XY〉|↑〉, |YZ〉| ↓〉, |XZ〉| ↓〉, |XY〉| ↓〉, where | ↑〉 and
| ↓〉 are “up” and “down” spinors, respectively, and the
Bloch functions |YZ〉, |XZ〉, |XY〉 belong to the irreducible
representation Γ25′ . The k·p Hamiltonian matrix H in 4
is the sum of three parts: H = H(0) + H(1) + H(so). Here
H(0) = (p2/2mh) × I is the isotropic part obtained as the
average of the total k·p matrix over all angles in p-space.
H(1) is the anisotropic part that can be represented by two
equivalent 3 × 3 blocks situated on the main diagonal of the
total 6× 6 k·p matrix:

H(1) =
(
H3 0

0 H3

)
,

H3 = − 1
2m0

⎛
⎜⎜⎝

Q1 Npx py N px pz

N px py Q2 Npy pz

N px pz N py pz Q3

⎞
⎟⎟⎠ ,

(5)

where Q1 denotes ((L −M)/3)(3p2
x − p2), Q2 denotes ((L −

M)/3)(3p2
y − p2), and Q3 denotes ((L−M)/3)(3p2

z − p2).

Finally, the term

H(so) = 1
3

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

0 −iΔ 0 0 0 Δ

iΔ 0 0 0 0 −iΔ
0 0 0 −Δ iΔ 0

0 0 −Δ 0 iΔ 0

0 0 −iΔ −iΔ 0 0

Δ iΔ 0 0 0 0

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

(6)

describes the spin-orbit interaction. We have introduced
above the spin-orbit energy Δ equal to 44 meV for silicon,
the 6× 6 identity matrix I, and the hole effective mass mh =
3m0/(L+2M), where the numbers L, M, N are dimensionless
empirical parameters in the k·p Hamiltonian operator in
the valence band. For silicon they equal 5.8, 3.43, and 8.61,
respectively [98].

Because of the isotropic and diagonal form of the
operator H(0) + U0(r), it is possible to classify its eigenstates
similarly to atomic systems using common terminology such
as s-, p-, and d-type states, and so forth [92]. Accordingly,
one may expand the components of the envelope-function
vectors over these eigenstates as

Φ j(r) =
∑
α

Cjα|α〉, (7)

where |α〉 stands for the s-, p-, d-, . . . states and Cjα are the
expansion coefficients. For instance, the 1s-, 1p-, 1d-, (in
the following simply s-, p-, and d-) and 2s-type states are
described by the following functions:

|s〉 =
√

π

2R3
j0(πr/R),

∣∣pa〉 =
√

3
2πR3

j1
(
μ1r/R

)
j0
(
μ1
) xa

r
,

∣∣dab〉 =
√

15
2πR3

j2
(
μ2r/R

)
j1
(
μ2
) xaxb

r2
, a /= b,

∣∣dx2−y2

〉 =
√

15
8πR3

j2
(
μ2r/R

)
j1
(
μ2
) x2 − y2

r2
,

∣∣d3z2−r2

〉 =
√

15
8πR3

j2
(
μ2r/R

)
j1
(
μ2
) 3z2 − r2

r2
,

|2s〉 =
√

π

2R3
j0(2πr/R),

(8)

where jn(x) are the spherical Bessel functions of argument
x, and μn are the first roots of jn(x). Below, we restrict
the basis of envelope functions |α〉 with these states only,
and determine the electron and hole spectra. Substitution of
Φ j(r) into (4) yields algebraic equations for Cjα:

(
E − Eα

)
Ciα =

∑
β

〈α|H(1)
i j + H(so)

i j + Vsp(r)δi j|β〉Cjβ, (9)

where Eα denotes the energy of the state |α〉, δi j stands for the
Kronecker delta, and the Einstein convention has been used
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when summing over j. Considering all operators in the right
side of (9) as perturbations [92], one can solve the equation
and find the energies in the valence band.

Restricting the basis of the envelope states |α〉 by 1s,
2s, 1p, and 1d functions, and neglecting the spin-orbit
interaction, we obtain the following “hierarchy” of energies
(for convenience, we write down the hole energies differing
in the sign from the electron energies, which are determined
with (9)). The ground-state energy

E(s)
h = �2π2

2mhR2
(10)

is triply degenerate (or sixfold, if spin is taken into account).
It is the energy of the 1s state. Hybridization of the p-type
states yields four different levels with the energies

E
(p)
h1 =

�2μ2
1

2mhR2

[
1− 3N + 2L− 2M

5L + 10M

]
,

E
(p)
h2 =

�2μ2
1

2mhR2

[
1− 3N − 4L + 4M

5L + 10M

]
,

E
(p)
h3 =

�2μ2
1

2mhR2

[
1 +

3N − 2L + 2M
5L + 10M

]
,

E
(p)
h4 =

�2μ2
1

2mhR2

[
1 +

6N + 4L− 4M
5L + 10M

]
,

(11)

where μ1 = 4.4934. The energies of the d-d hybridized states
are as follows:

E(d)
h1 =

�2μ2
2

2mhR2

[
1− 6N

7L + 14M

]
,

E(d)
h2 =

�2μ2
2

2mhR2

[
1− 3N + 4L− 4M

7L + 14M

]
,

E(d)
h3 =

�2μ2
2

2mhR2

[
1 +

3N − 2L + 2M
7L + 14M

]
,

E(d)
h4 =

�2μ2
2

2mhR2

[
1 +

6N − 4L + 4M
7L + 14M

]
,

(12)

where μ2 = 5.7634. Finally, the energies of the 1d-2s hybrids
are written as

E(2sd)
h1 = �2

2mhR2

[
4π2 + μ2

2

2
+

3μ2
2

14
N + 2L− 2M

L + 2M

− 12
√

6√
5

πμ2

4π2 − μ2
2

N

L + 2M

]
,

E(2sd)
h2 = �2μ2

2

2mhR2
,

E(2sd)
h3 = �2

2mhR2

[
4π2 + μ2

2

2
+

3μ2
2

14
N + 2L− 2M

L + 2M

+
12
√

6√
5

πμ2

4π2 − μ2
2

N

L + 2M

]
.

(13)

The contribution of the self-polarization term from (10)–
(13) has been omitted since it represents, in fact, a common
shift of all the levels by e2(1/εd − 1/εs)/2R.
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Figure 5: Hole energy spectrum according to (10)–(13) in case of
no spin-orbit interaction. Solid line: s-type level. Short dashed lines:
p-p hybridized levels. Dots: d-d hybridized levels. Long dashed
lines: 2s-d hybridized levels. All energies are counted deep into
the valence band with respect to the valence band maximum. The
degeneracy degree including spin (from bottom to top) is 6; 6; 6; 4;
6; 4; 6; 6; 2; 6; 2; 6.

In Figure 5 the energy levels from (10)–(13) have been
plotted as functions of the NC radius. The two lowest hole
levels have very similar energies. The lowest level, being
sixfold degenerate, corresponds to six electron states with
an s-type envelope function. These states have an isotropic
macroscopic (averaged over the unit-cell volume) charge
distribution inside the dot. The second level corresponds
to six electron states with p-type envelope functions. Cor-
respondingly, the macroscopic charge has an anisotropic
distribution for these states (see [92] for details).

In the conduction band the Bloch-state basis consists
of six Bloch functions of three different X-points in the
Brillouin zone [99]. We denote three pairs of these functions
as |X〉, |X ′〉; |Y〉, |Y ′〉; |Z〉, |Z′〉. Each pair belongs to
the twofold degenerate irreducible representation X1 of the
corresponding X-point. The unprimed Bloch functions have
a nonzero value at the lattice site, while the primed functions
are zero at those points. The choice of the X1-functions as
the Bloch basis allows us to describe correctly a dispersion-
law nonparabolicity that originates mainly from the energy-
branch crossing in the X-points.

The k·p Hamiltonian operator in the conduction band
represents a 6× 6 matrix having the form

H =

⎛
⎜⎜⎝
Hx 0 0

0 Hy 0

0 0 Hz

⎞
⎟⎟⎠ . (14)

Each element of the matrix H is a block 2× 2 matrix defined
by the following expressions [99]:

Ha=

⎛
⎜⎜⎜⎜⎜⎝

p2
a

2ml
+

p2 − p2
a

2mt

(
1
mt
− 1
m0

)
pb pc+i

p0

ml
pa

(
1
mt
− 1
m0

)
pb pc−i p0

ml
pa

p2
a

2ml
+

p2 − p2
a

2mt

⎞
⎟⎟⎟⎟⎟⎠.

(15)
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Here p0 ≈ 0.14(2π�/a0) is the distance in p-space from any
of the energy minima to the nearest X-point, a0 is the lattice
constant of silicon. ml = 0.92m0 and mt = 0.19m0 are the
“longitudinal” and “transverse” effective masses. The origin
of the E-axis coincides with the X-point energy. Each of the
small indices (a, b, c) runs over the values x, y, or, z and
always differs from the others.

Solving (4) for the conduction band is done in the same
way as for the valence band, as in (9)–(13) above. One can
then obtain the following groups of energies. The ground
states, as well as the second excited ones, are the 1s-1p
hybrids. Their energy levels are given by

E
(sp)
e1 = Es + Ep − 2Hpp

2
−
√√√√(Ep − Es − 2Hpp

2

)2

+ H2
sp,

E
(sp)
e2 = Es + Ep − 2Hpp

2
+

√√√√(Ep − Es − 2Hpp

2

)2

+ H2
sp,

(16)

where

Hsp = ip0

ml

〈
s
∣∣pz∣∣pz〉

= 2π�μ1p0[√
3mlR

(
μ2

1 − π2
)] ,

Hpp = 1
12

(
1
mt
− 1

ml

)〈
pz
∣∣p2 − 3p2

z

∣∣pz〉

= �2μ2
1

(
ml −mt

)
15mtmlR2

(17)

are s-p and p-p type matrix elements of anisotropic part Ha,
Es = �2π2/2meR2, and Ep = �2μ2

1/2meR2 are the energies of
the s- and p-type states of the isotropic unperturbed Hamil-
tonian operator. The isotropic average electron effective mass
is defined by m−1

e = (2m−1
t + m−1

l )/3 ≈ (0.26m0)−1. The p-p
hybridization forms states with energies:

E
(p)
e1,2 = Ep + Hpp ∓Hxy. (18)

Here Hxy = �2μ2
1(m0 − mt)/5mtm0R2. The next three levels

are the result of the d-d hybridization:

E(d)
e1 =

�2μ2
2

2meR2

(
1− 2

7
ml −mt

2ml + mt
− 6

7
ml

m0

m0 −mt

2ml + mt

)
,

E(d)
e2 =

�2μ2
2

2meR2

(
1 +

4
7
ml −mt

2ml + mt

)
,

E(d)
e3 =

�2μ2
2

2meR2

(
1− 2

7
ml −mt

2ml + mt
+

6
7
ml

m0

m0 −mt

2ml + mt

)
.

(19)

Finally, the 2s-d hybridized energies are obtained numeri-
cally:

E(2sd)
e1 = �2

2meR2

(
4π2 + 2μ2

2

3
− 0.477μ2

2

)
,

E(2sd)
e2 = �2

2meR2

(
4π2 + 2μ2

2

3
− 0.455μ2

2

)
,

E(2sd)
e3 = �2

2meR2

(
4π2 + 2μ2

2

3
+ 0.932μ2

2

)
.

(20)
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Figure 6: The lowest energy levels in the conduction band as
functions of the NC radius, from (16)–(20). The energies are
counted from the X-point energy. Solid line: s-p type levels. Short
dashed lines: p-p hybridized levels. Dots: d-d hybridized levels.
Long dashed lines: 2s-d hybridized levels. All the levels are 12-fold
degenerate including spin degeneracy.

The results for the single-particle electron spectrum in the
conduction band are shown in Figure 6.

The wave function of the ground state turns out to be
a superposition of the terms with s- and p-type envelope
functions (see [92] for details). The “weight” of the s-type
envelope function is greater than that of the p-type function.
Therefore the macroscopic charge for the ground state has a
distribution close to isotropic.

From the above calculations, the optical gap of the NC
can be obtained as the sum of the lowest energies in both
bands and the energy difference between X- and Γ-points in
bulk ΔXΓ = 1.24 eV:

εg(R) = ΔXΓ + E
(sp)
el + E(s)

h . (21)

This energy somewhat overestimates value compared to that
obtained with the numerical methods, as indicated by the
solid line in Figure 7. This is a consequence of two main
factors.

The first factor is that we have assumed infinitely high
potential barriers at the interface. The authors of [91, 93,
95] calculated the carrier energies supposing the potential
barriers to be finite and equal to approximately 3 eV (or a
little more) for electrons and 4-5 eV for holes. Moreover,
the discontinuity of the effective mass has been taken into
account. In Figure 7 we have plotted the optical gap of silicon
nanocrystal versus the confining parameter 1/R for three
models differeing according the nanocrystal’s surroundings.
The solid line corresponds to infinitely high potential
barriers. Circles represent the finite barriers and constant
effective mass throughout the sample. Finally, in case of
the mass discontinuity with effective mass outside the dot
coinciding with free electron mass, the optical gap has been
represented by disks. For the last two cases, the dependence
Δεg(R) becomes weaker than R−2, especially for the case of
the discontinuous effective mass where the dependence is
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Figure 7: NC gap versus reciprocal dot radius. Solid line: infinite
barriers (21). Circles: finite barriers (3.2 eV for electrons and 4.3 eV
for holes, which corresponds to Si/SiO2 interface) and constant
effective mass. Disks—finite barriers and free electron mass outside
the dot. Both of the latter are numerical results by EFA [92]. The
dashed line is a guide to the eye.

closer to 1/R. In the last case the gap dependence is well fitted
by the function:

ε(1)
g (R) =

√
εg2 +

D1

R2
(22)

with D1 = 4.8 eV2·nm2. In general, one may conclude that
the calculated values of the optical gap are reduced due to
the barrier finiteness and mass discontinuity, and agree better
with those shown in Figure 4.

The second factor, strongly influencing the dot gap, is
electron-hole Coulomb interaction. Its contribution to the
optical gap will be discussed in the next subsection.

3.1.3. EFA calculations: exciton corrections

The electron-hole interaction reduces the energy of the
electron-hole pair. As a result, the exciton optical gap is also
reduced. In order to estimate the exciton correction to the
total electron-hole single-particle energy one must solve the
two-particle problem. This has been done for silicon NCs
embedded in an infinitely wide-band-gap material [67, 90,
94]. The exciton corrections were found to be about 0.4 eV
[67], 0.25 eV [90], and 0.3 eV [94] for 2-nm-diameter NCs,
with the correction decreasing approximately as R−1 with
increasing size.

Meanwhile, as has been pointed out in the preceding
section, the finiteness of the potential barriers and effective
mass discontinuity can appreciably influence the electron
and hole energies. Therefore, it is possible to expect the
same for the excitonic energies. Ferreyra and Proetto [91]

have studied excitonic states for a quantum dot in vacuum.
Accordingly, they accepted the barrier heights equal to the
electron affinity of the corresponding bulk material for
electrons and infinity for holes, and the effective mass being
m0. They found an exciton correction of the order of 0.2 eV
for a 2-nm-diameter dot. As the nanocrystal size increases,
the magnitude of this correction decreased as R−0.7.

The authors of some of the previous work (e.g., [67,
90, 91]) treated the Coulomb potential energy as VC =
−e2/εsreh similar to bulk silicon. However, in a quantum
dot the electron and hole interact not only with each other
but also with their “images” due to the difference in the
permittivity of the materials inside and outside the dot.
These are the so-called polarization fields arising because of
the charge polarization at the dot boundary. The interaction
with the polarization fields has been taken into account in
[94]. Nevertheless, the polarization fields did not lead to
any significant corrections to the optical gap. As mentioned
above, the correction does not exceed 0.3 eV, which is close
to the values obtained by other authors.

Evidently, the calculations carried out with the EFA
[67, 90, 91, 94] provide sufficiently good coincidence with
both experimental and theoretical data. For comparison, we
have depicted in Figure 4 with the solid line the EFA single-

particle gap according to (22). The gap values ε(1)
g (R) agree

well with those computed by PP, TB, and DFT methods.
Obviously, a small exciton correction of about 0.3–0.1 eV
for 2 to 5 nm diameter crystallites, respectively, does not
significantly change the single-particle gap values.

It should be noted, in conclusion, that all the authors
employed the perturbation theory considering the electron-
hole interaction to be weak compared to the typical quantum
confinement energies in the dot. Such an approach is justified
if the exciton Bohr radius is significantly larger than the dot
radius. This requirement remains valid for small quantum
dots with the sizes of about 5-6 nm or less.

3.1.4. Interface states

We have already emphasized in the introduction that
radiative transitions between interface states are also often
considered as the origin of NIR, or even visible, emission
from silicon nanocrystals. In a certain sense, this point of
view is alternative to the idea of quantum confinement.
Description of the interface states with EFA is difficult
because the real potential existing in the vicinity of the
nanocrystal surface has in principle a microscopic nature that
manifests itself at a distance on the order of a bond length.
Meanwhile, the EFA is, in fact, a “macroscopic” method
which is not able to distinguish the spatial structure on scales
smaller than the size of the primitive cell. Therefore TB and
DFT methods are essentially more suitable for this goal.

As a rule, interface states originate from various-type
defects existing at the surface of the crystallite. These include,
mainly, dangling bonds (Pb centers) which can be neutral,
positively, or negatively charged, and different SiO bonds
(backbonded and double bonded oxygen) arising at Si/SiO2

interface. Charged dangling bonds corresponding to zero or
two electrons in the bond level, respectively, produce deep
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levels inside the band gap of bulk silicon. Their energies are
approximately 0.3 eV below the conduction band minimum
for the negatively charged bond, and 0.3 eV above the valence
band maximum if the bond is positively charged [100].
Consequently, the effective gap between these levels is about
0.5-0.6 eV [101]. For nanocrystals, the effective gap gradually
rises as the nanocrystal size decreases. In particular, for a
5-nm-diameter NC this shift equals approximately 0.6 eV,
while for a 2 nm crystallite it is 1.3-1.4 eV [100]. Thus, we
see that the dangling bond levels are sensitive to the NC size.

Nanocrystal oxidation has been studied theoretically by
TB [8, 102], DFT [103, 104], and GW+BSE [89] methods.
The role of the so-called backbonded (Si–O–Si) and double
bonded (Si=O) oxygen atoms has been examined for the case
where the spherical NC surface is passivated with hydrogen.
In the first case (Si–O–Si), oxygen forms two bonds with two
different silicon atoms which already have four bonds with
other silicon or hydrogen atoms. In the second case (Si=O),
oxygen replaces two hydrogen atoms bonded with one silicon
atom. It is natural to suppose that the system perturbation
in the second case should be more significant because of the
stronger distortions of the structure. In fact, it was found that
the presence of one Si=O bond at the NC surface provides
an optical gap almost independent of the dot size [8]. At the
same time, the nanocrystal with a Si–O–Si bond has a gap
that gradually decreases with increasing size. Nevertheless,
this gap remains smaller, and varies more slowly than the gap
of perfect nanocrystal with hydrogen passivated surfaces. The
calculations carried out by different methods [89, 102, 103]
for oxidized crystallites show an essential difference in the
energy of the ground electron-hole transition in crystallites
with Si–O–Si and Si=O bonds. All the methods used exhibit
the smallest gap for the case of double-bond oxidation, while
the crystallites with backbonded oxygen have the greater
gap. In turn, the latter is less than the gap of a perfect NC.
The authors of [89] have found that only the bridge-type
bond (Si–O–Si) can provide a satisfactory agreement with
experiments on the photoluminescence in nc-Si/SiO2 system.
This fact may be explained by the considerably different
oscillator strengths of the ground transitions for NCs with
Si=O and Si–O–Si defects. As has been shown by Nishida
[102], the oscillator strength for Si–O–Si case is several orders
of magnitude greater than that for Si=O case, especially for
NCs smaller than 1 nm in diameter. This is precisely the
case studied by Luppi et al. [89], where NCs of 0.5 nm and
0.9 nm in diameter were considered. However, according to
[102] the difference between the size-quantized energy levels
and those of the Si=O and Si–O–Si defects, as well as the
difference in the oscillator strengths of the ground electron-
hole transitions, are essential only for NC diameters less
than 2 to 2.5 nm [8, 102]. For larger sizes, the energies and
the transition intensities for perfect and oxidized crystallites
almost coincide.

Finally, nonradiative trapping rates are also critical in
the light emission properties of silicon NCs. The group of
neutral or charged Pb centers at silicon dangling bonds is
the most important nonradiative trap in bulk silicon [105],
and acts also in the case of Si NCs [58]. In a detailed
theoretical investigation, Lannoo et al. [106] found that the

carrier trapping at neutral Pb centers is nonradiative, whereas
capture at charged centers can lead to photon emission at
energies smaller than the bandgap of bulk silicon. The rate
for carrier trapping at a neutral dangling bond defect at
the Si–SiO2 interface in a NC with a single Pb center was
established theoretically as a function of the NC size [106]:

wnr = σ0v

V

1√
2π

((
E0

�ω

)2

+ z2

)−0.25

× exp

[
− S coth

(
�ω

2kT

)
+

E0

2kT

+

((
E0

�ω

)2

+ z2

)0.5

− E0

�ω
a sinh

(
E0

�ωz

)]
.

(23)

In (23), σ0 is the capture cross section given by c0/v where
c0 is the capture coefficient and v is the thermal velocity
equal to

√
8kt/πm∗, E0 is the ionization energy of the defect

(approximately equal to the Franck-Condon energy plus the
carrier confinement energy), S is the Huang-Rhys factor
(S = ∼15) [107], �ω is the average phonon energy, V is
the nanocrystal volume, and z = S/[sinh(�ω/2kT)]. The
capture rate increases strongly as a function of NC size due
to the decreasing defect ionization energy, until eventually
the volume term begins to dominate the trapping rate, which
then begins to decrease again. Since, the calculated rate is
for a single isolated defect, in practice the rate should be
modified for the likelihood of multiple defects on larger
clusters, as discussed in Section 4.

3.2. Shallow impurities in silicon nanocrystals

There is one more type of defect which can play an
important role in the optical and transport properties of bulk
semiconductors and their low-dimensional counterparts (in
particular, silicon). These are impurity centers, of which
some experimental results were discussed previously. Let us
now consider NCs doped with shallow impurities and discuss
impurity states in silicon quantum dots.

Various aspects of the problem have been explored. One
of them—the central-cell effect [108–111]—causes splitting
of the sixfold degenerate ground energy level in bulk silicon
into a singlet, doublet, and triplet with a typical energy
splitting of about 10–20 meV for various donors [112].
According to a number of theoretical studies [73, 113–119],
in quantum dots doped with donors or acceptors the central-
cell potential strengthens the level splitting compared to
(i) bulk silicon, and (ii) undoped dots [66, 85, 120, 121].
Investigations of the spatial charge distribution [122, 123],
the formation of impurity centers inside silicon nanocrystals
from the energy point of view [114–117, 124, 125], inter-
valley scattering [126], hyperfine splitting and optical gap
effects [127], and the screening of the point-charge field
[123, 128–136] have been performed. Below, we present
EFA calculations of the electronic structure of both donor-
and acceptor-doped silicon quantum dots and examine the
dependence on the impurity position inside the dot within
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the framework of the hydrogenic-impurity model. Also, we
discuss the effect of the central-cell potential in screening the
point charge in NCs.

3.2.1. Screening in quantum dots

In order to solve accurately the Schrodinger-like equation
for the envelope functions in the dot in the presence of
an impurity ion, we need the correct expression for the
Coulomb potential energy VC . Its determination in the
quantum dot is not a simple task because of the complicated
character of screening in NCs. Some authors described the
screening properties in an NC with a modified dielectric
constant ε(R) that depends on the dot radius [137–139].
Such a simple model, indeed, gives a moderate increase of the
dielectric properties due to the finite size of the crystallite but
it does not reflect correctly the local structure of the electric
field.

The correct description of such a structure requires
first-principles calculations [123, 129–136]. Nevertheless,
the microscopic picture permits a clear qualitative macro-
scopic interpretation using the local dielectric function ε(r)
depending on electron position vector, r. Taking into account
the short-range field and charge polarization at the dot
boundary due to different static dielectric constants εs and εd
of an NC and its surroundings, one can in principle obtain
ε(r) (Figure 8) [73].

An overall decrease of ε(r) in a nanocrystal takes place
compared to the bulk value of εs = 12. As was pointed out
earlier [123, 128, 129], this decrease is mainly due to the
polarization charges at the dot boundary. The monotonic
decrease of ε(r) extends to the nanocrystal boundary, where
the value of the dielectric function becomes equal to εd. At
the same time, the sharp reduction of ε(r) toward unity
occurring at small r is exclusively due to the short-range
central-cell potential.

3.2.2. Donor states in silicon crystallite

First, we consider electronic states in a silicon NC with a
hydrogenlike donor placed in some arbitrary position inside
the dot. The total electron potential energy described by (2)
transforms into U(r, h) = U0(r) + VC where h stands for
the impurity position vector, and VC is a Coulomb potential
energy, including not only the direct electron-ion interaction
but also the interaction with polarized charges arising at the
dot boundary. Solving the eigenstate and eigenvalue problem
for the conduction band [140] yields the ground-state energy
splitting shown in Figure 9 at nx = 0.8, ny = 0.5, and
nz = 0.33, where n = h/h, and h stands for the absolute value
of h.

In Figure 10, the envelope-function correction ΔΦ is
shown for the ground state due to the hydrogen-like donor,
as a function of the angles θ and ϕ on the spherical surface
r = h for the former values of na. Angles θ and ϕ are the
spherical coordinates. The maximal values of ΔΦ (light areas
in the figure) are located around the donor site marked with
the cross. This is a natural result in that the electron density
shifts towards the donor site.
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Figure 8: Dielectric function of silicon NCs in silicon dioxide
matrix (εd = 3) for (1) R = 1 nm; (2) R = 1.75 nm; (3) R = 2.5 nm.
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Figure 9: Fine structure of the energy spectrum with respect to the
unperturbed sixfold degenerate energy level. Solid lines correspond
to two states located in the Brillouin zone at the X-point (001).
Dashed line: X-point (010). Dots: X-point (100). The direction of
the donor’s position vector is defined by nx = 0.8, ny = 0.5, and
nz = 0.33. The NC radius is indicated in the figure.

3.2.3. Acceptor states in silicon crystallite

It is interesting to compare the fine structure of the spectrum
for donor- and acceptor-doped dots. Obviously, the fine
structure in the valence band occurs because of the spin-orbit
interaction and the asymmetry of the Coulomb field inside
the dot, when the acceptor occupies some noncentral posi-
tion. The energy splitting has been presented in Figure 11.
Similarly to the donor case, the splitting turns out to be large
compared to the magnitudes of chemical shifts in bulk silicon
[141–144].

The Coulomb and spin-orbit interactions remove the
sixfold degeneracy of both lowest levels shown in Figure 5,
keeping only the double spin degeneracy of each the levels.
Furthermore the splitting increases with decreasing the
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Figure 10: Contour plot of the first-order correction to the
envelope function for a 3-nm-diameter quantum dot. The value of
the correction rises from dark to light. The cross indicates the donor
position defined by: nx = 0.8, ny = 0.5, and nz = 0.33. h/R = 0.46.

nanocrystal size. This is evidence in favor of a quantum
confinement effect, as was the case in the donor-doped dots.

The spatial distribution of the hole density in B-doped
crystallite for all the six doublets is shown in Figure 12 for
h/R = 0.1 (upper panels) and h/R = 0.46 (lower panels).
We have plotted the average of the squared absolute value
of the total wave function over the unit cell. In this case
the Bloch-function oscillations do not appear in the electron
density, which reduces to the “density of envelope function”
ρenv(r) =∑6

j=1|Φ j(r)|2, where Φ j(r) is the jth element of the
6D envelope function vector |Φ〉 as before.

As the calculations show, for all the six doublets the
envelope-function density has an axial symmetry with
respect to the line drawn through the NC center and the
acceptor. Therefore ρenv(r) has the same distribution in
any dot cross-section to which the acceptor position-vector
belongs. Figure 12 shows such a central cross-section of
the electron density averaged over the unit cell for all the
doublets. Brighter areas in the density plots correspond to
higher values of ρenv(r). The circle represents the nanocrystal
boundary, and the bold point situated at the vertical axis
indicates the acceptor location.

It should be noted that the general trends in the location
of the electron density under the action of the acceptor
electric field are, in fact, similar for all the doublets in both
cases h/R = 0.1 and h/R = 0.46. In particular, the ground-
state electron density shifts to the acceptor site, while for the
excited states, as the energy of the state increases and the
electron density gradually moves into the areas free of the
acceptor.
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Figure 11: Splitting of the two lower hole levels shown in Figure 5 as
function of the dimensionless acceptor displacement from the dot
center in (a), and with respect to the NC radius in (b). The direction
of the acceptor position-vector is defined by nx = 0.8, ny = 0.5, and
nz = 0.33. Dashed and solid lines represent the energies originating
from doublet and quadruplet at h = 0, respectively. All the energies
are counted from the mean quadruplet energy at h = 0.

3.3. Interband recombination in silicon nanocrystals

The PL intensity and quantum efficiency is defined by the
relative contribution τ−1

R /τ−1
PL of a radiative recombination

channel in an interband transition. In turn, the total
decay rate is defined by both radiative and nonradiative
recombination rates: 1/τPL = 1/τR + 1/τNR. Consequently, in
order to discuss possible means of increasing the quantum
efficiency of silicon crystallites, we should understand what
factors influence the radiative and nonradiative rates. For this
purpose in this section we analyze theoretically both radiative
and nonradiative recombination processes.

3.3.1. Radiative recombination times in undoped Si NCs

In bulk silicon, no-phonon radiative transitions between
the conduction-band Δ-point and the valence-band Γ-point
are forbidden because of indirect band-gap of silicon. In
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Figure 12: Density plot of the probability distribution ρenv(r) of all the six doublets at h/R = 0.1 (upper images), and h/R = 0.46 (lower
images) for NCs containing a hydrogenic acceptor. The acceptor position is indicated with a red point. (a): ground state; (b) to (f): first to
fifth excited states. For each state the hole density is normalized to its maximum in the state, and rises from dark to light. The nanocrystal
boundary is marked by the yellow circle, with R = 1.5 nm.

E

X1

X4

Δ1

Δ5

Γ15

Γ25′

Photon

Phonon

Figure 13: Schematic representation of the silicon band structure
with phonon-assisted radiative transitions from the conduction-
band minimum to the valence-band maximum indicated by arrows.

this case, only phonon-assisted transitions may take place,
as shown in Figure 13. In a quantum dot no-phonon
emission becomes possible but remains a low probability
process for reasons discussed below. Meanwhile, the phonon-
assisted radiative transitions have much greater rate. Here,
we calculate both no-phonon and phonon-assisted radiative
lifetimes in silicon nanocrystal.

We first calculate the rate τ−1
0 of the no-phonon radiative

recombination. Using Fermi’s golden rule in the first-order
perturbation theory, one can write the decay rate for the
transition between initial (I) and final (F) states in the

conduction and valence bands, respectively, in the following
form:

τ−1
0,IF =

2π
�

∑
Q,σ

∣∣WIF

∣∣2
δ
(
εg(R)− �ωσ(Q)

)
. (24)

Here, ωσ(Q) and Q stand for the photon frequency and
wave vector. The Dirac delta-function reflects the energy
conservation law for the electron transition. The operator W
describes the electron-photon interaction, and has the form:

W =
∑
k,σ

√√√√2π�e2κ
(
εs; εd

)
m2

0ωσ(Q)V0εs

(
cQσ + c+

Qσ

)
eQσp, (25)

where p = −i�∇ is the electron momentum operator, eQσ

is the polarization vector, the operator cQσ annihilates and
c+

Qσ creates a photon with the wave vector Q and polarization
σ , and V0 stands for the volume of the electromagnetic
resonator. The function κ(εs; εd) is written as [145]

κ
(
εs; εd

) =
√

εd
εs

(
3εd

2εd + εs

)2

. (26)

This function represents the correction factor in the field
magnitude due to the replacement of homogeneous media
with bulk permittivity εs by a spherical silicon nanocrystal
surrounded by silicon dioxide with a dielectric constant εd.

The initial state in (24) corresponds to an electron-hole
pair being in its ground state, and an ensemble of photons
whose distribution over Q is described by the Bose-Einstein
statistics. In the final state, the valence band is completely
occupied and the conduction band is empty. The number of
photons in the final state always increases by one.

As has already been mentioned (see Section 3.1.2), the
ground spinless electron state in the conduction band is
sixfold degenerate. However, TB [85, 120], PP [66], and DFT
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[121] calculations revealed a weak splitting of the ground
state into the singlet, doublet, and triplet states due to the
tetrahedral symmetry of the spherical silicon nanocrystal.
The authors pointed out that as the NC size varies, A1-,
E-, or T2-type states alternately become the ground level.
Correspondingly, in order to take into account tetrahedral
symmetry of the quantum dot, we build the six ground states
in accordance with the symmetric transformations of the
irreducible representations A1 (singlet), E (doublet), and T2

(triplet) of the tetrahedral group. These functions are defined
as follows [73]:

ΨS = cos(λ)
∣∣A1

〉|s〉
+ sin(λ)

∣∣X ′〉∣∣px〉 +
∣∣Y ′〉∣∣py〉 +

∣∣Z′〉∣∣pz〉√
3

,

Ψ(1)
D = cos(λ)

∣∣E(1)〉|s〉
+ sin(λ)

∣∣X ′〉∣∣px〉− ∣∣Y ′〉∣∣py〉√
2

,

Ψ(2)
D = cos(λ)

∣∣E(2)〉|s〉
+ sin(λ)

∣∣X ′〉∣∣px〉 +
∣∣Y ′〉∣∣py〉− 2

∣∣Z′〉∣∣pz〉√
6

,

Ψ(1)
T = cos(λ)

∣∣X ′〉|s〉
− sin(λ)

√
2
∣∣A1

〉
+
√

3
∣∣E(1)

〉
+
∣∣E(2)

〉
√

6

∣∣px〉,

Ψ(2)
T = cos(λ)

∣∣Y ′〉|s〉
− sin(λ)

√
2
∣∣A1

〉−√3
∣∣E(1)

〉
+
∣∣E(2)

〉
√

6

∣∣py〉,

Ψ(3)
T = cos(λ)

∣∣Z′〉|s〉
− sin(λ)

∣∣A1
〉−√2

∣∣E(2)
〉

√
3

∣∣pz〉.

(27)

Here, the parameter λ is defined by the relationships [92]

cos(2λ) = Ep − Es − 2Hpp√(
Ep − Es − 2Hpp

)2
+ 4H2

sp

,

sin(2λ) = 2Hsp√(
Ep − Es − 2Hpp

)2
+ 4H2

sp

,

(28)

where vectors |s〉 and |pa〉 stand for the s- and p-type
envelope functions as before. The Bloch states |A1〉 = (|X〉+
|Y〉 + |Z〉)/√3, |E(1)〉 = (|X〉 − |Y〉)/√2, |E(2)〉 = (|X〉 +
|Y〉 − 2|Z〉)/√6, and |T2〉 = |X ′〉, |Y ′〉, or |Z′〉 belong to
the representations A1, E, and T2 of the tetrahedral group.
In what follows, when computing the interband matrix
elements of W we will choose one of the states given by (27)
as the initial one. For convenience, one can rewrite the wave
functions of the initial states in a general form:

ΨI =
∑
α, j

B
αj
I Fα(r)ψj(r), (29)

where the index α indicates the “values” of the s, px,
py , and pz, functions, and ψj(r) stands for the six Bloch
functions |X〉, |Y〉, |Z〉, |X ′〉, |Y ′〉, |Z′〉 of the irreducible
representation X1. The s- and p-type envelope functions
are denoted as F(r), and Fx(r), Fy(r), Fz(r), respectively.

Selecting expansion coefficients B
αj
I , we can construct any of

the states defined by (27).
The final state is one of the three degenerate states

(neglecting the spin-orbit coupling) in the valence band [92]
with the s-type envelope function:

ΨF = F(r)ψF(r), (30)

where ψF(r) stands for the Bloch state basis functions |YZ〉,
|XZ〉, or |XY〉 of the irreducible representation Γ25′ .

After some algebra, one can obtain recombination rate
τ−1

0,IF in the form:

τ−1
0,IF =

4e2√εsκ
(
εs; εd

)
εg(R)

3m2
0�

2c3

∣∣pIF

∣∣2
, (31)

where pIF = 〈ΨI |p|ΨF〉. In order to compute the momen-
tum matrix element, we expand the Bloch functions ψj(r)
and ψF(r) over the reciprocal lattice vectors gn as follows:

ψj(r) =
∑
m

Cjm exp
[
2πi

(
gm + e j

)
r/a0

]
,

ψF(r) =
∑

n
VFn exp

[
2πignr/a0

]
,

(32)

where a0 is the lattice constant of silicon, and unit vectors e j

define the X-point. We set e1,4 = ex, e2,5 = ey , and e3,6 = ez.
Expansion coefficients Cjm and VFn are determined with the
local pseudopotential method. They satisfy the normalizing
condition

∑
n|Cjn|2 = ∑

n|VFn|2 = 1. As a result, the
momentum matrix element is given by

pIF = �

4πa0
bIF(R)

(
a0

R

)4

, (33)

where bIF(R) = ∑
α, jB

αj
I Jα(R) with Jα(R) being oscillating

vector functions [146] of the dot radius. For s- and p-type
subscripts, respectively, these functions are

J(R) =
∑
n,m

C∗jmVFndn+m

d4
n−m

cos
(

2πdn−m
R

a0

)
,

Ja(R) = −i
√

3μ1

π

∑
n,m

C∗jmVFndn+md
(a)
n−m

d5
n−m

sin
(

2πdn−m
R

a0

)
.

(34)
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Figure 14: Recombination rates of no-phonon and phonon-
assisted radiative transitions between the ground electron and hole
states in silicon NCs, after averaging over all degenerate initial and
final states.

Here, a = x, y, z, dn±m = gn ± gm ± e j , and d(a)
n−m represents

an ath component of dn−m. The nonzero value of pIF is
exclusively due to the Heisenberg uncertainty relations which
cause the wide distribution of the wave function in p-space.

Averaging (31) over all possible initial and final states
yields

τ−1
0 = e2√εsκ

(
εs; εd

)
εg(R)

12π2m2
0c3a2

0

(
a0

R

)8〈∣∣bIF(R)
∣∣2
〉
. (35)

In Figure 14 we show the no-phonon recombination rate τ−1
0

as function of the dot size. Although the no-phonon decay
rate has a nonzero value, its magnitude remains small (less
than 103 s−1) within the range of the NC sizes shown in the
figure.

Next, we calculate the phonon-assisted recombination
rate [95, 147–149]. The total phonon-assisted rate of the
radiative electron-hole recombination is determined in the
second-order perturbation theory as

τ−1
R,IF =

2π
�

∑
Q,σ

∑
q,�

∣∣∣∣∣
∑
a

WFAUAI + UFAWAI

εI − εA

∣∣∣∣∣
2

× [
δ
(
εg(R)− �ωσ(Q)− �ν�(q))

+ δ(εg(R)− �ωσ(Q) + �ν�(q)
)]
.

(36)

Here the matrix elements of the electron-photon (W) and
electron-phonon (U) interaction operators are calculated
between the initial I , the final F, and an intermediate state
A; εA and εI are the total energies of the intermediate and
initial states, respectively, including not only the energies of
the electrons (or holes) but also the energies of the photons
and phonons. The phonon frequency of �th polarization is
denoted as ν�(q) with q being the dimensionless phonon
wave vector taken in units of 2π/a0.

The electron-phonon interaction operator is treated
within the framework of the rigid-ion model and is given by

U = −
∑
q,�

∑
n,s

√
�

2MNν�(q)
∇Vns

×
(

eq�s exp
{
i2πqRn

a0

}
bq�

+ e∗q�s exp
{
− i2πqRn

a0

}
b+

q�

)
.

(37)

Here, N is the number of primitive cells in the crystal, M is
the mass of a silicon atom, Vns = Vat(r−Rn−τs) is the atomic
potential, where Rn stands for the position vector of the nth
unit cell, and τs represents the position vectors of two atoms
within the unit cell: τ1 = 0, and τ2 = (1, 1, 1)× a0/4, b+

q� and
bq� are the phonon creation and annihilation operators, and
the phonon polarization vectors are denoted as eq�s. Making
the Fourier transformation of the atomic potential: Vat(r) =
N−1

∑
pVp exp{ipr}, one can rewrite the operator U in the

form (see also [150, 151]):

U = 2πi
a0

∑
q,�,s,m

√
�

2MNν�(q)

(
q + gm

)

×
[

e∗q�sV
∗
q+gm

exp
{
− i2π

(
q + gm

)(
r− τs

)
a0

}
b+

q�

− eq�sVq+gm exp
{
i2π

(
q + gm

)(
r− τs

)
a0

}
bq�

]
.

(38)

Calculations of the electron-photon and electron-phonon
matrix elements yield

τ−1
R,IF =

4π2�2e2√εsκ
(
εs; εd

)
εg(R)

3Mm2
0c3a4

0

(
a0

R

)3

×
∑
�

PIF(�)
�ν�

coth
[

�ν�
2kT

]
,

(39)

where

PIF(�)= Bαm
I

(
B
βn
I

)∗
xFm(�)xFn(�)2π2R3

×
∫
drFα(r)Fβ(r)F2(r),

xFm(�)=
∑
A

〈
ψF|w|ψA

〉〈
ψA|u|ψm

〉
+
〈
ψF|u|ψA

〉〈
ψA|w|ψm

〉
εI − εA

.

(40)

ψA represents the Bloch functions of the intermediate states
and the operators w and u are directly proportional to W and
U :

W = w
2π�

a0

√√√√2π�e2κ
(
εs; εd

)
m2

0ω(Q)V0εs
,

U = u
2π
a0

√
�

2MNν�(q)
.

(41)
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As has been shown earlier, the electron subsystem in silicon
nanocrystals interacts more efficiently with TO and LO
phonons [147, 148] similarly to bulk silicon [150, 151]. The
contribution of TA phonons is negligibly small. Therefore, in
the sum over the phonon modes in (39), only TO and LO
modes may be taken into account.

For convenience, we have again averaged the calculated
rates over all the possible initial and final degenerate states
and obtained the recombination rate in the following form:

τ−1
R = π2�2e2εg(R)

√
εsκ

(
εs, εd

)
9Mm2

0c3a4

(
a0

R

)3

×
(

7.527 coth
[
�νLO/2kT

]
�νLO

+
32.768 coth

[
�νTO/2kT

]
�νTO

)

× (
4cos2λ + 9.26

)
.

(42)

Here: �νLO = 0.051 eV and �νTO = 0.0576 eV represent the
energies of LO and TO phonons and the numbers 7.527,
32.768 come from numerical integration of electron-phonon
matrix elements. The size dependence of the recombination
rate has been presented in Figure 14. The dependence of τ−1

R

on the dot radius is close to R−3. This is much slower than
the rate obtained for no-phonon transitions (R−8).

The results presented here agree well both qualitatively
and quantitatively with those obtained by other authors [95,
147, 148] for similar systems. In particular, according to their
results, the recombination rates for NCs from 2 to 6 nm in
diameter do not exceed 105 s−1 and are never less than 5 ×
102 s−1. It should be noted, however, that the TB calculations
[148] produce a considerably slower decrease of the radiative
decay rate than the EFA (as developed here and in [95, 147,
149]) predicts.

Finally, concluding this subsection, we would like to
discuss briefly the relation between our single-particle calcu-
lations and the singlet-triplet model which gives a reduction
of the radiative lifetime with increasing temperature, as
in (1). It is, of course, not applicable in the frame of a
single-particle treatment to obtain the state splitting caused
by the exchange electron-hole interaction. Therefore, the
temperature dependence of τ−1

R (42) is defined exclusively
by the phonons. As a result, no sharp rise of the decay rate
appears in our model as the temperature increases up to the
room values. At temperatures higher than about 150–200 K,
both models nevertheless should give similar results because
the upper excitonic states become highly populated. Thus,
the single-particle model remains valid for T > 200 K. As
well, it should be noted that the separation of dark and bright
excitons is not always possible. The spin-orbit coupling
transforms forbidden exciton transitions into suppressed
ones due to the entanglement of single-particle states with
different spin projections. The entanglement can be crucially
strengthened by imperfections of the crystallite structure
such as shape nonsphericity or, especially, by various point
defects such as Pb centers, SiO bonds, and impurities. In
the presence of the latter effects, all the transitions can
become allowed and consequently the single-particle model
is acceptable.

3.3.2. Radiative recombination in doped dots

Experimental evidence of shallow impurity effects in the PL
of silicon NCs (see Section 2.3) has no corresponding rig-
orous theoretical grounds. Usually, when discussing various
changes in optical properties of the NCs due to doping,
the nonradiative recombination channel is considered more
closely. For instance, doping may passivate dangling bonds,
and, as a consequence, essentially reduce the effectiveness
of the nonradiative channel. On the other hand, a large
number of donors or acceptors in the nanocrystal leads to
the appearance of extra carriers that can recombine through
the Auger process. Thus, doping is an important factor
influencing the nonradiative recombination (a more detailed
description of the nonradiative recombination mechanisms
can be found in the next subsection). The nonradiative
lifetime τNR can be varied by doping, which leads to the
change of the emission efficiency.

The impact of doping on the radiative channel has not
yet reported. However, it is interesting to examine also the
possibility of increasing the quantum yield via enhancement
of the radiative rate τ−1

R . This is exclusively a quantum
effect that can be explained by the reconstruction of the
wave functions in different symmetry (or asymmetry), and
changing selection rules for the interband transitions. We
would like to touch upon this question in the present
subsection and compute the radiative recombination rates in
a silicon NC doped with a hydrogen-like donor and acceptor.

In order to compute the decay rates for the doped dot we
follow (36). The main reason for the rate changes compared
to the case of the undoped dot lies in some corrections to the
electronic wave functions of both initial and final states (27),
(30) due to the existence of a shallow impurity in the dot. In
the following, we discuss two different cases.

The first case corresponds to an off-center position for
the impurity inside the dot. In the valence band such an
impurity location creates a field asymmetry in the system,
which entangles the three spinless s-type states (30) with the
three spinless p-type states [92]

Ψp1 =
Fx(r)|XZ〉 − Fy(r)|YZ〉√

2
,

Ψp2 = Fz(r)|YZ〉 − Fx(r)|XY〉√
2

,

Ψp3 =
Fy(r)|XY〉 − Fz(r)|XZ〉√

2
.

(43)

These states (30) and (43) correspond to the closely spaced
lowest triply degenerate energy levels shown in Figure 5. As
a result, the ground hole state becomes a superposition of
the states with s- and p-type envelope functions. In the
conduction band, the ground electron states are the s-p
combinations even without impurities, as seen from (27).
Embedding the impurity into some arbitrary position within
the NC raises the number of the p-type envelope functions
in the ground states as well as in the valence band. However,
PIF(�) becomes smaller if the integrated envelope functions
are p-type. Consequently, the squared transition matrix
element, proportional to PIF(�), and the rate itself decrease
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relative to the case of an undoped NC, as shown in Figure 15
for two different displacements of the impurity from the dot
center.

The ratio h/R = 0.46 corresponds to the greatest possible
mix of s- and p-type states with maximal weight of the p-
type envelope functions in the ground states both in the
conduction and valence bands. The strong mixing results
in maximal decrease of the decay rate independently of
the impurity type. When the impurity is situated near the
nanocrystal boundary, h/R = 0.9, the weight of the p-type
envelope functions reduces in the ground state of both bands.
As a consequence, the rate rises with respect to the case
h/R = 0.46, but remains smaller than that for the undoped
NC.

The second case we consider is the case of the central-
located impurity. If h = 0, no s-p entanglement takes place
in the valence band. The functions with the s-type envelope
(30) describe the ground states of both donor- and acceptor-
doped NCs.

The situation is different for the conduction band.
Formally, the wave functions of the six spinless ground states
are described by (27) as before. However, for doped dots,
parameter λ has a form which differs from that given by (28).
In the presence of an impurity center, λ is defined as:

cos(2λ) = Ep − Es + δV − 2Hpp√(
Ep − Es + δV − 2Hpp

)2
+ 4H2

sp

,

sin(2λ) = 2Hsp√(
Ep − Es + δV − 2Hpp

)2
+ 4H2

sp

,

(44)

where δV = Vpp−Vss is the difference between the p-p and s-
s type matrix elements of the Coulomb potential energy VC .
The appearance of this term in the definition of λ is explained
by the shift of the energy levels of the s- and p-states Es
and Ep, respectively, due to the Coulomb interaction. The
relative shift δV turns out to be positive for donors, and
negative for acceptors. Consequently, cos(λ) increases and
sin(λ) decreases for donors, and vice versa for acceptors.

This implies that the weight of the s-type envelope
function in the electron ground state increases for the donor-
doped dot and shrinks for the dot doped with acceptor,
with respect to its value in the undoped dot. Hence, the
coefficient PIF(�) for the donor-doped dot is greater than
that for the undoped dot. In turn, the latter exceeds PIF(�)
for the acceptor-doped dot. Precisely the same relationships
take place for the recombination rates, as shown in Figure 15.

Note in conclusion, that the central-symmetric case
h = 0 qualitatively corresponds to some real situation,
where the NC has been highly doped with donors or
acceptors. It is natural to assume a homogeneous impurity
distribution within the nanocrystal in this case. Obviously,
such a homogeneous density of charge induces a spherically
symmetric electric field that cannot mix the s- and p-type
states. Moreover, the relative Coulomb shift δV remains
positive for donors and negative for acceptors, as in the above
case of a single impurity center in the dot [73]. Therefore,
one can expect similar behavior of τ−1

R for highly doped NCs.
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Figure 15: The rates of the phonon-assisted ground radiative
transition as functions of the dot radius for a doped dot. For h /= 0,
we have nx = 0.8, ny = 0.5, and nz = 0.33.

3.3.3. Nonradiative recombination

In parallel with radiative transitions, nonradiative processes
occur in silicon nanocrystals. As a rule, nonradiative pro-
cesses play a problematic role in silicon crystallites, due to
their high recombination rates which substantially exceed
the rates of the radiative transitions. Among the possible
nonradiative processes, capture on dangling bonds and
Auger recombination are the most efficient. Both processes
are phonon-assisted, possibly even multi-phonon. The first
one takes place both at low and high pumping levels, while
Auger recombination becomes possible exclusively at high
excitation power when more than one excited electron (hole)
exist in the conduction (valence) band of the nanocrystal.
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The capture on a neutral dangling bond has been studied
earlier by TB method [100, 106]. It was shown that excited
electron-hole pairs can recombine on a neutral dangling
bond in two stages. First, the electron (hole) is trapped on
a neutral Pb center making it negatively (positively) charged.
Then, the hole (electron) is trapped on the charged dangling
bond. According to estimations [100], the capture rate on
the neutral dangling bond for holes is always much greater
than that for electrons. In turn, the electron capture rate at
room temperature increases sharply as the nanocrystal gap
decreases from 2.7 eV to 1.5 eV (see (23)). Within the same
range of energy gaps, the hole capture rate also increases
but less sharply. We should emphasize the presence of two
main features of the capture process. First, there is a very
stron dependence of the capture rates (even for holes) on the
energy gap, that is, the NC size. The second feature is the
overall high capture rates, which are much greater than the
radiative decay rates. Evidently, the presence of a dangling
bond in silicon crystallite drastically reduces the quantum
efficiency of photon generation. Therefore the passivation
of dangling bonds is required for achievement of relatively
efficient luminescence.

Let us now touch briefly on the role of SiO defects in
the photoluminescence. The calculations of Nishida [102]
showed that the oscillator strength is almost independent
of the existence of Si–O–Si bonds. In contrast, the Si=O
bonds reduce the oscillator strength by several orders of
magnitude. Recently, however, Sa’ar et al. [64] demonstrated
experimentally that both back-bonded and double-bonded
oxygen atoms can enhance the PL intensity due to formation
of coupled states of electrons (holes) and SiO vibrations.
Such vibrations induce electric polarization fields generating
long-lived coupled states named “vibrons”. Usually, the
surface vibrations scatter the carriers; however, vibrons,
being coupled states, do not scatter the carriers and thereby
exclude one of possible nonradiative channels from the
recombination process.

For highly excited nanocrystals, Auger recombination
may take place. It is sufficient to have only three particles
(two electrons and a hole, or vice versa) for this process to
occur. It is well known that Auger recombination has high
efficiency in bulk silicon. Therefore, it is natural to expect
a similar behavior in silicon crystallites. Calculations of the
Auger-recombination rate in crystallites carried out with TB
[58, 152] and EFA [153] techniques confirm, indeed, the fast
character of this mechanism. In particular, the characteristic
times have been found to be of the order 0.1 to 10 ns−1

and gradually rise with decreasing nanocrystal size. Thus,
Auger recombination, as well as dangling bonds, can strongly
quench the luminescence in silicon crystallites, as confirmed
experimentally [152].

4. ENSEMBLES OF QUANTUM DOTS

4.1. Size distributions

As discussed in detail in the previous sections, the recom-
bination energy for Si NCs is dependent on the NC size.
In order to achieve optical gain and stimulated emission,

therefore, a narrow size distribution would be beneficial in
order to narrow the gain profile. In ensembles of silicon
nanocrystals grown by various thin film methods or by
ion implantation, it is so far not possible to obtain the
narrow size distributions that can be achieved with chemical
methods, where post-synthesis size selection methods are
routinely employed [154]. However, there is hope for better
size selectivity, as will be discussed toward the end of this
section.

The nucleation and growth behavior of nanocrystals in
ion implanted systems, in particular, has been extensively
characterized [155, 156]. The lognormal size distribution
results in general when multiple microscopic processes
govern the nucleation and growth kinetics, as is typical in
these systems. The lognormal distribution is found even in
cases where the “memory” of the specific initial conditions is
lost, for example, after annealing of ion implanted samples
[156]. In such cases, the nanocrystal size distribution is
governed by the standard lognormal curve:

P(x) = 1
Sx
√

2π
exp

[−( ln(x)−M
)2

2S2

]
, (45)

where the mean and variance can be related to the M and
S parameters by μ = exp(M + S2/2) and var = exp(S2 +
2M)[exp(S2)− 1].

For thin films also, a lognormal distribution is predicted
on the basis of random nucleation and growth in a homo-
geneous medium, regardless of the growth temperature,
specific method of crystallization, and the mean grain size
[157, 158], which is consistent with previous theories on
cluster growth in metals and ceramics [159]. Lognormal
distributions in the case of silicon grains crystallizing in
amorphous silicon have been reported [157], and the
lognormal size distribution has also been observed in silicon
NCs over the range of annealing temperatures from 400
to 1100◦C [47, 160]. Figure 16 shows the size distributions
obtained from TEM data for two samples available in the
literature. In Figure 16(a), the data from Vinciguerra et al.
[161] are reproduced along with a Gaussian least squares fit
(μradius = 1.68 nm, σ = 0.65 nm) which is similar to the fit
in the original publication (quoted as μ = 1.7 ± 0.6 nm),
and a lognormal fit with S = 0.27 and M = 0.54). The
data look decidedly lognormal with a skew toward large radii;
the lognormal fitting matches the data better on both the
high and low tails of the distribution, has a better correlation
(R2 = 0.94 versus 0.86), and is naturally equal to zero for
negative radii. Figure 16(b) shows the original data from
Glover and Meldrum [162], along with a lognormal fit with
S = 0.29, M = 0.22. This latter data and fit will be used in
the model in the following subsections. Obviously, the exact
numbers obtained for M and S depend on the histogram
binning and on the quantity of the data.

Size distributions can potentially be different than log-
normal whenever the nucleation and growth processes are
not random but are controlled in some way, such as via
irradiation-induced nucleation [163], or through nonunifor-
mities in the concentration of silicon, or when size selection
is built into in the process as, for example, in the formation
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Figure 16: (a) Experimental size histogram from [161], with a
Gaussian fit (blue line) and a lognormal fit (red line). Panel (b)
shows the data from [162] with a lognormal fit.

of silicon nanocrystals by laser pyrolysis [164], or when
size selection is done after crystal formation in solution, or
when there is a mechanism for producing nonuniform (i.e.,
bimodal) distributions. Nevertheless, in numerous studies of
silicon nanocrystals a Gaussian distribution is assumed. It
can be mentioned that in most cases where a Gaussian fit is
used to model the silicon NC size distribution, there is in fact
no theoretical basis for it. In fact, it can predict unphysical
results (e.g., the Gaussian function does not go to zero when
its argument—the radius or diameter—is negative).

The lognormal function should, therefore, be used in
cases except those in which there are reasons to expect a
different distribution. Since there is a strong dependence of
the bandgap energy on the cluster size, accurate modeling of

the behavior of ensembles of Si NCs does imply that the size
distributions should be well known and correctly modeled.
For modeling luminescent properties of ensembles of silicon
nanocrystals, as discussed below, the lognormal distribution
will be used in every case.

4.2. PL spectra and dynamics

Silicon NCs are characterized by a broad emission spectrum
typically peaked between 800 and 900 nm, with a full-width-
at-half-maximum (FWHM) of as much as 200 nm, even
in “monodispersed” multilayered samples [165]. Although
the size distributions for the monodispersed samples in
[165] were not actually reported, it seems likely that they
would nevertheless be much wider than typically obtained
for CdSe NCs due to the lack of post-synthesis size selection
methods. Therefore, the broad emission band could simply
be due to the range of confined carrier energies in clusters
of different sizes, or to the random nature of the interface
states that may affect the PL spectrum. Single quantum
dots may show homogeneous broadening up to ∼150 meV
at room temperature [19], although this is still narrower
than the overall inhomogeneous broadening due to the size
distribution. Below, we will investigate the spectral effects
of broadening and nonradiative defects on the emission
spectrum of an ensemble of Si NCs.

In order to investigate the theoretical luminescence spec-
trum and dynamics, the NC size distribution for SiO films
annealed at 1000◦C from [47] (lognormal radius parameters
S = 0.21, M = 0.74) was used along with the theory
developed in Sections 1–3. First, the effect of inhomogeneous
broadening was investigated by plotting one spectrum in
which the energies of 106 NCs produced with a lognormal
probability function were binned in histogram form. In this
case, for simplicity the NCs were treated as isolated, and
energy transfer between them was not permitted (purple
curve, Figure 17). The effect of homogeneous broadening
was determined by assigning each cluster a Gaussian range
of emission energies with standard deviations ranging
from 0 to 200 meV and adding all the resulting curves
(Figure 17). As the homogeneous broadening increases, the
emission spectrum became broader, effectively similar to
a “Gaussian smoothening” of the spectrum. Additionally,
the spectrum was observably wider even for small levels of
homogeneous broadening, and the peak shifts to slightly
shorter wavelengths due to the overall shape of the lognormal
function. The spectrum maximizes at shorter wavelengths
than actually observed for a real specimen with this size
distribution because NC-NC interactions were not yet
turned on in the simulation. At this stage, the intent is simply
to demonstrate the effect of homogeneous broadening on
the observed PL spectrum. One may furthermore propose
that the term “monodisperse” may only be used rigorously
in situations in which the width of the PL spectra is governed
primarily by homogeneous rather than inhomogeneous
spectral broadening.

Next, the effect of nonradiative interface defects on the
emission spectra and dynamics was estimated. Two size
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Figure 17: Effect of homogeneous broadening on the simulated
(normalized) PL spectrum. The FWHM of the Gaussian homoge-
neous broadening is shown in the legend.

distributions corresponding to those in [47] (S = 0.21;
M = 0.74) and [162] (S = 0.29; M = 0.22) were used, and
for the present evaluation NC-NC energy transfer was not
permitted. Several different concentrations of nonradiative
defects ranging from 0 to 1020 cm−3 were assigned to the
clusters with probabilities weighted proportionally to the
surface areas. Clusters were checked in random order and
a defect was assigned to a cluster if the random number
was smaller than ANC/Aall NCs. The process was continued
until all defects had been assigned, allowing for multiple
defects on a single particle (Figure 18). Every cluster was then
given an electron-hole pair with a lowest excited-state energy
calculated according to (22). The radiative and nonradiative
rates were calculated from (42) and (23), respectively. Using a
simple Monte Carlo procedure, the probabilities of radiative
and nonradiative decay were calculated for each NC and a
random number generator used to determine whether either
type of decay occurred. This process continued until no
excited carriers remained.

The resulting PL spectra were characterized by an
asymmetric curve shape, tailing toward higher energies due
to the form of the equations leading up to (22) (Figure 19).
The effect of various concentrations of nonradiative surface
defects is clearly observable in the simulated PL spectra.
In addition to decreasing the overall PL intensity, the
effect of the nonradiative centers is to blueshift the peak
wavelength. The spectral blueshift occurs because the larger

Figure 18: Left: Plot of a simulation box, 4000 NCs, initial state.
Dark clusters contain one or more defects. Right: multilayered
sample in a time window between 50–100 μs after the end of
the pump pulse. Yellow NCs had a radiative recombination event
during this time period and white NCs have no charge carriers
remaining. Interaction effects were turned off for these simulations.
The orange NC in the lower left corner of both images is 5 nm in
diameter.

clusters are statistically more likely to contain defects, and
the effect would be even stronger if defects were assigned
with a volume rather than surface-area weighting (e.g., for
volume defects). If extended annealing periods can remove
nonradiative centers without increasing the NC size [166],
then the effect would be to cause an increased intensity and a
redshift of the PL peak, exactly as reported experimentally
[53]. This redshift is not due to increasing cluster size,
but is due to the removal of nonradiative traps. Finally,
the high-energy skewness of the simulated spectra is due
to a combination of effects, including the lognormal size
distribution, and the lack of carrier transfer from small to
large clusters.

As discussed in Section 1, PL decay dynamics in ensem-
bles of Si NCs are characterized by the “stretched expo-
nential” function It/I0 = exp[−(t/τ)β], with values of the
exponent β often between 0.7-0.8. The stretched exponential
has been suggested to be due to a hopping mechanism
in which excitons are temporarily trapped and delayed at
sites in the oxide matrix or at the cluster-oxide interfaces
[32, 167, 168]. However, the stretched exponential decay
could also be due to the distribution of lifetimes in NCs of
different sizes, as has been indicated by a few groups [35,
169]. In the absence of radiative centers, the recombination
energy is given by (22), and the size-dependent radiative
rates were developed in (42). Here we found that when
the defect concentration was set to zero (uppermost line
in Figure 20), values of β = 0.58 and τ = 33μs emerged
naturally. The small lifetime is due to the small size of
the clusters used in this simulation. Also, since interactions
were not enabled, there is no energy transfer from small
to large clusters which would also affect the time constant
(and the value of β). Including defects changed these
values considerably: with increasing defect concentration,
the decays are more precipitous (Figure 20). The stretched
exponential function with low β values can, therefore, be
obtained naturally as a result of the lifetime distribution.
Approximately 100-microsecond-timescale carrier hopping,
as suggested in previous work [168] as an explanation for
the stretched exponential decay, while not ruled out by this
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Figure 19: PL spectra as a function of surface defect concentration for non-interacting NCs. The spectra in the top panel correspond to
μradius = 2.1 nm, varradius = 0.21 nm2; the bottom panel is for μradius = 1.3 nm, σradius = 0.38 nm. The legends show the defect concentration
in cm−3.

analysis, is not required in order to generate the stretched
exponential dynamics, a conclusion that is in agreement with
recent experimental results [169].

This is not meant to imply that energy transfer does
not occur—in fact, it certainly does occur in most samples
as discussed below—but that the shape of the decay curve
is in fact governed by the size distribution even in the
presence of energy transfer. However, energy transfer will
also affect the shape of the decay curve—in the absence of
nonradiative processes shifting the decay to longer lifetimes
and larger β. In fact, in the absence of nonradiative decay,
it is in theory possible to work back from the observed
decay to the lifetime distribution using the inverse Laplace
transform for the stretched exponential function [170]. From
the lifetime distribution one could in principle then work
back to the size distribution if τpl ≈ τrad and the radiative rate
model is accurate. If nonradiative processes are included, the
values of β and τ are sensitive to the size distribution, filling
fraction, and defect concentration. In the discussion below,
the first interaction simulation including Forster transfer and
tunneling will be performed and its effect on the PL spectrum
investigated.

4.3. Interactions

In order to achieve better size control, several studies have
formed silicon nanocrystals using a thin film multilayering
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Figure 20: Simulated PL decays for a specimen with μradius =
1.3 nm, varradius = 0.15 nm2. The lines correspond to defect
concentrations of 0, 1019 cm−3, 1020 cm−3. Interactions were not
permitted, which minizes the effect of defects.
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approach. Instead of depositing a single thick layer of SiOx,
alternating thin layers of SiOx and SiO2 were used. In this
way, the thin SiOx layers are isolated from one another by the
SiO2 buffer layers. Upon annealing, silicon clusters crystallize
in the SiOx layers, but the cluster growth occurs only by
diffusion within the layer as opposed to three-dimensionally.
Although the resulting cluster sizes should clearly be smaller
than for three-dimensional diffusion in a thick layer of the
same composition, it is not immediately clear without more
detailed modeling whether the distribution should, in theory,
be more narrowly distributed with respect to the mean value.
However, narrower distributions have been reported in many
cases [171]. Nevertheless, even in apparently monodispersed
multilayered samples [165] the PL peak is nearly 200 nm
wide at the half maximum.

Through investigating the effect of multilayering of the
Si NCs on the luminescence spectrum, it has been observed
that the PL spectrum and dynamics from silicon nanocrystals
depends on the thickness of both the SiO2 buffer layers and
the active nanocrystal layers, even if the size distributions
remain approximately constant [23, 32, 162]. This is evidence
of an interaction mechanism operating between the clusters:
as the NCs become more isolated—in one direction at
least—by the buffer layers, the PL peak shifts to shorter
wavelengths and there is a change in the decay dynamics
as well, with a possible trend toward higher values of the
exponent β. As already discussed, this has been widely
interpreted in terms of a kind of excitonic hopping or
migration (e.g., see [23]) between clusters, although only
more recently have the mechanisms for carrier transfer
among Si NCs been more clearly elucidated [30, 160].

There are at least two fundamental means by which
closely spaced nanocrystals can exchange charge carriers. The
first mechanism is via tunneling of individual electrons or
holes from one cluster to another. If the two clusters are
approximately the same size (or if the higher levels of a
larger cluster overlap with lower levels of a smaller one),
then the tunneling is resonant, it is equally probable in either
direction, and its rate depends on the negative exponent of
the separation distance. Tunneling is well known to occur
in silicon clusters and forms the basis of silicon nanocrystal
memories [172, 173]. Accurate calculation of the tunneling
rate in ensembles of nanocrystals with different energies
and spacings is a difficult problem, however. The tunneling
rate can be approximated by the Wentzel-Kramers-Brouillin
(WKB) approximation, as has been established for the case
of double quantum wells [174–176]:

wt = 1
ttunnel

=
(

1
2dp

)(
2E
mp

)1/2 16E(V − E)(mp/mb)[
V +

(
mp/mb − 1

)
E
]2

× exp

[
− 2db

(
2mb(V − E)

�2

)1/2
]

,

(46)

where mb and mp are the carrier effective masses in the
barrier and the particle, dp and db are the particle diameter
and barrier thickness, V is the barrier height, and E is
the carrier energy. This equation (using the corrected form

shown in [160]) has previously been employed to estimate
tunneling rates between asymmetric quantum wells [176],
despite the fact that (46) is strictly applicable only to the
resonant case.

If the energy levels of adjacent clusters are mismatched,
then tunneling must be “assisted” by emission or absorption
of phonons. The tunneling rate dependence on the energy
gap, ΔE, and the phonon energies (within the clusters and
in the SiO2 matrix) for these mechanisms is not well known
and may need to be estimated experimentally if sufficiently
narrow size distributions can be obtained. Recently, com-
puter simulations showed [160] that a large Stokes shift
between absorption and emission in the specimen as a whole
can occur as a result of tunneling between nanocrystals
although, as for the quantum well case, (46) was used
without accounting for phonon-assisted tunneling.

The second fundamental interaction mechanism is res-
onance energy transfer, or “Forster transfer” [177]. In this
mechanism, electron-hole pairs may “migrate” from particle
to particle by a dipole-dipole or higher-order multipole
coupling, that is, the Forster process—which has already
been established for the case of CdSe nanocrystals [178].
Others have shown that it applies to silicon nanocrystals also
[30], although due to the indirect gap the rates can be much
different (typically smaller) than for CdSe. Forster transfer is
the basis for fluorescence resonance energy transfer (FRET)
microscopy, and has been widely investigated in the case of
interactions amongst the rare earth ions [179]. The distance
dependence of the transition dipole transfer rate, wd, is
given by wd = wPL(R0/r)6, where wPL is the PL rate, R0

is the distance at which the transfer rate and the PL rate
are equal, and r is the distance between the edges of the
particles. R0 itself depends on the spectral overlap integral
between the donor (D) and acceptor (A) clusters, and is,
therefore, technically different for any pair of nanocrystals
undergoing this process. Previous work in CdSe nanocrystals
has assumed that the energy levels must be resonant for the
Forster transfer to occur [178], however this is not strictly
true: phonon-assisted Forster transfer has been calculated
for the rare earth ions and should apply to nanocrystals
as well. In the Miyakawa-Dexter theory [180], the resonant
Forster rate is modified by considering the electron-phonon
coupling parameters in the density-of-states function for the
donor and activator ions. In this way, one obtains [180]:

wdip = wpl

(
R0

r

)6

exp(−βΔE), (47)

where β depends on the electron-phonon coupling strength,
and its value can be extracted from a plot of the transfer
rate versus ΔE in silicate glass. From the data provided in
[181], a rough estimate gives α = 0.0018 for rare earth ions
embedded in SiO2, where α indicates internal transitions and
is about twice the value of β [180]. Unfortunately, the value of
β is much more difficult to obtain experimentally for silicon
NCs, as a result of the size distributions (i.e., every NC is
slightly different; whereas all rare earth ions of the same type
have identical properties).

The Miyakawa-Dexter model has been widely discussed
and applied extensively in the case of transfer between
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different rare earth ions [182–184]. In the present case, one
may assume that the energy difference is lost to phonons
in the surrounding silicate glass, as would be the case for
isolated “point” dipoles such as the rare earth ions. As the
energy gap grows, the transfer rate decreases exponentially,
and experimentally, for rare earth ions at least, this trend
shows little variation despite the many simplifications in
the Miyakawa-Dexter model [185]. The effective Forster
distance, R0, is more difficult to obtain, since it is not
practical to calculate the overlap integral (including phonon
sidebands) for every possible pair of interacting particles in
a sample. Therefore, an experimental approach is taken to
approximate a single R0 value for all pairs of particles. By
varying the distance between layers of interacting particles
and using the geometrical constraints imposed by interacting
layers (as opposed to two point dipoles) [186], an estimated
value of R0 = 5 nm was used in the simulations. Obviously,
this is a significant simplification and it must be stressed
that the results remain approximate until phonon-assisted
multipole transfer between all possible pairs of NCs can be
calculated in a reasonable way.

The simulation setup was done exactly as described pre-
viously: every particle was populated with a single electron-
hole pair at time t = 0. This time, the effect of nonradiative
traps was not included in order to show only the energy
migration effects. Next, for every nanocluster the probabil-
ities associated with each of the four processes described
above (radiative decay, nonradiative decay, tunneling, and
Forster transfer) were calculated in random order (the NCs
themselves are also checked randomly) and compared to
a flat-probability random number between 0 and 1 to
determine whether one of these four events occurred. When
the calculation started, the simulation timestep was 1 ×
10−12 s. After iterating through all the particles, the time
increments by one picosecond and the process repeats. If ten
complete iterations through all the clusters (in randomized
order each time) produce no events of any kind, the timestep
is multiplied by a factor of ten. In this way, it is possible
to overcome the otherwise impossible computational limits
associated with the vastly different rates for the different
processes. The simulation ends when there are no electron-
hole pairs left. When a particle radiates, the energy of the
outgoing photon is stored for the spectral output function,
and the time is recorded in order to plot the decay of the
luminescence. Finally, a set of tests were performed to find
the minimum sample size for which edge effects (due to the
finite box size) became unobservable. A simulation of 5,000
particles was found to provide sufficiently short computation
time (∼12 hours on a 2.6 GHz CPU) and no observable edge
effects. Auger effects were not simulated, which effectively
approximates the behavior of a lightly pumped ensemble.

Figure 21 shows the PL spectrum with and without
the Forster and tunneling “energy migration” interactions.
In the first few nanoseconds, numerous tunneling events
and dipole-dipole interactions occurred. The rates for these
processes for adjacent nanocrystals are many orders of
magnitude faster than the radiative decay processes. Some
nonradiative trapping can also occur early on in the simu-
lation. Even after only a few picoseconds, there was already
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Figure 21: Effect of carrier migration on the PL histogram of a
silicon NC ensemble with a lognormal distribution S = 0.21, M =
0.74, and volume fill = 35%. The PL spectrum is strongly redshifted
as a result of tunneling and Forster transfer in this densely packed
ensemble. For this simulation, there were no non-radiative defects
and infinte barriers were assumed. The “after interactions” result
agrees reasonably well with the observed CW PL from a specimen
with the same size distribution and volume fill [47].

a small fraction of charged nanocrystals due to electron or
hole tunneling events. Many nanocrystals had no remaining
charge carriers, and many others—predominantly the larger
ones—had multiple electron-hole pairs. After 500 ns, many
thousands of tunneling and dipole events occurred and most
of the smaller clusters were devoid of charge carriers. In
the microsecond timescale, radiative decay joins the longer-
range energy transfer events, and by 100 microseconds only
a few excited nanocrystals remained. The long wavelength
of the emitting states (compared to absorption)—as well
as a decrease in the overall skewness of the PL peak—in
dense ensembles of Si NCs can originate predominantly
from energy migration, indicating that the large Stokes
shift in ensembles of Si NCs can be attributed, at least in
part, to these effects. We have also found that the degree
of “stretching” of the PL decay depends on the resulting
ensemble of particles with electron-hole pairs; in the absence
of nonradiative effects the PL lifetime is longer but if defects
are introduced the PL lifetime can be dramatically shorter in
the presence of energy migration, due to the greater statistical
probability for defects to occur on larger NCs. Based on the
initial results presented here, it would seem that the combi-
nation of theory with computational simulations may be one
of the best tools to obtain a more thorough understanding of
the complicated and controversial luminescence behavior of
ensembles of silicon clusters.

At this point, although instructive, the simulations
have obvious limitations that we are currently working
to overcome. For example, we have not incorporated the
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effects of Si=O surface bonds, which again may cause the
simulated spectra to peak at wavelengths slightly too short,
especially for smaller NCs. An obvious limitation of the
model is the estimate of a single value of R0 for all Forster
interactions. The fact that phonon-assisted Forster processes
among silicon NCs remain beyond theoretical scope [30],
required a further assumption that the phonon-assisted rate
had a similar dependence on ΔE as for the case for rare-earth
ions in silicate glass. Higher-order multipole interactions
were also ignored. Finally, unlike the case in which infinite
barriers were assumed [160], here the resulting spectra are
narrower and redden than observed experimentally.

Nevertheless, the implications of these simulations are
clear. First, the two energy transfer mechanisms dominate
the PL spectrum when the clusters are separated by less than
2 nm, and can still be significant in the case of Forster transfer
over distances of 5 nm or more. Therefore, in most of the
experimental work reported to date, NC-NC interactions
strongly affect the PL spectrum. Multilayer simulations such
as that shown in Figure 18 have also been performed, and
the results are consistent with the experimentally observed
spectral blueshift and increased lifetime in multilayered
samples. The decay exponent β shows a more complicated
behavior however; its value depends on the distribution of
lifetimes which in turn depends on the size distribution and
the nonradiative defect concentration. Next, in most samples
the largest clusters act as depressions in the energy landscape
and can attract numerous charge carriers. Under high pump
rates, therefore, the Auger problem can become significant
when the clusters are reasonably closely separated. Next, the
simulations can easily be extended to model the sensitizing
action of the NCs on erbium ions; this work is currently
ongoing and uses the Forster mechanism of energy transfer.
The results seem consistent with the reports of optical gain
(ASE) in very short timescales before significant amount of
energy transfer can occur (as long as the size distribution is
sufficiently narrow to have a narrow enough gain profile) but
for CW stimulated emission the NCs must be sufficiently well
separated to prevent carrier migration and buildup on the
largest clusters. The largest NCs are also the ones most likely
to contain a defect, so their effects on the emission spectrum
and gain profile are extremely strong in most samples where
carrier interactions occur. Therefore, in the final section of
this paper we briefly discuss the controversial observations
of optical gain in silicon nanocrystals, and the implications
of the theoretical results in Sections 1–3 and the simulations
of Section 4 for the development of photonic devices relating
to stimulated emission in silicon nanocrystals.

4.4. Stimulated emission in Si NCs

There have been numerous recent reports of optical gain in
silicon nanocrystals [165, 187–189], and stimulated emission
was reported in [190], although to our knowledge the results
are not fully understood. Many of these studies deduced
the presence of gain by analyzing data from the variable
strip length (VSL) technique [191]. This method has been
discussed in great detail in the literature, owing to the many
possible sources of error. In general, a planar waveguide film

containing silicon nanocrystals is optically pumped from
above (parallel to the specimen surface normal). The pump
laser beam is first incident on a variable-length slit, such that
only a diffraction-limited strip of the sample is pumped. The
waveguided PL signal is then collected from the edge of the
specimen in the direction parallel to the axis of the excitation
strip. The signature of optical gain is a superlinear increase in
the PL intensity (marked by a distinct transition) for constant
pump flux as the strip is lengthened. This is due to the
stimulated emission from excited nanocrystals interacting
with photons originally emitted at the farther end of the
excitation strip. This method, along with some corrections,
has been one of the most widely used methods to support
optical gain in Si NCs. The other method that has been used,
although somewhat less extensively, is the standard pump-
probe technique. In that case, the transmission of a probe
beam is measured as a function of the probe power, with the
transition from loss to gain marked by a shift from positive to
negative absorption of the pump. This method has been used
both for Si NC waveguides and in single-pass measurements.

The presence (or absence) of SE in Si NCs is a subject
of much debate. After the initial report [5], which used both
the VSL and the single-pass pump-probe methods to report
a net modal gain for a silicon nanocrystal film of 100 cm−1,
a net material gain of 104 cm−1, and a gain cross section
per NC of ∼10−16 cm2, numerous groups have searched for
optical gain in ensembles of Si NCs. The results of these
investigations have not been entirely consistent. Currently,
there seems to be some possible evidence in favor of SE in an
Auger-limited time window of a few ns after intense pulsed
excitation, with gain cross sections per NC of ∼10−16 cm2

in the extreme short wavelength side of the broad emission
band [189]. However, in comparison to the case for CdSe
NCs, where there is clear and unequivocal observations of SE
(e.g., marked by a sudden superlinear increase of PL intensity
with pumping power in a narrow wavelength range), in the
case of Si NCs the signatures of SE have been extracted from
fairly elaborate and complicated experiments, and the results
have shown significant specimen-to-specimen variation. A
brief examination of the limiting factors and key specimen
requirements for SE in ensembles of silicon NCs would be
of use with the ultimate objective demonstrating, unequivo-
cally, stimulated emission in nanocrystalline silicon.

Gain profile

The calculations discussed in Sections 1–3 indicate several
key factors relating to optical gain in Si NCs. First, for
size distributions produced by standard physical vapor
deposition or ion implantation methods (including multi-
layering) the gain profile becomes extremely wide. This
reduces the gain coefficient and the gain cross section per
NC in the sample. Dal Negro et al. [187], for example,
reported a gain coefficient of 1600 ± 300 cm−1 at λ =
750 nm, with a gain cross section at this wavelength of 3 ×
10−16 cm2 per NC. Since the overall PL spectra generally
peak at longer wavelengths, only a small fraction of the NCs
may actually emit within the reported gain window. Most
of the nanocrystals, therefore, may not contribute to SE
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and are in fact, detrimental as a result of confined carrier
absorption, scattering, and other loss mechanisms they can
cause. If Si NCs could be prepared with a size distribution
similar to that for CdSe (e.g., 5% standard deviation), the
theoretical gain coefficient per nanocrystal in the specimen as
a whole could increase by a fairly large factor, simply because
a greater number of NCs could contribute to the overall gain
at the peak wavelength. Therefore, true monodispersivity
(i.e., overall emission profile controlled by homogeneous
broadening) is likely to be a requirement for producing SE
in ensembles of Si NCs.

Secondly, the size distribution presents an inherent prob-
lem for laser excitation of the specimen. With the exception
of erbium doped waveguides that used LED excitation [192],
SE or gain is reported as a result of pumping the sample with
a laser. Laser excitation implies a narrow excitation energy
window, and only NCs that happen to have a transition
within that window will be absorbing. In a given sample with
a wide distribution, therefore, many of the NCs may not
absorb and cannot contribute to the overall specimen gain.
Furthermore, these “unexcited” NCs can enhance the energy
migration or other undesired effects discussed above.

The cluster-cluster energy transfer mechanisms found
to be important in the overall luminescence spectrum also
have implications for the presence of SE in ensembles of Si
NCs. Generally, a high-pump rate is necessary to observe
the transition from loss to gain. Under such high rates,
one can assume a relatively large number of excitons per
NC (we hesitate somewhat to suggest a number as high as
100) [5] but at least 1 exciton per NC is readily possible.
In this case, charge carriers will be rapidly redistributed
through the tunneling and Forster mechanisms, on the sub-
nanosecond time scale for a typical volume filling fraction
of NCs (the volume fraction ultimately controls the average
NC-NC spacing). Therefore, in a short time after the initial
pump pulse, one has the accumulation of charge carriers
on the largest NCs as a result of tunneling and Forster
interactions. This drastically decreases the number of NCs
that can contribute to the gain spectrum and can lead
to enhanced nonradiative trapping and undesirable Auger
interactions. This may be one reason that gain may only
occur in very short timescales, as suggested in several recent
experimental works [189], and only in certain specimens but
not in others. In such cases, gain may only build up before
the energy migration processes have occurred, and will be
very susceptible to the average NC-NC spacing (and size
distribution, as above) from specimen to specimen. The fact
that the gain, if present, occurs on the short-wavelength side
of the PL band is also consistent with the idea that the gain
occurs before the charge carriers transfer to the larger and
“redder” nanoclusters. By increasing the NC-NC spacing it
should be possible to limit the energy migration problem,
due to the strong distance dependence of the main processes.
This may be accomplished by, for example, freeing the Si NCs
via an HF etch and redepositing them at a known (low) filling
fraction, an idea we are currently exploring. Other methods
are also possible.

Additionally, the level degeneracies calculated in
Section 3 imply a further key limiting factor for SE in silicon

nanocrystals. With a two-fold degeneracy or more, more
than 1 exciton per NC must be present, on average, in order
to switch from loss to gain, which in turn raises the problem
of the Auger interactions. This number becomes higher as
the degeneracy of the electron and hole levels increases. In
the case of CdSe NCs, Klimov et al. [193] have shown that
one way to avoid this problem is to separate electrons and
holes in a core-shell nanostructure, thereby creating a large
crystal-field shift of the absorption spectrum. Such problems
(and solutions) may well apply to Si NCs also.

5. CONCLUSION

There is now an enormous wealth of data on ensembles
of silicon nanoclusters. The difficulties in understanding
the optical properties of these materials are caused by
the indirect gap of silicon, the large homogeneous, and
inhomogeneous broadening, the possible effects of radiative
centers and nonradiative traps, the cluster size dependence
of the lifetimes, and energy transfer. All these processes must
be considered when evaluating a luminescence spectrum; it
is insufficient to study the luminescence as a function of
cluster size only, although size undoubtedly plays a role.
Unfortunately, owing to the complexity of the materials,
there are many contradictory observations and much uncer-
tainty in the literature. We hope that, with this paper, we
have been able to summarize some of the main theoretical
and computational results that should help to work out the
problems and issues with our understanding of ensembles
of silicon NCs. We hope that the combination of theory and
simulation, new single particle spectroscopies [20], and new
synthesis methods [194] will eventually lead to unequivocal
and readily reproducible reports of stimulated emission in Si
NCs.
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1. INTRODUCTION

Silicon, owing to its excellent electronic material properties,
availability, and efficient processing, has played major roles
in microelectronics during past decades and promises to
be the key material in the foreseeable future. However, the
rapid progress of microprocessors will soon be limited by
the transmission bandwidth capability of electronic con-
nections. To eliminate the bottleneck of electronic circuits
and establish interconnection links between circuit boards,
between chips on a board, or even with a single chip, research
into silicon microphotonics, which merges the power of
silicon microeletronics with the advantages of photonics, has
attracted increasing attention in recent years [1, 2].

While a wide variety of passive silicon photonic devices
have been developed, recent activities have focused on
achieving active functionalities, particularly light amplifi-
cation and generation, in silicon photonic devices [3–5].
However, due to the fundamental limitation related to the
indirect nature of the bulk Si band gap, this semiconductor
has very low-light emission efficiency. As a result, the
development of silicon light emitters, amplifiers, and lasers
has become one of the central goals in the advancement
of silicon photonics and optoelectronics. Another driving
force stimulating research is the need for low-cost photonic
devices for applications related to future computing and

communication systems. In the past, a number of different
approaches have been taken to overcome silicon’s fundamen-
tal limitations including silicon nanocrystals, Er-doped Si–
Ge, Si–Ge quantum dots, and Er-doped silicon nanocrystals
[6–10]. More recently, stimulated Raman scattering has been
used to demonstrate light amplification and lasing in silicon,
both in pulse and continuous-wave operation [11, 12].

As a result, there is a need for optimal design solutions
and physical insight in the field of quantum optics, encom-
passing applications such as laser systems, amplifiers, laser
cooling of atoms, quantum computing, plasmons, polari-
tons, and enhanced spontaneous emission in microcavities.
To address this, various approaches based on quantum
electrodynamics, in which the atoms in active systems are
treated quantum mechanically but the electromagnetic wave
is treated classically, have been developed. In this way, light
interaction with an active medium can be studied using a
classical harmonic oscillator model and the rate equations
of electron population density. Although, simple analytic
expressions can be derived for well-defined problems, precise
solutions for a realistic system require a numerical solution,
particularly in nanophotonic devices.

In addition, over the past several years, numerous
methods have been proposed to account for material dis-
persion, absorption, and gain using the finite-difference and
time-domain (FDTD) method [13–17]. One of the most
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commonly used and the memory-efficient algorithms is the
auxiliary differential equation (ADE) FDTD scheme which
accounts for the rate equations that determine the electron
energy states’ population densities during the propagation
of pump and input signals. The approach has been widely
used to characterize the absorption in a two-level atomic
system [13], gain in a four-level atomic system [14–16, 18],
and more complicated lasing dynamics in a four-level two-
electron atomic system [19].

In this paper, we present a time-domain analysis of
amplification, amplified spontaneous emission (ASE), and
lasing dynamics in silicon-based nanophotonic devices based
on a coupled quantum mechanical and electromagnetic
model. In order to simulate quantum electrodynamics,
we incorporate the rate equations of a four-level atomic
system to characterize the gain and absorption of an active
material. Both amplification and ASE with the assistance
of a microcavity are investigated in one-dimensional (1D)
and two-dimensional (2D) silicon nanocrystals (Si-ncs). To
study lasing dynamics, a novel silicon microcavity based
on the unique dispersion properties of photonic crystals is
introduced.

2. COUPLED RATE EQUATIONS AND
ELECTROMAGNETIC DYNAMICS MODEL

To achieve light amplification and lasing behavior in sil-
icon photonic devices, the development of gain media
is essential for the successful design of next generation
integrated photonics [4, 5]. As many material systems, such
as nanocrystals and Er-doped glasses, have been extensively
explored and found to not only experimentally demonstrate
photoluminescence for the application of a silicon-based
emitter, but also exhibit net gain for the development of a
silicon based laser [3, 6–8, 20, 21]. Due to strong coupling
between the quantum state and nanoscale electromagnetic
waves, a mathematical model is necessary to intimately
link quantum mechanical effects to the electromagnetic
interaction. To this end, we take both field evolution and
material dynamics, such as the dispersive and nonlinear
properties, into modeling consideration.

The classical electron oscillator (CEO) model has been
widely used to bridge the link between the quantum world
and electromagnetic waves. Such quantum-based dynamics
are dictated by rate equations which simulate the time
evolution of atomic-energy-level populations in the gain
medium. The electromagnetic dynamics are dictated by
the electromagnetic wave equations [22]. The CEO model
allows us to couple these domains and study devices in
which the material properties affect the electromagnetic field
and vice versa. Depending on the material system, various
distinguished energy levels are used to represent its quantum
processes, stimulated, and spontaneous emission. As an
example, Er-doped glass has been applied as an application
of optical amplifier in the field of fiber optics, that is,
Er-doped fiber amplifier (EDFA) [18, 23]. A simple four-
level model of rate equations is employed to successfully
characterize the light amplification. In the presented work,

we will apply a similar model for the design of a silicon
photonic microcavity.

Recently, the direct observation of photoluminescence
(PL) reveals the potential for optical gain in Si-ncs. Although
a full theoretical model for the stimulated emission is still
not enough, conventional rate equations can be employed
to describe the active and nonlinear properties of Si-ncs
[9, 10, 24]. Under the first order of approximation, the Auger
process is neglected to phenomenologically study the gain
medium. A more general model interested in analyzing gain
saturation and other higher-order effects could incorporate
additional transitions into the rate equation model to
represent Auger-type processes, as discussed in [21]. As a
consequence, we can further simplify the rate equations to a
four-level atomic system. Coupled with Maxwell’s equations,
we are able to model the time evolution of the atomic-
energy-level population density as well as the optical signal
propagation, amplification, and absorption in candidate
devices.

As shown in Figure 1, time-domain population dynamics
can be expressed with a four-level rate equation formulism:

dN3(t)
dt

= −N3(t)
τ32

+ WpN0,

dN2(t)
dt

= N3(t)
τ32

− N2(t)
τ21

+
1

�ωs
E(t) · dP(t)

dt
,

dN1(t)
dt

= N2(t)
τ21

− N1(t)
τ10

− 1
�ωs

E(t) · dP(t)
dt

,

dN0(t)
dt

= N1(t)
τ10

−WpN0,

(1)

where Ni (i = 0, 1, 2, 3) are the transition population
densities for different atomic levels, which are related to
the total concentration Ntot =

∑3
i=0Ni. τi j are the lifetimes

associated with the transitions from energy Ei to Ej . ωs is the
central frequency of radiation of the materials related to the
atomic transition energy levels through ωs = (E2 − E1)/�
and (1/�ωs)E(t) · dP(t)/dt is the induced radiation rate or
excitation rate depending on its sign. The pump rate Wp is
defined as Wp = σpIp/�ωp, where σp is the absorption cross
section, Ip/�ωp is the photon flux, and Ip is the intensity of
the pumping signal.

Based on the CEO model, the net macroscopic polar-
ization P(t) induced in the presence of an applied electric
field E(t) for an isotropic medium can be described by the
following equations [22]:

d2P(t)
dt2

+ Δωs
dP(t)
dt

+ ω2
s P(t) = κΔN12(t)E(t), (2)

where ΔN12(t) is the instantaneous population density
difference between energy levels 1 and 2 of an atomic
transition, given by ΔN12(t) = N1(t) − N2(t). The coupling
coefficient, κ, determines the strength of the interaction
between the quantum and electromagnetic world. It can be
easily derived from the above equation that the amplification
line shape is Lorentzian and homogeneously broadened,
and can be considered as a quantum mechanically correct
equation for the induced polarization density in a real
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Figure 1: An effective four-atomic-level system to qualitatively
model the recombination dynamics under the gain condition.
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Figure 2: Flow chart of time evolution of population density
functions and electromagnetic waves.

atomic system. To excite the system, an optical pumping
source that is homogeneously distributed across the device is
introduced into the system. Amplification takes place when
the external pumping mechanism produces a population
inversion ΔN12(t) < 0.

In addition, in the frequency domain, the polarization
due to the gain or absorption materials can be derived from
(2) as [(

ω2 − ω2
s

)
+ jωΔωs

]
P = κΔN12E. (3)

The material susceptibility can then be introduced as P =
ε0χE. Assuming the host material has a relative dielectric
constant of εr , the complex dielectric constant can be
expressed as

εs = ε0
(
εr + χs

) = ε0

(
εr +

κΔN12/ε0[(
ω2 − ω2

s

)
+ jωΔωs

]
)
. (4)

If a plane wave is propagating in such a material, then the
imaginary part of the wave vector can be considered as the
amplification or absorption coefficient, given by

αs(ω) = π

λ

√
εr Im

(
χs
)
. (5)

On the other hand, if we know the radiative cross-section,
σs, of the gain medium at peak gain frequency ωs, the
amplification coefficient can be written as

αs = −σsΔN12

2
. (6)

As a result, we can relate the coupling coefficient with the
radiative cross-section through the amplification coefficient
as

κ = cε0
√
εrσsΔωs. (7)

In this manner, we can obtain a coupling coefficient based on
experimental observations.

3. AUXILIARY DIFFERENTIAL EQUATIONS
FDTD ANALYSIS

With coupled rate and Maxwell’s equations, we introduce
FDTD to numerically simulate amplification and lasing
dynamics. The central difference method can be applied to
discretize the electromagnetic field components, the atomic
populations of different levels, and the induced polarizations
in space and time. Then time marching of electromag-
netic waves in leapfrog fashion can be constructed, and
consequently the atomic evolutions can be monitored. The
electromagnetic waves are governed by Maxwell’s equation
as

∇× E = −μ0
∂H
∂t

, ∇×H = ε0εr
∂E
∂t

+
∂P
∂t

+ J. (8)

We briefly describe the discretization algorithm as shown in
Figure 2, at time (n + 0.5)Δt, we first update the magnetic
field components and population density N0. Then, we
update the induced polarization based on (2) at time (n +
1)Δt, where the knowledge of two preceding steps is required.
With the known magnetic field and induced polarization, we
can calculate the electric field components. At time (n+1)Δt,
we also update the remaining atomic population densities:
N3, N2, and N1. Since the population density at the highest
energy level, N3, is related only to N0 which was updated
at the half-time step, the population density is computed in
order from high to low levels to maintain consistency and
minimize the memory storage.

To excite the system, a source, J, must be introduced. Two
different sources are considered, one to investigate sponta-
neous emission and one to investigate stimulated emission.
To characterize the amplification (stimulated emission) of
an active medium, we launch a probe signal into the system.
With the presence of a pumping signal, population inversion
takes place within the active medium. As a result, the probe
signal is amplified during propagation through the medium.
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Figure 3: (a) 1D Si-nc active device for stimulated emission simulation study. (b) 1D Si-nc active device for amplified stimulated emission
simulation study.
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Figure 4: (a) Amplitude distributions of electric field across the device, where in the transmitted region, an apparent amplification can be
observed under the pump rate of 106 compared with no pump case. (b) Amplification of transmitted signal and population inversion ΔN
inside the active medium verse the pump rate varying from 102 to 108.

To study the PL and lasing dynamics in the active system,
we introduce randomly distributed sources within the system
to simulate the spontaneous emission. Each source generates
waves with a Lorentzian spectrum distribution centered at
ωs and amplitude dependent on the population density of
N2. Since spontaneous emission is radiated incoherently, the
phase associated with the emission is chosen randomly.

4. NUMERICAL SIMULATIONS OF ACTIVE
NANOCRYSTAL DEVICES

The demonstration of photoluminescence in Si-ncs under
room temperature is a significant step towards the devel-
opment of Si-based light emitting materials. The indirect
nature of the energy band gap is partially resolved due to
quantum confinement in lower-dimension silicon such as
Si/SiO2 superlattices, porous silicon, Si-ncs embedded in
SiO2, and rare earth-doped Si-ncs.

Based on the extensive experimental measurements of Si-
ncs, the principle structural, and optical parameters, such as

Table 1: Optical properties and simulation parameters of Si-ncs.

Pump wavelength (nm) 532

Pump photon flux Ip/�ω (cm−2 s−1) 1015∼1022

Absorption cross-section σp (cm2) 10−14

Emission cross-section σs (cm2) 3× 10−16

Si-nc concentration Ntot (m−3) 6× 1024

Emission wavelength λ (nm) 750

Emission spectrum linewidth (nm) 200

τ10 (s) 10−15

τ21 (s) 10−5

τ32 (s) 10−15

Refractive index of Si-ncs 1.9 + i0.0014

Refractive index of SiO2 1.454

emission life time, absorption cross-section, emission cross-
section, emission linewidth, and peak wavelength can be
deduced, as listed in the following table [10, 21].
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Figure 5: Enhanced amplified spontaneous emission (PL) with
microcavity consisting of 1D DBRs with the layers of Nu = 4 and
Nd = 6 compared with the one without DBR.

In simulations, the active medium is uniformly pumped
with a shorter wavelength source, that is, 457 nm, and the
pump photon flux, Ip/�ω, varies from 1015∼1022 cm−2s−1.
Then, the pump rate, Wp = δpIp/�ω, can be determined as
10∼108 s−1. The effective index of silicon nanocrystals is cal-
culated using Bruggman’s effective medium approximation.
In this section, we investigate the gain characteristics of Si-
ncs in both 1D stacks [25] and 2D waveguiding structures
[26] by incorporating the optical and structural properties
above as simulation parameters in the coupled rate and
electromagnetic wave equations.

4.1. Light amplification and amplified spontaneous
emission in 1D nanocrystals

Based on the theoretical model developed in the previous
section, we first consider light amplification in Si-ncs by
applying pump and probe signal transmission simulation.
The structure investigated is a supperlattice of Si/SiO2 on
the top of a quartz substrate, as shown in Figure 3(a). The
thickness of Si-nc is 250 nm. In the FDTD simulation, the
mesh size is 20 nm, and the time step is 2.25×10−17 seconds.

First, we consider a continuous plane wave with a
wavelength of 750 nm illuminating the sample from free
space. The steady-state results with two different pump rates
are shown in Figure 4(a). The red lines indicate interfaces
between Si-ncs and their claddings. The solid and dash lines
represent the field distributions across the devices with and
without a pump rate of 106. In the transmitted region (SiO2

substrate), an apparent amplification can be identified. To
accurately characterize the light amplification of Si-ncs, we
calculate the transmittance based on the Poynting vector.
Then, the light amplification factor is defined by normalizing
the transmitted powers with pump to without pump. In
doing so, the interface coupling loss can be subtracted,
and consequently, net gain contributed from stimulated

emission can be extracted. We plot both the amplification
factor and population inversion in Figure 4(b) for pump
rates varying from 102 to 108. As we see from the figure,
both the amplification factor and normalized population
inversion density are nonlinearly dependent on the pump
rate. While the pump rate increases to 108, the inversion
population density starts to saturate and leads to a maximum
amplification factor of 1.046.

In addition to the modeling of stimulated emission
for the probe signal amplification through active Si-ncs,
we consider photoluminescence and microcavity-based ASE
from an Si-nc device, as shown in Figure 3(b). Instead of
using an external plane wave, we introduce an artificial
source to simulate the spontaneous emission process in an
active medium.

The spontaneous emission occurs when electrons spon-
taneously drop from an upper (N2) to a lower-energy
level (N1) while emitting electromagnetic radiation at the
transition frequency. While atoms emit this kind of fluores-
cence or spontaneous emission, each individual atom acts
exactly like a small random oscillating radiator. Each atom
radiates independently, with a temporal phase angle that
is independent of all the other radiating atoms. To model
this process, we introduce many dipole sources randomly
distributed within the system in the FDTD simulation. Each
source generates waves in the form of a Lorentzian spectrum
distribution centered at 750 nm, with its amplitude depen-
dent on the time varying population density of N2. Since
the spontaneous emission is incoherent, the phase associated
with the photon is random, and thus we code a random
phase to each dipole source in the FDTD modeling. To attain
the PL characteristics of Si-nc, a few detectors are placed to
collect temporal photon luminescence both in free space and
the quartz substrate. The recorded temporal electromagnetic
waves are Fourier transformed to the frequency domain in
order to obtain the PL spectrum.

It is well known that the spontaneous emission is not
only determined by the active material, but it also relates
to the optical structure. By introducing a microcavity, we
can control and manipulate the spontaneous emission. Based
on photonic crystal band gap materials, many microcavities
have been designed to enhance the spontaneous emission
in active material systems [27]. The simplest configuration
consists of planar stacks of alternating high- and low-index
thin films deposited using conventional planar fabrication
processing, such as PECVD [9]. To this end, we designed a
Fabry-Perot resonator consisting of one-dimensional pho-
tonic crystal structures to confine the optical mode inside
the active Si-nc material, as shown in Figure 3(b). The device
consists of Si-ncs sandwiched with some variable number
of periods of a one-dimensional PhC lattice at both ends,
that is, Nu and Nd. To form a band gap within the PL
spectrum, Si3N4 and SiO2 are used as alternate high- and
low-index materials with their indices of 2.05 and 1.454 at
the wavelength of 750 nm. The lattice period is designed as
210 nm and the filling factor of Si3N4 is chosen as 50%.
Transmission characteristics have been performed to confirm
that a band gap opens between 638 and 879 nm. With a
250 nm thick Si-nc medium as a defect, a strong single-cavity
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Figure 6: (a) Configuration for waveguide amplification study. A Gaussian pulse in air is incident on a pumped Si-nc waveguide. A detector
in air at the end of the waveguide measures the amplification by normalizing to the output without pumping. (b) Configuration for amplified
spontaneous emission study. Optional DBRs create a microcavity to enhance spontaneous emission of pumped Si-ncs.
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mode located at a wavelength of 751 nm can be recognized
within the band gap. The Q factor is measured as 85 while
the numbers of DBRs are Nu = 1 and Nd = 6.

Applying the modeling tools developed in this work, we
performed numerical simulations to illustrate the enhance-
ment effect of spontaneous emission due to the introduction
of a microcavity in an active Si-nc system. During the
time evolution of the population densities, the population
inversion is found to be ΔN = 5.4 × 1024 after the system
reaches steady state. A comparison of spontaneous emission
spectra with and without DBR measured in the free space
is illustrated in Figure 5. All the spectra are normalized to
the peak PL intensity of Si-nc devices without DBR. As
we can see from the figure, the PL spectrum without DBR
shows a typical broad emission band of 250 nm centered at
750 nm. By introducing the microcavity, a sharp emission
enhancement can be observed. The resonant wavelength is
slightly redshifted to a longer wavelength at 760.1 nm and the
linewidth becomes smaller (7.2 nm). The peak PL exhibits an
enhancement factor of 16.4.

Owing to the large reflectance of DBR mirrors, the optical
field at resonance is well confined inside the microcavity.
As a consequence, the resonant optical mode has a longer
photon lifetime and thus longer interaction with the gain
medium resulting in the enhanced PL signal at the resonant
wavelength.

In addition to the study of active characteristics in
1D Si-ncs, we are also interested in edge emission from
nanocrystals, in which a two-dimensional (2D) system is
required. In the following section, we will investigate Si-nc
waveguiding structures for this application.

4.2. Light amplification and amplified spontaneous
emission in nanocrystal waveguiding structures

In two dimensions, we consider an active planar waveguide
made of higher index Si-nc in a SiO2 matrix on top of a
lower index SiO2 substrate. Both TE and TM propagations
are simulated to identify their amplification and ASE char-
acteristics. In cases where we study spontaneous emission,
dipole sources representing the spontaneous emission source
have freedom to emit in any direction. Gain guiding and total
internal reflection (TIR) combine to direct the spontaneous
emission along the length of the Si-nc region.

The basic 2D geometry we consider consists of a slab
waveguide composed of a 200 nm Si-nc layer on a SiO2

substrate surrounded by air. We now consider two devices
based on this geometry as shown schematically in Figure 6.

The first device is a waveguide amplifier, shown in
Figure 6(a). In this case, a Gaussian pulse introduced in air
couples into the waveguide, propagates along the length of
the waveguide, interacts with the pumped active material,
and arrives at the detector, positioned in air at the opposite
end. To study the waveguide’s behavior as an amplifier, we
normalize the detected signal at various pump strengths to
the signal when the pumping and material losses are set to
zero. This allows us to study amplification without loss due
to reflections at the interfaces. The normalized amplification
for a 10 μm waveguide is shown in Figure 7 for the TE and
TM cases at two pump rates. Both the TE and TM cases
exhibit amplification under sufficient pumping, although
the TM case is clearly stronger. This can be understood by
considering the TE mode profile which includes a longer
evanescent tail, extending into the substrate. The broader
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Figure 9: (a) Schematic of silicon laser based on dispersion-engineered photonic crystals where the active material is introduced by
backfilling the air holes of the PhC. (b) The highest cavity mode below the band edge.

mode results in a reduced modal volume in the Si-nc region
where amplification is possible; consequently amplification
of the TE mode is reduced relative to the more confined
TM mode. The oscillations in the spectral response of
both modes are due to Fabry-Perot effects. The high-index
contrast Si-nc to air interface introduces enough reflection
to create a weak microcavity.

The second device shown in Figure 6(b) employs two
DBRs to enhance the Fabry-Perot microcavity which intro-
duced oscillations in the amplification spectrum studied
above. The DBR microcavities are considered for their role in
an ASE device. Spontaneous emission is modeled as dipole

sources with random phase positioned throughout the Si-
nc region. The PL spectrum is detected in air to the right
of the waveguide. Each DBR consists of alternating layers of
air and Si-nc/SiO2 with a period of 300 nm, optimized to
open a band gap between 650 nm and 900 nm. The air holes
are “etched” through the Si-nc region and 200 nm into the
SiO2 region to create the DBR. The detected PL signal with
DBR is normalized to the peak PL signal without DBR. A
5 μm Si-nc region is bordered by 3 periods of DBR on either
side. The resulting ASE for the TE and TM cases is shown
in Figure 8. The steady-state response at the peak wavelength
shows the high-optical confinement within the microcavity.
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The inclusion of DBRs enhances the PL signal by a factor of
4 in the TE case and nearly a factor of 8 in the TM case.

5. LASING DYNAMICS IN A PHOTONIC
CRYSTAL-BASED SILICON MICROCAVITY

In this section, we employ the developed technique to inves-
tigate the time evolution of population density functions and
electromagnetic dynamics of a novel photonic crystal-based
microcavity. During the lasing activity, the strong feedback
of the local light intensity saturates the amplification in
the system through the nonlinearity of active material, and
eventually leads to a steady optical mode output.

Light propagation in a PhC is most appropriately inter-
preted through a dispersion diagram, which characterizes the
relationship between the frequency of the wave, ω, and its
associated wave vector, k. Dispersion surfaces provide the
spatial variation of the spectral properties of a certain band
within the photonic crystal structure. An electromagnetic
wave propagates along the direction normal to the dispersion

surface, which stems from the relation of the group velocity
vg = ∇kω(k). The ability to shape the equifrequency con-
tours (EFC), and thereby engineer the dispersion properties
of the PhC, opens up a new paradigm for the design of optical
devices [28–30]. For the applications of self-collimation, we
desire a flat EFC, in which case the wave is only allowed to
propagate along those directions normal to the sides of the
straight curvatures. As such, it is possible to vary the incident
wave vector over a wide range of angles and yet maintain a
narrow range of propagating angles within the PhC.

Based on the dispersion waveguiding property in pho-
tonic crystals, a novel class of photonic-crystal-embedded
microcavity (PCEM) coupled with waveguide [30] has
been theoretically investigated using FDTD algorithm, in
which both optical resonant mode and quality factor are
particularly considered. Figure 9(a) depicts the schematic of
our design. A photonic crystal cavity consists of a silicon
square slab perforated by an N × N array of square lattice.
The air holes are back-filled with the gain medium, that is,
Er-doped glasses, as shown in the inset of Figure 9(a). The
hole has a radius of 0.3a , where a is the lattice constant.
The silicon and glass have refractive indices of 3.5 and 1.5,
respectively. After the light couples into the resonator from
the waveguide, it will propagate along the ΓM direction and
then will be reflected at the edge of the resonator. As such,
with the assistance of the four clear edges of silicon slab as
mirrors, a traveling wave-based cavity can be formed along
the optical path indicated by an arrow loop in Figure 9(b),
which is similar to a whispering gallery mode in a microdisk
resonator. Along one edge of this microcavity, a conventional
dielectric waveguide is used for the in-/outcoupling between
the cavity and waveguide. To realize the active operation in
such a microcavity, we fill the air holes with a certain gain
medium to achieve nonlinear gain dynamics. In our design,
low-index highly doped Erbium Ion glass is considered as
a gain material for the light amplification. The proposed
device has several advantages. (1) Since we are working at
the first band of the dispersion surface, the self-collimation
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Figure 12: Snapshots of 2D field distribution at three time instants: 10, 30, and 50 ps.

mode is far below the light cone, therefore the wave inside the
resonator is well confined inside the slab with minimal out-
plane propagation loss even with the presence of a substrate.
(2) The self-collimation mode is very close to the band
edge, so the slow group velocity will enhance the nonlinear
interaction between light and gain material.

We simulate the proposed device using the FDTD
method. A 6 × 6 array of glass-filled cylinders is initially
simulated; the highest resonant mode below the band edge
of the first dispersion band is shown in Figure 9(b). We
observe that most optical modes are well confined within the
low-index materials. This unique property may benefit the
lasing mechanism and lower the optical pumping threshold.
The cavity properties are largely dependent on the design
parameters, such as gap size between the waveguide and
resonator, and array size. An extensive study has been
performed to investigate the passive cavity performance. The
gap between the cavity and waveguide is a critical design
parameter to achieve optimal coupling and Q factor. An
optimal gap size of 160 nm is found in the following design.
In this case, we measured a Q factor of 520 and drop
efficiency of 32.2% for a resonant mode at 1532 nm. We
also investigate the Purcell factor as an additional figure
of merit for the microcavity. The Purcell factor dictates
the enhancement in the radiative recombination rate due
to optical confinement provided by the cavity. Based on
the mode profile at the resonant wavelength of 1532 nm,
the PhC microcavity exhibits an effective mode volume of
3.27∗(λ/n)3 and a Purcell factor of 10.88.

With the appropriate design of the microcavity based on
the dispersion engineering of photonic crystals, we further
considered backfilling the air holes in photonic crystals with
a gain medium, that is, Er-doped glass, to achieve active
operation, as shown in the schematic view of the proposed
novel silicon laser in Figure 9(a). For the Er3+ Ion, the
typical lifetime is on the order of 10−3∼10−2 s. Numerically,
using a rigorous EM algorithm in the time domain to

simulate the lasing dynamics, this is far beyond the state-
of-the-art computational capability, particularly in a high-
dimension system. To phenomenologically investigate the
lasing dynamics in the microcavity with the backfilled gain
medium, we scale the lifetime of electron population tran-
sition accordingly while maintaining a reasonable timescale
associated with different relaxation processes. To this end,
we shorten the lifetime of atomic transitions to reduce the
computation time necessary to achieve the steady state. The
lifetimes are given by τ10 = 10−12 s, τ21 = 10−10 s, and
τ32 = 10−13 s. The transition frequency associated with the
energy levels N2 and N1 is chosen as 200 THz and linewidth
is taken to be 6 THz. The pump rate into level N3 is chosen as
Wp = 2×108/s. The initial state of the simulation is included
as follows: all the electrons are in the ground state, so there
is no field in the cavity and no spontaneous emission. In
this paper, we choose N0 = 3 × 1024/m3. After the electrons
are pumped, the system starts to evolve both in terms of
population densities and electromagnetic waves. To monitor
the EM dynamics, a detector is placed in the waveguide.

In the FDTD simulation, a total time of 66 ps is
simulated. The time step Δt is chosen as 3.3 × 10−7 s,
so a total of 2 million FDTD iterations are used. The
evolution of electromagnetic waves starts from an initial
small noise current over the photonic crystal cavity. A
detector is placed in the waveguide to monitor the lasing
dynamics, and the total field in the output waveguide is
illustrated in Figure 10(a). In the figure, we observe the lasing
performance. For clarity, we zoom in on a portion of the
transient plot near 60 ps as shown in Figure 10(b), which
indicates a nearly single lasing mode.

Figure 11 shows the calculated time evolution of the
electron population inversion between energy levels 2 and 1
at the position of one of the central holes in the cavity. The
plotted population inversion is normalized to total electron
concentration. During the simulation, the ground state
population density remains relatively unchanged compared



10 Advances in Optical Technologies

to higher-level populations. In the beginning, the population
inversion linearly increases, leading to significant amplifica-
tion of electromagnetic waves in the cavity. In the meantime,
the desired cavity mode is gradually established. Eventually,
a convergent population inversion, −6.9 × 10−4, can be
observed. The population dynamics are consistent with the
lasing output from the waveguide.

In addition, snapshots of the 2D magnetic fields after the
simulation ran for 10, 30, and 50 ps are plotted in Figure 12,
where the lasing dynamics of the electromagnetic field is
gradually established within the cavity. In the end, the high-
intensity distribution of EM field can be observed in the
cavity area, particularly in the low-index material region
and steady results are output from both ends of the straight
waveguide.

6. CONCLUSION

In this paper, a time-domain analysis of active silicon-based
photonic devices is proposed. The simulation model couples
Maxwell’s equations with the rate equations to fully describe
the nonlinearity of active medium, and numerically solves
them using an ADE-FDTD scheme. Both stimulated and
spontaneous emissions are taken into account in the active
medium system. Light amplification characteristics due to
stimulated emission are investigated under various pump
rates in both 1D and 2D waveguiding silicon nanocrystals. To
achieve amplified spontaneous emission, microcavities based
on photonic band gap materials are carefully designed. These
Fabry-Perot microcavities are shown to significantly enhance
the spontaneous emission signal. At last, we propose a novel
PhC-based microcavity, in which a low-index gain medium is
incorporated into the air holes in photonic crystals, to study
the lasing characteristics.
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1. INTRODUCTION

Optical interconnects in the form of fiber optics have been
used for many years in different long-distance communica-
tion applications [1, 2]. With the microprocessor clock speed
approaching 10 Gbps, optical interconnects are now being
considered for board-to-board and on-chip technology as
an alternative to metal wires with their unavoidable RC
delay, significant signal degradation, problems with power
dissipation, and electromagnetic interference [2–5]. Two
major avenues toward optical interconnects on a chip
comprise the hybrid approach with III-V optoelectronic
components densely packaged into complementary metal-
oxide semiconductor (CMOS) architecture [6–9] and the all-
group-IV (e.g., Si, SiGe, SiGeC, etc.) approach with the all
major components, for example, light emitters, modulators,
waveguides, and photodetectors, monolithically integrated
into the CMOS environment [10]. There have been great
efforts over the past several decades to obtain technologically
viable and efficient light emission from group-IV materials.
In the visible spectral region, the main emphasis has been
on porous silicon [11–13] and other Si nanostructured
systems such as silicon/silicon dioxide superlattices [14–17]
and silicon nanoprecipitates in silicon dioxide [18, 19]. In
the near infrared spectral region, materials and systems such

as erbium in silicon [10, 20], silicon/germanium quantum
wells [21, 22], and, more recently, iron disilicide [23] offer
potentially useful routes. However, no approach has so far
been applied commercially. The reasons for this are the lack
of a genuine or perceived compatibility with conventional
CMOS technology, the long carrier radiative lifetime in Si-
based nanostructures, and, especially in the case of near-
infrared emitters, the high thermal quenching leading to
extremely poor room-temperature luminescence efficiencies
[10].

In the 1990s, an interesting form of semiconductor
nanostructure, namely, the three-dimensional (3D) self-
assembled system produced by the Stranski-Krastanov or
cluster-layer, growth mode in lattice mismatched materials,
has been demonstrated [24, 25]. In the case of 3D Si/SiGe
nanostructures (NSs), the growth of mostly dislocation-free
samples has successfully been achieved using both molecular
beam epitaxy (MBE) and chemical vapor deposition (CVD)
[26–31]. It has been shown that the nonplanar geometry
is mainly responsible for the significant increase of the
critical layer thickness in 3D Si/SiGe NSs grown on Si
[28, 29]. It has also been found that compared to planar
Si/SiGe quantum wells (QWs), the photoluminescence (PL)
and electroluminescence (EL) quantum efficiency in 3D
Si/SiGe NSs is higher, especially at temperatures T > 50 K
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[32–35]. Despite many successful demonstrations of PL and
EL in the spectral range of 1.3–1.6 μm, which is important
for optical fiber communications, the proposed further
development of 3D Si/SiGe NS-based light emitters was
discouraged by several studies confirming a type-II energy
band alignment at Si/SiGe heterointerfaces [36–40], where
the spatial separation of electrons (located in Si) and holes
(localized in SiGe) was thought to make carrier radiative
recombination very inefficient. Later, it was also shown that
3D Si/SiGe NSs exhibit an extremely long (of the order of
10−2 seconds) luminescence lifetime [41], which is of the
order of a million times longer than those found in III-V
semiconductors. In addition, single crystal Si and Ge are
indirect band gap semiconductors and it has been declared
that since carrier radiative recombination is an indirect
process in these materials, in both real and reciprocal space,
this process should be extremely inefficient. Thus, according
to this analysis, 3D SiGe NSs cannot be used to achieve
efficient and commercially valuable light emitting devices.

In this review paper, we show that despite the fact that
bulk Si and Ge are indeed indirect band gap semiconductors
and that the Si/SiGe heterointerface most likely exhibits type-
II energy band alignment, it is still possible to obtain condi-
tions favorable for efficient carrier radiative recombination.
We demonstrate that the recent revised understanding of
basic physics in such systems has already helped to achieve
nearly constant luminescence intensity at temperatures 4 K <
T < 250 K, and that the radiative carrier recombination
lifetime can successfully be reduced from 10−2 second to 10−7

seconds, which is only ∼10 times longer compared to those
found in direct band gap III-V semiconductors.

2. GROWTH AND STRUCTURAL PROPERTIES OF
Si/SiGe THREE-DIMENSIONAL NANOSTRUCTURES

The standard approach to the fabrication of a 3D Si/SiGe NS,
which for most experiments discussed here is a multilayer
Si/SiGe cluster system, is based on the sequential physical
sputtering of Si and Ge (SiGe) in MBE or the thermal
decomposition of SiH4 and GeH4 in CVD at a temperature
in the range T = 550–650◦C. At that temperature, both a
high Ge solid solubility in Si as well as strain induced SiGe
interdiffusion due to the ∼4% lattice mismatch between Si
and Ge are important. The MBE growth provides better
control over the average SiGe cluster composition, although,
because of interdiffusion during growth, the composition
is not uniform within the cluster volume [42–45]. Figure 1
shows typical transmission electron micrographs (TEMs)
together with a summary of analytical TEM studies con-
firming both the 3D geometry of the SiGe NSs and the
complex atomic composition. In general, SiGe cluster growth
commences with the spontaneous development of a Si1−xGex
planar, <1 nm thick, wetting layer where x varies, mainly
due to uncontrolled SiGe interdiffusion. With the further
influx of Ge and Si, the growth mode then switches from two
dimensional (a layer) to 3D (a cluster), which helps release
some of the lattice-mismatch induced strain [44]. The fully
grown 3–10 nm high and initially nearly pyramidal-shaped
SiGe clusters have a Ge-rich (∼50% depending on the Ge

flux) core, although the exact final cluster shape and compo-
sition strongly depends on the fabrication conditions [45]. If
the SiGe cluster is covered by a Si cap, the initial pyramid-like
cluster top is smoothed out (Figure 1(a)), and the capping
Si layer is locally strained, mostly near the top of the SiGe
cluster. In multilayer Si/SiGe cluster samples, this strain field
propagates in the growth direction, and it induces vertical
SiGe cluster self-ordering (Figure 1(a)). Detailed structural
analysis also indicates that the Si in the valleys between
SiGe clusters is slightly compressed [30, 44]. To summarize,
buried SiGe clusters with the highest Ge composition of near
50% in the middle of the clusters are surrounded by Si,
which is tensile strained above each cluster and compressed
laterally between clusters to maintain a low overall strain.
Each SiGe cluster consists of Si1−xGex crystalline alloys
with x increasing toward the cluster center [43–45]. Thus,
despite being fully crystalline alloys, 3D Si/SiGe NSs with
a high (∼50%) Ge atomic concentration exhibit significant
embedded strain and compositional disorder [46]. These
conclusions regarding the structural properties of 3D Si/SiGe
NSs are critically important in understanding their optical
characteristics and light-emitting properties.

3. OPTICAL PROPERTIES OF Si/SiGe
THREE-DIMENSIONAL NANOSTRUCTURES

In a system with strong selection rule relaxation, quasidirect
carrier recombination is possible, and it should provide a
higher PL quantum efficiency compared to that in an indirect
band gap semiconductor, for example, single crystal Si and
Ge. In fact, many PL measurements in SiGe bulk alloys
and Si/SiGe NSs reveal a significantly enhanced intensity
ratio between no-phonon (NP) luminescence and phonon-
assisted luminescence, as shown in Figure 2(a). On the other
hand, in undoped bulk crystalline Si (c–Si), the NP PL line
intensity is negligible compared to the transverse optical
(TO) and transverse acoustic (TA) phonon-assisted radiative
transitions (see Figure 2(b)). Thus, systematic studies of the
PL spectra in 3D Si/Si1−xGex NSs with control over the
average Ge atomic concentration x provide very important
information regarding changes in the carrier recombination
mechanism (e.g., selection rule relaxation, conduction and
valence band alignment, etc.) as x increases from 0 (c–Si) to
∼55%.

Figure 3(a) compares PL spectra in MBE samples with
x = 0.096, 0.16, and 0.53. In addition to PL related to c–
Si, we observe for x = 0.096 relatively narrow PL bands
at 1.05 and 1.11 eV (Figure 3(a)) attributed to NP and TO
phonon PL bands in Si-rich SiGe alloys [33–35, 47, 48]. Note
that these PL bands are in the vicinity of c–Si luminescence,
and that the intensities of these two sets of PL bands are
comparable. Therefore, we conclude that a small amount of
Ge (<10%) slightly reduces the SiGe band gap and mainly
relaxes selection rules, increasing the ratio of NP/TO PL
band intensities. The observed broadening of these two PL
bands, compared to c–Si related PL, is, apparently, due to
the composition disorder resulting from the introduction of
substitutional Ge atoms (∼10%) into the c–Si matrix.
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Figure 1: (a) Transmission of electron micrograph showing a cross-section of an MBE grown, vertically self-aligned Si/SiGe cluster (or 3D)
multilayer structure. (b) Schematic showing typical Si and Ge atomic concentrations within an SiGe cluster measured along a horizontal axis
running through the middle of the cluster (see the dashed line in Figure 1(a)).
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Figure 2: Comparison between low temperature (T = 4 K) PL spectra in (a) an SiGe wetting layer with ∼20% Ge concentration and (b)
undoped crystalline Si (c–Si). Note the dramatically different intensity ratios between the NP and TO phonon PL lines of each sample.

Increasing the average Ge composition within Si1−xGex
clusters up to x = 0.16 results in significant changes
in the PL spectrum (Figure 3(b)). An intense PL band
peaked at 0.95 eV has appeared, showing an effective SiGe
band gap reduction of ∼150 meV compared to c–Si. This
broad and featureless PL band with a full width at half
maximum (FWHM) of ∼70 meV indicates a much stronger
compositional disorder compared to 3D Si/SiGe NC samples
with x = 0.096.

The PL spectrum in the samples with an average Ge
composition close to 53% (Figure 3(c)) depicts a broad
feature with a major PL peak centered at a photon energy

of 0.75 eV, and this peak energy is close to the band gap
of crystalline Ge (c–Ge) at 4 K [49]. A second PL peak
is found at ∼0.85 eV. Such samples have the highest PL
quantum efficiency as compared to other samples with lower
x values. Both PL bands are quite broad, most likely due to
compositional disorder, which is in an agreement with the
Raman scattering measurements (discussed below).

In contrast to MBE grown samples, CVD growth of
3D Si/SiGe NSs does not provide precise control over the
Ge atomic composition, and, most likely, it produces more
Si/SiGe interdiffusion at heterointerfaces [42–44, 50]. This is
well reflected in PL spectra, where no fine structure has been
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Figure 3: (a) Low temperature (T = 4 K) PL spectra in (a) MBE grown Si/Si1−xGex 3D NSs with the indicated average Ge atomic
concentration x and (d) in Si/SiGe 3D NSs grown by CVD. The characteristic phonon-assisted transitions are indicated. PL spectra in
CVD samples show a strong spectral shift toward higher photon energy when the excitation intensity is increased by approximately 5 times
from trace (i) to trace (ii) (note the linear intensity scale).

found (see Figure 3(d)). However, the broad and asymmetric
PL peak is well fitted by two Gaussian bands often identified
as the NP and TO phonon lines [46, 47] that are separated
by ∼48 meV, which is close to the energy of characteristic
SiGe phonons. Thus, there is at least a qualitative similarity
between PL spectra in MBE and CVD grown 3D Si/SiGe NSs.

Figure 4 summarizes the PL intensity as a function of
excitation intensity in MBE samples having different average
Ge atomic concentrations. The same linear dependence (on
a log-log plot) for PL associated with c–Si and a sublinear
(close to square root) dependence for PL associated with a
Ge-rich SiGe cluster core has been found in nearly all 3D
Si/SiGe NSs grown by both CVD and MBE [35, 51–53].

Studies of the PL temperature dependence show that
at low temperatures the PL intensity is nearly temperature
independent. At higher temperatures the PL intensity drops
exponentially, and the activation energies of PL thermal
quenching are shown in Figure 5. There is a clear correlation
between the Ge composition in Si1−xGex 3D nanostructures
and the PL intensity temperature dependence. For samples
with a low (x = 0.096) Ge composition, the activation energy
Ea is ∼10 meV, and the PL has almost vanished by 40 K. This
result could be explained by the thermal dissociation of a

nearly free exciton: a localization mechanism associated with
SiGe stochiometric fluctuations has been proposed in [53–
55]. Figure 4(a) shows that the PL intensity as a function of
the excitation intensity is linear (again, on a log-log scale),
and that is consistent with the assumption of nearly free
exciton PL.

In samples with a higher (x = 0.16) Ge composition, the
activation energy of PL thermal quenching is increased and
the PL is observable up to ∼100 K (Figure 5(b)). The broad
PL band observed at 0.95 eV for the Si/Si1−xGex sample of
x = 0.16 exhibits an activation energy of ∼25 meV, which
combined with a sublinear dependence in PL intensity as a
function of excitation intensity (Figure 4(b)) is in contrast
with the x = 0.096 sample. This observation suggests that the
nonequilibrium carriers are spatially localized and that Auger
recombination contributes to the overall recombination
mechanism even at very low (∼100 mW/cm2) excitation
intensity [54, 55]. Most likely, in 3D Si/Si1−xGex NSs with
x = 0.16, the carriers (possibly holes) are localized within 3D
SiGe quasiwells.

In 3D Si/Si1−xGex nanostructures with x = 0.53, the PL
spectrum contains two bands peaked at 0.85 eV and 0.75 eV
(Figure 3(c)). There are no characteristic phonons in the
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Figure 4: The PL intensity as a function of excitation intensity in
MBE grown Si/Si1−xGex 3D NS samples with the indicated average
Ge concentration x. The PL bands associated with the cluster core,
wetting layer (WL), and characteristic TO phonons are indicated.

Si/SiGe system having an energy of ∼100 meV, and it is
thus reasonable to assume that the observed PL bands are
associated with carrier recombination within two different
regions of the 3D SiGe nanostructures. The PL band peaked
at 0.85 eV has almost the same PL quenching activation
energy (∼20 meV) as in the sample with x = 0.16, while
the PL intensity as function of excitation intensity is linear
over a wide range of excitation intensities. The second PL
band peaked at 0.75 eV has an activation energy of ∼60 meV
(Figure 5(c)) and is nearly temperature independent up
to 100 K. Because of its high quantum efficiency, it can
be monitored almost up to room temperature. This data
suggests that 3D Si/Si1−xGex nanostructures with x =
0.53 contain coupled subsystems with different (lower and
higher) Ge concentrations. It is quite possible that a spatial
localization of electron-hole pairs within 3D regions of

higher Ge concentration and thus having a lower band gap
could be responsible for the observed sublinear excitation
dependence of the PL band at 0.75 eV (Figure 4(c)). The
remaining 3D regions with a lower Ge concentration (e.g.,
having a higher band gap) have a lower carrier concentration
and the PL band (peaked at 0.85 eV) exhibits a liner
excitation dependence.

A continuous shift of the PL band from ∼1 to 0.75 eV
has been found previously in SiGe alloys with increasing Ge
concentration [56]. Instead, in these 3D Si/Si1−xGex samples
with a Ge concentration higher than 50%, a simultaneous
threshold-like appearance of two clearly resolved PL peaks
at 0.85 and 0.75 eV is observed. This suggests that Ge
segregation might take place as x increases up to ∼0.5. Since
the PL peak at 0.75 eV essentially matches the value of the
band gap in pure c–Ge, we propose that such a segregation
results in a Ge-rich core within an SiGe shell forming the 3D
Si/Si1−xGex NSs embedded within a pure Si matrix.

The PL thermal quenching observed in 3D Si/Si1−xGex
samples grown by MBE could be associated with different
mechanisms. As mentioned earlier, the activation energies of
the PL thermal quenching in samples with x = 0.096 and
x = 0.16 are close to the observed exciton binding energy
in SiGe alloys and Si/Si1−xGex nanostructures [53–57]. In
samples with x = 0.53, a greater activation energy could
be attributed to carrier diffusion from a 3D potential well.
This assumption is justified by the expected type-II band
alignment in SiGe nanostructures with a deep (>100 meV)
potential well for holes and a relatively small potential
barrier for electrons [38, 40, 41]. In this model, phonon-
assisted carrier tunneling can produce the observed∼60 meV
activation energy for thermal quenching of the PL intensity.
The PL intensity behavior as a function of temperature in
CVD grown samples is more complex and will be discussed
later.

In 3D Si/SiGe NSs, the PL properties strongly correlate
with the sample structural properties, and Raman scattering
under excitation conditions similar to PL measurements
has been shown to be a very informative characterization
technique [35]. In fact, in SiGe materials and systems,
Raman spectroscopy is a unique characterization technique
due to the multimodal nature of Raman scattering from
optical phonons in SiGe, which reveals all three major vibra-
tional modes known, respectively, as the Si–Si vibration at
∼500 cm−1, the Si–Ge vibration at ∼400 cm−1, and the Ge–
Ge vibration at ∼300 cm−1 (see Figure 6, e.g.). In addition,
Raman phonon spectroscopy is a very sensitive probe of
global and local embedded strain and of compositional and
structural disorder. Figure 6 compares Raman spectra for
MBE samples of different Ge composition. In Si1−xGex clus-
ters with x = 0.096, an intense optical phonon Raman signal
associated with Si–Si vibrations is observed at ∼520 cm−1

together with a weaker feature at ∼300 cm−1 related to
second-order scattering from Si acoustic phonons [58]. No
significant Raman peaks related to Ge–Ge vibrations at
∼290 cm−1 and Si–Ge vibrations at ∼420 cm−1 [59] and to
an amorphous Si phase at∼480 cm−1 [60] were found in this
or the x = 0.16 sample (see Figure 6, noting that the intensity
axis has a log scale).
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Figure 5: The PL intensity temperature dependence in MBE
grown Si/Si1−xGex 3D NS samples with the indicated average
Ge concentration x measured for different PL bands. Figure 5(c)
compares the PL intensity temperature dependencies measured for
PL bands with peaks at 0.75 eV (SiGe core) and 0.85 eV.

A further increase in Ge composition to x = 0.53 in 3D
Si1−xGex NSs produces strong Raman signals at ∼290 cm−1

(related to Ge–Ge bonds) and at ∼420 cm−1 (related to Si–
Ge bonds), as shown in Figure 6(c). Using a short wavelength
photoexitation (458 nm) and multilayer Si/SiGe 3D samples,
the Raman signal from the Si substrate is minimized (see
Figure 7). In addition to the major vibrational modes
indicated in Figure 7(a), a doublet near 520 cm−1 related
to compressed (∼522 cm−1) and strained (∼507 cm−1) Si is

observed (see Figure 7(b)). The spectrum also exhibits weak
and broad (background) Raman peaks in the vicinity of 480–
490 cm−1 and 250 cm−1 related to disordered phases of Si
and Ge, respectively. Thus, despite the absence of purely
amorphous Si and Ge phases in these 3D nanostructured
fully-crystalline alloys, compositional disorder and strain-
induced lattice distortion combine to produce similar effects
in the Raman spectrum.

4. POLARIZED RAMAN SCATTERING IN Si/SiGe
THREE-DIMENSIONAL NANOSTRUCTURES

In addition to conventional inelastic light scattering spec-
troscopy, polarized Raman scattering provides information
on Raman scattering intensity as a function of polarization
angle. The result is presented employing polar plots and has
been shown to be an informative tool for the analysis of local
embedded strain in 3D Si/SiGe NSs with larger dome-shaped
SiGe clusters grown on Si (100) substrates [61]. In these
measurements, the incident light is usually polarized in the
plane of the incident and scattered light, and polarization of
the scattered light is analyzed using a thin-film polarizer that
can be rotated through 360◦.

Figure 8 shows angular Raman polarization diagrams for
three different alloy vibrational modes (Si–Si at 520 cm−1,
Si–Ge at 415 cm−1, and Ge–Ge at 298 cm−1) for multilayer
dome/island samples, as well as the Raman polarization
dependence for the Si–Si vibration at 520 cm−1 measured in
〈100〉 oriented single-crystal Si as a reference. The observed
angular dependencies in the polar plots of the Ge–Ge and Si–
Ge Raman mode intensities are nearly identical to that in a
〈100〉 Si single crystal. However, a quite different behavior is
observed in the Raman polarization dependence for the Si–Si
vibration at ∼519 cm−1.

These different results for the Si–Si mode are emphasized
in Figure 8(b), where the Raman spectrum collected at 70◦

exhibits a major Raman peak at ∼520 cm−1 slightly shifted
toward higher wave numbers compared to the data collected
at 340◦. If this shift is associated with a built-in local
strain, the strain can be estimated to be ∼0.1 GPa [62, 63].
Higher resolution Raman measurements show that the major
Raman peak at∼520 cm−1 is not only just slightly shifted but
also broader compared to the spectrum collected from single
crystal Si. In addition, we observe a second, much broader
peak at ∼504 cm−1. The angular polarization dependence of
the Raman signal at 504 cm−1 also deviates from the 〈100〉
oriented single-crystal Si reference, although this deviation is
less significant compared to the Raman peak at ∼520 cm−1.
The strong localization of strain observed in the Si matrix is
consistent with our understanding of the nature of Stranski-
Krastanov growth, where vertical self-ordering is produced
by strain propagation through the separating Si layers [64].

5. PHOTOLUMINESCENCE PROPERTIES OF Si/SiGe
THREE-DIMENSIONAL NANOSTRUCTURES AS
A FUNCTION OF EXCITATION INTENSITY

It has been known for some time that the PL spectra in
3D Si/SiGe NSs, which is similar to that in III-V quantum
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Figure 6: Raman spectra measured using 514 nm excitation in MBE
grown Si/Si1−xGex 3D NS samples with the indicated average Ge
concentration x.

wells with type II energy band alignment [65], exhibit a
blue shift as the excitation intensity increases [55, 66]. In
our studies, this effect is found in both MBE and CVD
grown samples. Figure 9(a) shows PL spectra in a CVD
grown sample measured under excitation intensities varied
from 0.1 to 100 W/cm2. At the lowest excitation intensity
used (0.1 W/cm2), the PL peaks at ∼0.8 eV. With increasing
excitation intensity, a continuous almost parallel PL blue
shift of 30–40 meV per decade of excitation intensity increase
is observed. At an excitation intensity of 100 W/cm2, the
PL peak reaches ∼0.92 eV. Under photoexcitation of 1–
10 kW/cm2, the low energy part of the PL spectrum does not
shift further, while the high energy part continues shifting
toward higher energy.

Figure 9(b) compares PL spectra measured with a fixed
excitation intensity (∼5 W/cm2) for different temperatures

in the range 8–210 K. These measurements clearly show
that with increasing temperature, the PL peak associated
with SiGe clusters at 0.85–0.9 eV shifts toward lower pho-
ton energies. This “red” PL spectral shift is, most likely,
associated with the SiGe band gap decrease as the sample
temperature increases. Thus, it is opposite to the “blue”
PL spectrum shift observed with an excitation intensity
increase, and thus this blue shift cannot simply be explained
by sample heating due to the intense incident laser beam.
There was some sample heating in the measurements, but
it was not significant except at the higher laser powers.
From the observed broadening of the PL spectral features
associated with c–Si, the sample temperature is estimated to
increase from 4 to 60 K under the highest excitation intensity
used.

Despite the clear shift toward higher photon energy
under increasing excitation intensity, the entire set of PL
spectra recorded at photon energies <0.95 eV are well-
fitted by two Gaussian peaks (shown in Figure 10(a) for
the PL spectrum (1) obtained with 0.1 W/cm2 excitation).
Figure 10(b) summarizes the excitation intensity dependence
of the energies of these two PL peak and their widths. For
all PL spectra obtained at different excitation intensities, the
two PL peaks at photon energies of ≤0.95 eV are found to
be always separated by ∼43 meV with a constant FWHM
of ∼78 and ∼47 meV, respectively. These two PL peaks are
attributed to the NP transition and TO phonon replica in
the SiGe clusters, respectively, and the separation energy of
∼43 meV is close to the energy of the TO Si–Ge phonon
[30, 32–35, 47, 52–55]. The constant energy separation of the
two PL peaks is additional evidence that, at the excitation
intensities used, the observed PL blue shift is not due to
thermal broadening caused by sample heating with the laser
beam, and that the integrated PL intensities measured at
different excitation intensities can be directly compared.

Figure 11 shows a modified (note the double logarithmic
scale) Arrhenius plot of the normalized integrated PL
intensity of a 3D Si/SiGe multilayer sample grown by
CVD and measured at different excitation intensities. The
normalized PL intensity temperature dependencies are fitted
by a standard equation:

IPL(T) = 1[
1 + C1 · exp

(− E1/kT
)

+ C2 · exp
(− E2/kT

)] ,

(1)

(see, e.g., [41]) with two thermal quenching activation ener-
gies E1 and E2. Here T is the temperature, k is Boltzmann’s
constant, and C1 and C2 are scaling coefficients. In all
measurements for all samples, the PL thermal quenching
activation energy E1 ≈ 15 meV and E1 is independent of
excitation intensity. In contrast, the activation energy E2

depends significantly on the excitation intensity: the PL
temperature dependence shows a step-like behavior, and
E2 increases dramatically from ∼120 to 340 meV as the
excitation intensity increases from 0.1 to 10 W/cm2.

We start our discussion by noting that the observed
excitation-independent PL thermal quenching activation
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Figure 7: Raman spectra measured using 458 nm excitation in MBE grown Si/Si1−xGex 3D NS samples with x approaching 50%. (a) A full-
range spectrum comparing the major SiGe Raman modes with the positions of the Raman peaks seen in a-Si and a-Ge. (b) Raman spectrum
on a linear intensity scale showing Si–Si vibrational modes including the vibration associated with strained Si at ∼507 cm−1.

energy of ∼15 meV is close to the exciton binding energy
in SiGe alloys and Si/SiGe superlattices [3, 14]. Thus, we
conclude that one of the mechanisms of PL thermal quench-
ing is the thermal dissociation of excitons. The activation
energy of ∼15 meV can therefore be associated with exciton
localization in specific regions of the clusters associated
with variations of the SiGe composition [1, 4]. Hence,
the nonuniform SiGe cluster composition and, perhaps,
variations in SiGe cluster size and shape could be responsible
for the observed relatively broad PL spectra.

It has been proposed previously that 3D Si/SiGe nanos-
tructures can be modeled using type-II energy band align-
ment, where, depending on the SiGe cluster size, valence
band energy quantization is possible [41, 67]. Using the same
model, we focus next on nonradiative carrier recombination
and the different mechanisms of electron-hole separation.
Electron transport in 3D Si/SiGe nanostructures is limited
by a small (≤10–15 meV) conduction band energy barrier
and SiGe compositional disorder [41]. Thus, the PL thermal
quenching activation energy of ∼15 meV could also be
associated with electron diffusion in Si/SiGe 3D NSs.

In contrast, hole diffusion in 3D Si/SiGe multilayer NSs
with a high Ge content is controlled by large (>100 meV)
valence band energy barriers at Si/SiGe heterointerfaces
[30, 40, 52, 68]. In this system, we consider two major
mechanisms of hole transport: (i) hole tunneling and (ii)
hole thermionic emission. Hole tunneling in 3D Si/SiGe NSs
with thin (5–7 nm) Si separating layers and nearly perfect
SiGe cluster vertical self-alignment could be very efficient.
These nanostructures are usually grown by MBE and exhibit
a PL thermal quenching activation energy of ∼60 meV
[41]. The same PL thermal quenching activation energy is

found for the lowest excitation intensity in our CVD-grown
samples with 7.5 nm thick Si separating layers. We suggest
that in 3D Si/SiGe multilayer NSs with thin Si layers at
low excitation intensity, the electron-hole separation and
nonradiative carrier recombination are mainly controlled
by hole tunneling between SiGe clusters. Due to significant
variations in the SiGe cluster size, shape, and chemical
composition, the process of hole tunneling could be assisted
by phonon emission and/or absorption [69]. Therefore,
the observed PL thermal quenching activation energy is
close to the Si TO phonon energy [14]. In 3D Si/SiGe
multilayer samples with 20 nm thick Si layers, where SiGe
cluster vertical self-alignment is practically absent [42], the
probability of hole tunneling is reduced, and hole thermionic
emission over the Si/SiGe heterointerface barrier is playing a
bigger role. Thus, in these samples the PL thermal quenching
activation energy is expected to be greater, as has been found
in our experiments (see Figure 11).

In this simple model, efficient hole tunneling between
adjacent SiGe nanoclusters requires not only reasonably low
and thin energy barriers but also a low carrier concentration
(i.e., a large enough number of empty adjacent SiGe clusters).
By increasing the photoexcitation intensity (i.e., the number
of photogenerated carriers), hole tunneling can effectively be
suppressed since fewer empty adjacent SiGe clusters can be
found. At high excitation intensity, assuming (i) a negligible
value of the conduction band offset compared to that in
the valence band and (ii) a nearly pure Ge composition
in the SiGe cluster core, the maximum anticipated PL
thermal quenching activation energy should be E2 ≤ ESi

g −
EGe
g ≤ 400 meV. This value sets the upper limit in the

activation energy of PL intensity thermal quenching in 3D
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Figure 8: Polarization Raman polar diagrams in CVD grown SiGe 3D NS samples measured (a) for Si–Si, Si–Ge, and Ge–Ge vibrational
modes using 458 nm excitation and (b) for the Si–Si vibrational mode using 458 and 514 nm excitation. The results obtained are compared
with that of c–Si. (c) Raman spectra on a linear intensity scale in the vicinity of Si–Si vibrational modes in CVD-grown SiGe 3D NSs
measured using two different polarization angles compared with that of c–Si.

SiGe multilayer NSs, and it is close to the activation energy
of E2 ≈ 340 meV that has been found under the highest
excitation intensity (see Figure 11).

6. PHOTOLUMINESCENCE DYNAMICS IN Si/SiGe
THREE-DIMENSIONAL NANOSTRUCTURES

The PL dynamics, that is, the PL intensity decay under pulsed
laser excitation, is an important technique for studying the
carrier recombination mechanism. The PL decays discussed
here were obtained using excitation by the second harmonic
of a Q-switched YAG : Nd laser with photon energy �ω =
2.33 eV, pulse duration τ ≈ 6 nanoseconds, and repetition
rate v = 10 Hz. The laser energy density on the sample was
of the order of 1 mJ/cm2. The PL signal in the 0.77–0.9 eV
spectral region was recorded with an InGaAs photomultiplier
tube (PMT) and stored in a digital LeCroy oscilloscope. The
overall time resolution of the entire system was better than
20 nanoseconds.

Figure 12 shows the normalized PL decays collected
from a CVD grown sample at 4 K. The initial PL decay
is fast—close to the resolution of our detection system
(<20 nanoseconds). The longer-lived PL shows a strong
dependence on the detection photon energy, as summarized
in Figure 13: the PL lifetime at photon energies below 0.8 eV
is found to be ∼20 microseconds, and it drastically decreases
to ∼200 nanoseconds for the PL component measured at
0.89 eV.

Such a dramatic (100 times) decrease in the PL lifetime
provides key information about the carrier recombination
mechanism and this will be discussed later.

7. ELECTROLUMINESCENCE IN Si/SiGe
THREE-DIMENSIONAL NANOSTRUCTURES

Electroluminescence (EL) in 3D Si/SiGe NSs was found
almost simultaneously with the first investigations of the
PL [22, 30]. In many of the Si-based nanostructures with
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Figure 10: (a) Normalized PL spectra in CVD grown Si/SiGe 3D NSs showing the PL spectral shift to higher photon energy under increasing
excitation intensity. Each spectrum can be fitted with two (NP and TO) Gaussian spectral bands, as shown, for example, by the dashed lines
under trace (1). (b) Summary of PL spectra changes as a function of excitation intensity.
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promising PL properties (e.g., Si nanocrystals embedded
in silicon oxide, Er+ in silicon-rich silicon oxide, etc.), EL
is difficult to obtain due to poor carrier transport [11,
15, 20]. In contrast, vertical carrier transport in Si/SiGe
multilayers and 3D Si/SiGe NSs is very efficient, and a simple
device where Si/SiGe multilayers are embedded into a p-
i-n diode or a similar structure can easily be fabricated
[22, 33]. Figure 14 proves this statement by showing EL
spectra for a CVD grown sample measured under a relatively
low value of forward bias of 3–6 V applied to a Schottky-
barrier type structure. The measured EL spectrum is broad
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Figure 13: Summary of PL lifetimes for CVD grown samples at
different photon energies.

with an asymmetric spectral shape, which, similar to the
PL spectra, can be well fitted by two Gaussian bands
separated by ∼45 meV. This separation energy is close to
an SiGe characteristic phonon energy, proving that the
EL mechanism is nearly identical to the PL one, that is,
it is due to radiative electron-hole recombination in 3D
Si/SiGe layered NSs. On increasing the applied voltage, we
observe (similar to that in PL spectra under increasing
photoexcitation intensity) a noticeable EL spectral shift
toward greater photon energies, that is, a “blue shift” (see
Figure 14). The integrated EL intensity is nearly a linear
function of the applied voltage (Figure 15). The EL intensity
as a function of temperature is also similar to that found
in PL, and the EL thermal quenching activation energy is
∼130 meV (Figure 16(b)). Interestingly, in the same sample,
the device current as a function of temperature depicts nearly
an exact anticorrelation with the EL intensity and exhibits an
activation energy of ∼140 meV (Figure 16(a)).

8. MECHANISM OF CARRIER RECOMBINATION
AND LIGHT EMISSION IN Si/SiGe
THREE-DIMENSIONAL NANOSTRUCTURES

In our discussion on carrier recombination in 3D Si/SiGe
NSs, we focus on MBE and CVD grown samples with
an average Ge atomic composition close to 50%. Several
experimental results, including the PL spectral distribution
extending well below the band gap of pure Ge [33–35]
and the extremely long carrier radiative lifetime of ∼10
milliseconds [41], as well as the ∼30 meV per decade PL
spectral shift toward higher photon energies as the excitation
intensity increases [70], point out strong similarities between
the PL in 3D Si/SiGe NSs and the PL in III-V quantum
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wells with type-II energy band alignment [65, 66]. Generally,
a type-II energy band alignment at the heterointerface is
a strong disadvantage for light emitting devices due to a
weak overlap between spatially separated electron and hole
wave functions. In reality, however, the critical limitation in
the efficiency of light-emitting structures is rather the pres-
ence of competing nonradiative recombination channels for
excess electrons and holes. The most important nonradiative
mechanism is carrier recombination via defects, especially
heterointerface structural defects such as propagating dis-
locations and dislocation complexes. The 3D Si/SiGe NSs

investigated here, grown by both MBE and CVD processes,
show an almost undetectable density of dislocations [24,
30]. Thus, in these well grown 3D Si/SiGe NSs, we can
neglect nonradiative carrier recombination via structural
defects, and this explains the experimentally observed high
quantum efficiency of PL with photon energy <0.9 eV, which
is associated with SiGe clusters, at low excitation intensities.

It has been suggested that SiGe Stranski-Krastanov (S-K)
clusters with a small (3–5 nm) height and greater than 10 : 1
base-to-height aspect ratio can be modeled as nanostructures
with a type-II energy band alignment and possibly with SiGe
cluster valence-band energy quantization in the direction of
growth [39–41, 53]. Strained Si and Si-rich SiGe alloy regions
near the base of the clusters (also called SiGe wetting layers)
also need to be considered [42]. In our samples, the PL
associated with the c–Si separating layers exhibits unusual
doublet-like structures (Figure 3), most likely due to the
built-in strain. Including the effect of strain, the observed PL
bands at 0.916 and 0.972 eV indicate a composition of the
Si1−xGex transition region, which is presumably located near
the bottom of the Ge/Si pyramid-like clusters, to be close to
x ≈ 0.2 [30]. This conclusion is supported by recent direct
analytical TEM measurements [42–45].

It has also been proposed that the broad PL band with
a peak energy of ∼0.8–0.9 eV is due to the recombination
of carriers localized in the Ge-richest areas of the clusters,
which is close to the center of “pancake” shaped SiGe clusters
[43, 44]. We suggest that at the lowest excitation intensity,
the PL arises from electron-hole recombination between
holes localized in the Ge-richest regions of the cluster and
electrons localized in the strained SiGe alloy region near the
cluster base. This immediately explains the extension of the
observed PL spectrum below the pure Ge band gap energy.

On increasing the excitation intensity, we find that
the high-photon-energy edge of the Ge-rich cluster PL
eventually overlaps with PL originating from the Si1−xGex
alloy region with x ≈ 0.2. Theoretical calculations predict
that strained Si/Si1−xGex two-dimensional NSs with x ≈ 0.2
might have type-I energy band alignment [36]. The SiGe
clusters embedded in the Si matrix can induce local strain
mainly in the SiGe alloy region near the bottom of the
Ge cluster. We attribute the observed decrease of the PL
lifetime (presumably radiative lifetime) detected between 0.8
and 0.9 eV in our experiments to an increasing contribution
from fast radiative transitions involving locally strained SiGe
regions of lower Ge concetration at the bottom of SiGe
clusters.

Figure 17 summarizes in schematic form the proposed
model of radiative carrier recombination in 3D Si/SiGe NSs.
It illustrates that, at low excitation intensity, the observed PL
at photon energies �ω < 0.8 eV is due to slow recombination
between electrons localized within a strained Si-rich Si1−xGex
region with x ≈ 0.2 and holes occupying the lowest energy
states in the Ge-rich cluster core. An increase in the excitation
power in PL experiments, as well as the current density in EL
experiments, usually leads to changes in the emission spectra;
for example, the PL and EL peaks blue shift, that is, they
shift toward shorter wavelength (see Figures 9, 10, and 14).
At the same time, the PL intensity as a function of excitation
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of an SiGe nanocluster on a wetting layer with a core Ge
concentration close to 50% embedded into an Si matrix and (b)
the corresponding energy band diagram with two possible radiative
transitions indicated.

intensity in MBE grown 3D Si/SiGe NSs displays a sublinear
dependence on a logarithmic scale (Figure 4). It has been
pointed out that possible transformations of hole energy
spectra due to quantization and/or strain might dramatically
increase the rate of nonradiative Auger recombination, by
more than 100 times compared to that in bulk Si and Ge [71].
However, in a quantum well with smoothed (e.g., diffused)
heterointerfaces, Auger processes are expected to be less
efficient [35, 41]. We find strong evidence that in CVD grown
3D Si/SiGe NSs the reduction of the Auger rate, most likely
due to diffused Si/SiGe interfaces, does take place. Thus, on
increasing the pumping power in PL experiments on CVD
grown samples, we observe a relatively small deviation from a
linear function in the PL intensity dependence on excitation
(see Figure 9). In addition, we find that the previously
mentioned PL spectral blue shift, with the PL peak shifting
from a photon energy of 0.78 to 0.88 eV, correlates with a
strong (∼100 times) decrease in the carrier radiative lifetime
(Figures 9, 10, 12, and 13). The hole energy barrier between
the strained Si0.8Ge0.2 transition region and Si is ≥ 200 meV,
in good agreement with a larger value of the observed PL
thermal quenching activation energy, while the smaller value
of 15 meV is closer to the exciton binding energy in SiGe
alloys, as has been previously discussed [35, 41, 72].

Figure 17 also proposes an energy band diagram, which
takes into account the previously described complex compo-
sitional structure of 3D Si/SiGe heterointerfaces. It shows a
modified type-II energy band alignment at the SiGe cluster
core with a compositional transition toward the Si/SiGe
heterointerface and a nearly type-I alignment at the cluster
base, mainly due to the strain in the SiGe wetting layer.
A continuous change in the Ge atomic concentration is
reflected by a gradually increasing energy band gap from the
cluster center toward the SiGe wetting layer, where the Ge
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atomic concentration is estimated to be ∼20%. In this
band diagram, two types of radiative transitions are shown
(Figure 17(b)). First, there is a slow recombination between
electrons localized mainly in the SiGe wetting layer and holes
localized within SiGe clusters, mostly near the SiGe cluster
core. Second, a faster and more efficient radiative recombi-
nation is achieved between electrons and holes leaking from
the SiGe cluster core toward the cluster base and SiGe wetting
layer. This latter recombination mechanism, which becomes
dominant under a high photoexcitation intensity when
the “slow” recombination channel for spatially separated
electrons and holes is saturated, has been called a “dynamic
type-I” energy band alignment [41, 70]. It explains very well
both the PL spectral blue shift under increasing excitation
intensity and the dramatic (∼100 times) decrease in carrier
radiative lifetime measured at photon energies from 0.77
to 0.89 eV. This explanation is also consistent with the
previously discussed PL intensity temperature dependence,
which shows a different PL thermal quenching activation
energy at different excitation intensities (see also [72]).

9. CONCLUSION

In conclusion, we present comprehensive experimental
studies on Raman scattering and light-emitting (PL and
EL) properties of 3D Si/SiGe NSs. We show that these
nanostructures emit light at the technologically important
1.3–1.6 μm wavelength region. The highest PL and EL
quantum efficiency is found in SiGe clusters with an ∼50%
Ge composition near the cluster core. The highest lumi-
nescence quantum efficiency is observed at low excitation
intensity. However, the PL quantum efficiency decreases
as the excitation intensity increases, most likely due to
competition with a faster nonradiative Auger recombination.
Using time resolved PL measurements, we found that the
suspected type-II energy band alignment at the Si/SiGe
cluster heterointerface is responsible for the observed long
carrier radiative lifetime (10−4–10−3 second). We also found
that within the broad PL band, the part of the PL spectra
associated with higher photon energies exhibits an ∼100
times faster radiative transition, which is explained by a pro-
posed “dynamic type-I” energy band alignment, for example,
radiative recombination between holes occupying excited
states in SiGe clusters and electrons mostly localized close to
the Si1−xGex wetting layer with x ≈ 0.2. These experimental
observations suggest that a commercially useful SiGe light-
emitting device can be fabricated and integrated into the
traditional CMOS environment.
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Abstreiter, “Photoluminescence study of the crossover from
two-dimensional to three-dimensional growth for Ge on
Si(100),” Applied Physics Letters, vol. 67, no. 9, pp. 1292–1294,
1995.

[33] R. Apetz, L. Vescan, A. Hartmann, C. Dieker, and H. Lüth,
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1. INTRODUCTION

Electronic and photonic integrated circuits (EPICs) on Si
complementary metal oxide semiconductor (CMOS) plat-
form have widely been studied to achieve higher figure-of-
merits in communications and computations. A challenging
issue is that there are so many kinds of devices in photonics
as in Table 1. The photonic devices have been developed
for optical communication systems in which integration of
these devices on a chip has never been important. Thus, the
concurrent photonics consist of various devices (materials)
such as light emitters (III-V semiconductors), modulators
(LiNbO3), interconnects (SiO2), filters (SiO2), photodetec-
tors (III-V semiconductors), and isolators (YIG). On the
contrary, electronics as in Table 1 consists only transistor and
interconnect; and the material systems are all compatible
to the CMOS fabrication process referred to as “CMOS-
compatible.” Si photonics today have focused on reduction
of the material diversity by fabricating these photonic devices
with CMOS compatible materials. In the present paper
we will propose a new approach: functional unification
of photonic devices. The enabler of the unification is the
materials system of Si waveguide and SiO2. The features of
the system are as follows:

(i) polarity and conductivity control of Si waveguides by
implementing pin diode structures,

(ii) high-index contrast to SiO2 acting as cladding and
electrical insulation that reduces device footprints.

To utilize these features, the proposed novel device is based
on a microresonator with a built-in pin diode. Physics
presenting emitter and modulator functions are the Purcell
effect [1] and Franz-Keldysh effect [2].

2. HOW TO REDUCE DEVICE DIVERSITY

The Purcell effect is known to enhance spontaneous emission
rate on a resonance wavelength of a microresonator, as
schematically shown in Figure 1(a). There have been various
papers reporting the effect is actually working based on
standing wave resonators [3, 4] and traveling wave resonators
[5, 6]. On the other hand, electro-optic effect such as the
plasma effect or Franz-Keldysh effect is known to change the
complex refractive indices of the resonator materials, which
functions to modulate optical amplitudes by shifting the
resonance wavelength as also schematically in Figure 1(b).
Here, we would propose a new device to unify several
photonic functions in Table 1. The device is a resonator with
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Table 1: Device and material diversity of electronics and photonics.

Devices Materials

Electronics
Transistor Si, SiO2

Interconnect Al, Cu

Photonics

Light emitter III-V material

Modulator LiNbO3

Interconnect SiO2

Filter SiO2

Detector III-V material

Amplifier III-V material

Isolator YIG

· · · · · ·

a pin structure as in Figure 1(c). Forward-biasing of the
resonator would function as a light emitter due to the Purcell
effect; and reverse-biasing would function as a modulator
due to the Franz-Keldysh effect. The device is referred to as a
unified functional device (UFD) in the present paper. UFDs
should in principle function as a light emitter, an amplifier,
a modulator, a switch, as well as a tunable filter. Accordingly
the device diversity of photonics in Table 1 is to dramatically
shrink and the device set for photonic integration is only
UFDs, detectors, and interconnects. Isolator function is not
yet available.

3. PHYSICS AND THE REQUIREMENTS
TO UNIFY THE DEVICE FUNCTIONS

In this section we will discuss physics, materials, and struc-
tures of UFDs.

3.1. Purcell effect and the requirements to
ring resonators

We first consider a single localized radiating dipole; its
spontaneous emission rate R can be expressed via the Fermi
golden rule;

R = 1
τ
= 4π2

h

∣∣〈Ψ f

∣∣Hi

∣∣Ψi
〉∣∣2·ρ, (1)

where h is the Planck constant, ρ is the density of optical
modes (states) at the emitter’s angular frequency. Consid-
ering the dipole moment u, and the electrical vector E, the
term |〈Ψ f |Hi|Ψi〉|2 can be simplified as |E〈Ψ f |u|Ψi〉|2. The
matrix element depends on the band structure of the media,
we just refer to it as u2 for simplification later. When E is
parallel to u, the spontaneous emission rate can be expressed
in the following well-known form:

R(r) =
∫∞

0

4π2

h
u2(r,ω)E2(r,ω)· fc

(
1− fv

)
ρ(ω)dω. (2)

Here, fc and fv are the electron density of the conduction
band and valence band expressed by Fermi-Dirac statistics.
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Figure 1: Schematic diagrams of physics of unified function devices
and a possible structure.

ρ(ω)dω denotes the mode density in a unit of angular fre-
quency. Equation (2) indicates that R depends on the initial
electron—and hole density of states and the final photonic
density of states. The quantum confinement focuses on
increasing u while the microresonator on controling E2.

When the modal volume of the resonator is very large,
the optical mode is continuous in the k-space. Assuming
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the distribution of the electron is uniform all around the
structure, R can be expressed as

Rsp
∼= u2

0ωsp
2neff

3πε0c3
, (3)

where ωsp denotes the center of the spontaneous emission
band, u0 the average dipole momentum, neff the effective
refractive index of the resonator. Considering a small
resonator with the scale of the emission wavelength λs, the
modes will be quantized in the k-space. Meanwhile, the
electrical field E will increase with resonator size reduction.
The emission rate at the resonance wavelength can be derived
as

Rsp
∼= 4u2

0ωcΓr
(
ωc
)

3ε0neff
2VcΔωi

, (4)

where Γr(ωc) is the relative confinement factor, expressing
the overlapping between the optical mode and the resonator
structure, and can be 1 in the high-index contrast systems.
Here, Vc is the modal volume, and Δωi is the larger one
of Δωsp or the full width at half maximum (FWHM) of
resonance mode (Δωc). Since spontaneous emissions are
generally broader than the resonance modes, then Δωi =
Δωc; Δωc/ωc = Q. Here, we assumed the resonance
frequency is at the center of the spontaneous emission band.

Finally, the enhancement of the spontaneous emission
rate usually called Purcell factor Fp can be expressed by
comparing the emission rates in the small resonator and
space:

Fp = pΓr
4π2

·
(

λ

neff

)3

· Q
Vc

. (5)

In silicon resonators, the other factors expect Q and Vc are
all state constant. The higher Q/Vc, the higher Purcell factor.
According to Zsai et al., we need to get an enhancement
factor of nearly 100 to get positive net gain when the loss is
due to free-carrier absorption [7]. So, our requirement of the
Purcell enhancement is at least 100.

3.2. Franz-Keldysh effect and requirements
to unify device functions

Si and Ge have the inversion symmetry in the lattice,
prohibiting the existence of a linear electro-optic effect. Thus,
the bias applications to the pin diode structures have been
employed to change in carrier concentration and/or electric
field strength and eventually altering refractive indices of the
structures. The Franz-Keldysh (FK) effect is a typical one
having been used in III-V semiconductor-based modulators.
However, the effect was ignored until recently in Si, since the
effect in Si was known very weak. We have recently reported
that Ge shows a large electro-optic coefficient induced by
the FK effect. The difference from Si can be explained by
the difference in the band structure of Ge where the Γ point
causing the FK effect is only slightly above the L valley.

The FK effect occurs as follows: the change in dielectric
constant (Δε) at energy E under the field F is given in terms

of the well-known FK expressions G(η) and F(η) containing
Airy functions and their derivatives [8, 9]:

Δε(E,F) = (
B/E2

)
(�θ)1/2[G(η) + iF(η)

]
,

�θ =
(
e2�2F2

2μ

)1/3

, η = Eg − E

�θ
.

(6)

Here, B represents transition probability by absorption of
photon, containing matrix element Ep and reduced effective
mass μ. � is Planck’s constant h divided by 2π. In our model,
we considered the FK effect from the direct band edge as
noted above. The contribution from the indirect band edge
was ignored in this treatment.

According to a simple mathematics, the following rela-
tions can be derived:

Q = λ

Δλ
= n

Δn
. (7)

Here, Δλ denotes the shift of resonance wavelength λ, and
Δn denotes the shift of refractive index n. Assuming that Q
of the resonator in Figure 1 is 4000, and that Δn should be
10−3 when n is 4.0, that is, Ge, the modulation depth can be
50 dB or higher, which is more than enough. However, we
will find out that Δn = 10−3 is the realistic limit in terms of
FK effect as shown later. So, we set our goal of index change
to be mid 10−4. Thus, Q of 104 must be required.

3.3. Ring as a microresonator

There are two kinds of microresonators utilizing traveling
waves and standing waves. We have employed traveling wave
resonator to demonstrate the feasibility of UFDs since it is
expandable to a three-terminal device. In the traveling wave
resonator, we have further chosen ring resonators instead
of disks because of fewer mode numbers involved in the
resonator. In general, the observed Q can be written by [10]

1
Qtotal

= 1
Q0

+
1

Qext
. (8)

Here, Qtotal is the observed Q, Q0 loss Q of the ring itself,
and Qext coupling Q between the waveguide and ring. In case
of isolated ring resonators, Qtotal = Q0. Thus, Qtotal can be
expressed as

Qtotal = Q0 = ω0

2αυg
. (9)

Here, α denotes the overall attenuation coefficient of the ring,
usually consisting of material absorption and attenuation
due to light scattering of the ring waveguide.

These are simple explanations to control device functions
and requirements for UFDs to function.

4. RESULTS

In this section, we will present the simulation and exper-
imental demonstration of the characteristics of ring res-
onators functioning as light emitters and modulators. We
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Figure 2: Transmission spectra of the ring resonator and Q and Q/m versus ring radii. Q is quality factor and m is the number of wavelengths
in the longitudinal ring mode.

have not yet prototyped those with pin diode structure. The
resonators were fabricated on Si on insulator (SOI) wafers
by means of electron beam (EB) lithography and dry etching
(DE) [6, 8, 11]. The SOI wafer has a 3 μm buried oxide (BOX)
layer and a 200 nm top Si layer. The waveguides used to
verify the feasibility of UFDs have 400 nm width and 200 nm
height where the transverse mode is single. The radius ranged
from 2.6 to 10 μm. The gap between incoming waveguide
and the ring was changed from 150 nm to 350 nm. The gap
between outgoing waveguide and the ring is identical to
the one between the incoming waveguide and the ring. The
SEM image of the fabricated sample is shown as insert in
Figure 2. The waveguides for emission function have 250 nm
width and 370 nm height. The excitation is done by Ar+ ion
laser irradiation focusing on the waveguide. The resonator is
isolated, and light escaping from the ring is collected using
optical microscope.

4.1. Required characteristics of Si ring resonator
and the experimentally obtained data

Figure 2 shows Q and Q/m of the various sizes of rings to
check if the requirements described in Section 2 would be
met. Q has to be larger than 104 for FK requirement for
modulator. The cavity volume V is m(λ/neff)3, thus the term
of ((λ/neff))3Q/Vc in (5) can be simplified by Q/m, where m
denotes the number of the wavelength in the longitudinal
mode of interest. To meet the requirement of 10–100
time Purcell enhancement, Q/m > 103. Figure 2(a) shows
transmission spectra of the through port and drop port of
the ring resonator, r = 10 μm and gap = 300 nm. From the
transmission spectrum of the drop port, Q is determined to
be nearly 50 000. It is also clear from Figure 2(b) that the
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Figure 3: Photoluminescence spectra of (a) ring and (b) surround-
ing slab. The ring is 3.2 μm in radius. The peaks are generated at the
resonance wavelengths.

rings fabricated have met the Purcell requirement as well as
the FK modulation when the radius is 2.6–10 μm.

4.2. Purcell enhancement of spontaneous
emission of the ring resonator

Figure 3 shows the photoluminescence spectra of (a) the
isolated Si ring resonator with the radius of 3.2 μm and the
width of 250 nm and of (b) the slab region surrounding the
ring. The luminescence of the slab in Figure 3 is multiplied
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Figure 4: Comparison between the experimental enhancements
and theoretical enhancement (Purcell factor).

by 10 to show it in this linear scale range. The luminescence
consists of many peaks and the highest peak is more than
100-times stronger in intensity than the luminescence of the
slab. The wavelengths of all peaks show a clear one-to-one
correspondence with the resonance frequencies of the ring.
Figure 4 shows the luminescence enhancement observed and
the Purcell factors calculated by (5). The experimental data
are in a good agreement with the prediction, indicating that
the enhancement would occur due to the Purcell Effect.
The enhancement is 10 times which is lower than our
requirement of ring resonator. We will discuss this point later
on.

4.3. Resonance shift using FK effect

The Ge p-i-n photodiodes used in this work were fabricated
from 1.3 μm thick undoped Ge epilayers on a p+ Si(100)
substrate with boron concentration >1019 cm−3. The Ge
epilayer was under 0.20% tensile strain [12]. Phosphorus was
implanted into a poly-Si layer that was deposited on the top
of the Ge epilayer to create a pin diode. External biases of 0
and 5 V were applied to the diode, corresponding to electric
fields of 14 and 70 kV/cm in the Ge i-layer. The absorption
coefficient αwas calculated from the photodiode responsivity
(R) defined by photocurrent normalized by incoming light
power in A/W. Figure 5 shows the absorption coefficients
extracted from the spectral responsivity. As predicted by
the FK effect, the absorption coefficient increases with the
applied electric field.

We have incorporated the strain effect into our Franz-
Keldysh model to analyze the data as in Figure 5. The excel-
lent fitting of the experimental data to the model obtained,
suggesting that the change in absorption coefficients is due
to the Franz-Keldyshi effect in the strained Ge epilayer on
Si. Based on the Kramers-Kronig relation, we have derived
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Figure 5: Absorption coefficient spectra under electric-field appli-
cations. The experiments are well reproduced by the Franz-Keldysh
analysis.

the dependences of refractive indices difference Δn and
absorption coefficient α as a function of wavelength as in
Figure 6. Figure 6(a) shows Δn as a parameter of electric field
strength, 20, 50, and 100 kV/cm. It is found that the electric
field strength 20 kV/cm is not enough to change refractive
index, mid 10−4 to enable modulator function. The Ge pin
diode for under electric field strength 50 kV/cm can realize
such index change in the wavelength range of 1750 nm or
shorter. However, the absorption coefficient gets larger in the
wavelength range as in Figure 6(b) and it is less likely that
Q should exceed 104 according to (9). Indeed, Figure 6(c)
indicates that Q should be mid 103 at 1700 nm that is lower
than the requirement discussed above. As in Figure 6(c), Q
of the Ge ring under 100 kV/cm can reach ∼104 at 1850 nm.
This lead us to conclude that the Ge-based ring can be
operated as a modulator at 1850 nm under the electric field,
100 kV/cm.

5. DISCUSSION

We have shown the microring resonators can unite the
photonic functions ranging from emitter, modulator, as well
as filter. This suggests it can function as amplifier, and switch.
This substantially reduces device diversity in Photonics.
Since materials used in the UFDs are Si or Ge, that is,
CMOS-compatible, the presented approach reducing device
diversity should be beneficial for large-scale integration
of electronics and photonics on a Si chip. However, the
presented UFDs require two material systems Si and Ge
for resonators although these are on the same materials
platform. In this section, we will consider the feasibility of
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materials unification via SiGe as the resonator materials to
unify the emitter and modulator functions.

5.1. SiGe UFDs

Because of low absorption coefficient resulting in high Q,
both of the Purcell enhancement and the FK shift are large
at the photon energy slightly below gap, like 1200 nm for
Si. According to the literature, Ge-rich SiGe, for example,
the Ge composition ∼0.95 should be of such materials.
The indirect bandgap is around 0.8 eV, the communication
wavelength band called C- and L-band, and the direct
bandgap referencing the FK effect is ∼1.0 eV [9]. The tensile
strain of Ge on Si reduces the direct gap to 0.9 eV, as in
Figure 7. The reduction of direct bandgap observed was in a
good agreement with the deformation potential calculations
[13]. Because of tensile-trained SiGe, we would be able to
design UFDs built on the unique material system. This will
be reported in a separate paper.

5.2. Increase of luminescence enhancement

The Si ring resonator emits strong light at the resonance
wavelengths at the indirect band edge, 1.1 μm. The enhance-
ment we obtained was about 10 as in Figure 4. To get
higher enhancement, we need to increase Q. Although Q
of the isolated ring is not ready for measurement, the
Purcell analysis leads us to estimate that Q is as low as
∼500, corresponding the overall attenuation coefficient to
be ∼180 cm−1 according to (9), assuming the group velocity
is 1 × 1010 cm/s and wavelength 1.1 μm. It is clear that
the attenuation cannot be material absorption, 1.3 cm−1 at
1.1 μm. It has been pointed that the sidewall roughness
should increase the attenuation coefficient and could explain
180 cm−1. According to Soref and Bennett [14], free-electron
absorption is ∼1 cm−1 at the density of 1018/cm3 at 1.1 μm
and free holes do almost the same. When the ring resonator
is excited to measure photoluminescence, a high density of
carriers if it is in concentration of 1020 cm−3 would result in
such loss in terms of in free-carrier absorption. Q0 should
be reduced unless otherwise. Therefore, passivation of Si
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waveguides such as hydrogenation, and oxidation should be
indispensable for UFDs.

6. CONCLUSION

A new approach on electronics and photonics convergence
on Si CMOS platform is proposed; reducing device diversity
rather than material diversity in photonics. The device
concept unifying functional devices is a microresonator with
a pin diode structure, and is theoretically and experimentally
studied. It has been shown that the Purcell effect and the
Franz-Keldysh effect should enable devicing the concept
to unite photonic functions such as emitter, amplifier,
modulator, switch, and filter. It is further discussed that
Ge-rich SiGe would be the material system for UFDs.
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The present approach simplifies photonic devices to UFDs,
photodetectors, and interconnects, that will be beneficial for
large-scale integrated electronics and photonics circuits.
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Transistor scaling alone can no longer be relied upon to yield the exponential speed increases we have come to expect from the
microprocessor industry. The principle reason for this is the interconnect bottleneck, where the electrical connections between
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meet, as well as some of the recent work in our group in the area of slow-light photonic crystal devices for on-chip optical
interconnects. We show that slow-light interferometric optical modulators in photonic crystal can have not only high bandwidth,
but also extremely compact size. We also introduce the first example of a multichannel slow light platform, upon which a new class
of ultracompact optical devices can be built.
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1. INTRODUCTION

Transistor scaling has been the crux of the rapid growth in
microprocessor performance over the past forty years [1].
More recently, however, the performance of the electrical
interconnects, which are responsible for transporting data
within the microprocessor and between the microprocessor
and memory, has been unable to keep pace. This is true
because as the interconnect is scaled down along with
the transistors, resistance and capacitance grow, limiting
performance. This not only decreases the bandwidth of
the interconnect, but also increases both its latency and
power consumption. In fact, in modern microprocessors,
over half of the dissipated power is dissipated by the inter-
connects [2, 3]. These issues will continue to worsen as chip
technology continues to scale [3–8]. Optical interconnects
can directly address these problems at the system level by
replacing electrical interconnects [6–10]. To do so, they must
meet the performance requirements of modern and future
microprocessors while achieving both compact size and low
power consumption.

Implementing optical interconnects in silicon has the
advantage of maintaining maximum compatibility with
the existing CMOS fabrication infrastructure. Additionally,
silicon is transparent in the range of telecom wavelengths
(λ∼ 1.5 μm). However, it is not an ideal choice as an
active optical material due to its relatively weak electro-
optic response [11]. In general, this results either in large
device size or decreased operational bandwidth. The former
is true especially for phase-shifting approaches, while the
latter applies mostly to resonant approaches. To work around
this limitation, it is possible to use some other, extrinsic
material as the active medium, such as liquid crystals [12–
14], quantum dots [15], or electro-optic polymers [16].
These have the advantage of potentially smaller device size,
but at the expense of bandwidth. This is because their
response times can be orders of magnitude slower than
that of silicon. To date, devices based on such extrinsic
materials are unable to meet the bandwidth requirements for
optical interconnects. Such hybrid approaches also have the
drawback of reduced compatibility with CMOS processing
techniques. An all-silicon approach would thus be favorable,
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although devices that employ silicon as the active medium
have so far been unable to meet the size requirements.

Using slow light, however, it is possible to create a
device that meets both of these seemingly contradictory
sets of requirements. The advantage of using slow light is
that, because the group velocity of light is decreased by
two or more orders of magnitude as compared to that in
bulk silicon, the effective photon-material interaction length
inside an active device is increased [17]. This allows greater
use to be made of the small refractive index changes available
in silicon, and thus can enable silicon-based photonics to
meet the requirements set out by optical interconnects.

In this paper, we first review the rationale behind the
push toward optical interconnects, as well as the bandwidth,
latency, power, and footprint requirements that an optical
interconnect must satisfy in order to be competitive. We
then explain how slow light can be used as the basis
for an optical interconnect technology that satisfies these
requirements. Specifically, we describe how interferometric
optical modulators based on slow light in photonic crystals
can exhibit not only high bandwidth but also extremely
compact size. We also report on recent results regarding a
new optical structure that merges slow light with wavelength-
division multiplexing to form the first multichannel slow-
light platform for silicon photonics. Finally, we outline some
of the challenges surrounding the implementation of these
novel structures and devices and, more broadly, how a
slow-light approach may fit into what has been called “the
interconnect era” [18].

2. THE NEED FOR OPTICAL INTERCONNECTS

The electrical interconnects inside modern microprocessors
consist of copper wires surrounded by a low-k dielectric
[19]. This represents a transition from previous generations
of electrical interconnects, which used aluminum wires
surrounded by a dielectric. Both the switch from aluminum
to copper, and from dielectric to specifically a low-k
dielectric, were made to reduce the RC time constant of the
interconnect (the former determining the R part, and the
latter the C part). Since the RC time constant is essentially
a measure of the amount of energy required to operate
the interconnect, reducing it allows the interconnect to
operate more efficiently. A lower time constant also allows for
lower transmission latency and for reduced crosstalk between
adjacent wires. Regardless of the materials used, however, the
performance of an electrical interconnect, weather measured
by bandwidth, latency, power consumption or crosstalk,
worsens as its dimensions are scaled down. This is due to
the fact that the resistance of a metal wire grows as its cross-
sectional area is reduced. The result is a hyperbolic increase
in the RC time constant per unit length of interconnect as the
chip feature size is scaled down [6]. Optical interconnects,
on the other hand, do not suffer from this constraint because
they are not subject to an RC time constant.

For this reason, optical interconnects (OIs) offer a
number of advantages over electrical interconnects (EIs).
The first is a significantly lower signal propagation delay.
Figure 1(a) shows the relationship between propagation

delay and interconnect length both for EIs based on copper,
and for OIs based on silicon waveguides. Silicon waveguides
possess an intrinsic advantage over copper wires because
of their higher signal propagation speed, which is in turn
due to the absence of RC impedances [10]. Because there
is an encoding/decoding penalty associated with optical
interconnects (the time spent converting the signal from the
electrical domain to the optical, and vice versa), OIs based
on silicon waveguides may be best suited for longer length
interconnects (i.e., global, as opposed to local, interconnects)
[10, 20].

A second metric by which OIs must be compared to
EIs is bandwidth density. Although the bandwidth available
from a single wire in an EI decreases as the chip feature
size is scaled down, the cross-sectional area it occupies also
decreases. The net result is that the bandwidth density, as
measured by the number of bits that can be transmitted
per second per unit lateral width, increases with further
chip scaling. Additionally, repeaters can be used to further
enhance bandwidth, though at the price of increased size and
power consumption [21]. This creates a moving target for
OIs to beat. Figure 1(b) compares the bandwidth density of
EIs to that of OIs, based on reasonable estimates of the size of
and spacing between the silicon waveguides. The bandwidth
density of OIs is assumed to scale linearly with the clock
speed of the chip, while the bandwidth density of EIs scales at
a slightly higher rate. EIs, however, have the disadvantage that
they can support only a single data channel at a time. OIs, on
the other hand, can employ techniques such as wavelength-
division multiplexing (WDM) to support a large number
of channels simultaneously. Even at the 22 nm node, only
three WDM channels are needed to match the performance
of EIs [4]. Although the additional channels come at the
price of increased power consumption and footprint, these
parameters scale much more weakly for OIs than for EIs.
This is due to the fact that the extra space and power are
required only by additional modulator/demodulator pairs at
the ends of the interconnect. The size of the waveguide itself
does not grow (and it consumes no power because, unlike
with EIs, it contains no repeaters). This gives WDM OIs a
significant advantage over EIs, especially for longer-length
interconnects.

An additional metric, the power-delay product, is often
used to evaluate interconnect performance because it is
a measure of both the power consumed, and the delay
introduced, by the interconnect. The power-delay product
(PDP) of an OI is dependent on both its length and the
technique used to modulate the optical signal. Modulation
techniques fall generally into two categories: resonant and
interferometric. Figure 2 compares the PDP for these two
types of modulators to that of EIs as a function of the
achievable index shift Δn. For interferometric modulators,
Δn determines the length required to achieve a required
phase shift; the lower Δn, the greater the length, and thus
the greater the power consumption and delay. A resonator-
based modulator has the advantage that its active area can be
made much smaller than in an interferometric modulator,
resulting in both lower delay and lower power consumption.
In fact, the PDP for a resonant modulator is nearly two orders
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Figure 1: (a) Propagation delay of silicon optical waveguides as compared to copper electrical wires (cf. [4]). (b) Comparison of bandwidth
density of EIs to that of a single-channel OI as a function of ITRS year and technology node. The use of a multichannel OI can increase
bandwidth density over that of EIs (cf. [4]).

of magnitude less than for an interferometric one, assuming
each has sufficient bandwidth for a single optical channel.
This shows that a resonant approach is generally preferable
over one based on interference [4]. Resonant modulators also
have the advantage of a smaller footprint, and thus a smaller
size penalty for each additional WDM channel. In principle,
these advantages come at the price of decreased bandwidth.
However, the bandwidth of any interconnect channel is
limited by the clock speed of the chip, and that speed is in
the range of tens of gigahertz. Therefore, a favorable PDP can
still be achieved without using Q-factors so high that they
compromise bandwidth.

Optical interconnects thus have advantages in terms of
signal propagation delay, power consumption, and band-
width density. These advantages are especially compelling
when the length of the interconnect in question is long.
We can then estimate the critical length over which OIs are
preferable to EIs. This length is plotted in Figure 3 for several
technology nodes of the ITRS [22]. The comparison is made
separately for three different criteria: signal propagation
delay, power consumption, and bandwidth density scaled
by delay. In all of these comparisons, OIs are favorable for
interconnect lengths over a few millimeters, assuming the
use of WDM and resonator-based modulators, with each
channel operating at a bit-rate equal to the clock rate of the
chip [7, 10, 20].

Therefore, the development of a successful optical inter-
connect technology must include the development of a
compact and low-power modulator, upon which a WDM
communication system can be based. However, the size
advantage of resonant modulators is not fundamental. In
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Figure 2: Power-delay product of EI and OIs as a function of Δn
for the 90 nm technology node, assuming a length of 10 mm. OIs
based on resonator-based modulators offer a significant advantage
over both EIs and OIs based on interferometric approaches (cf. [4]).

fact, it is possible to produce interferometric modulators
with superior power and size characteristics if the group
velocity inside the devices can be sufficiently reduced. This is
the principle behind slow-light devices. We next review recent
work in our group in the area of slow-light interferometric
devices in silicon.
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3. SLOW-LIGHT MACH-ZEHNDER INTERFEROMETERS

Integrated Mach-Zehnder interferometer (MZI) devices are
used extensively in optical modulators and switches. Liu
et al. demonstrated a silicon high-speed optical modulator
with an operational bandwidth of 40 GHz [23]. While the
device proves the feasibility of silicon for optoelectronic
applications, it suffers from a significant disadvantage: its
size is on the order of a millimeter. This is consistent with
an earlier analysis presented by Giguere et al. [24]. The large
device footprint is a result of the small value of Δn available
in silicon. This makes the distance, Lπ , required to produce a
π phase shift in one arm of the MZI to be very long.

However, Soljačić et al. proposed that by increasing
the group index (decreasing the group velocity) of light
propagating in the arms of an MZI, the sensitivity to
small changes in the material refractive index of the arms
could be amplified [17]. More recently, Shi et al. showed
experimentally that the sensitivity of an interferometer is
dependent on the group index rather than the material
index [25]. One way to understand this is that inducing
a change δn in the material refractive index in one arm
of the interferometer causes the electromagnetic bands to
shift in frequency by an amount dω. Because frequency is
kept constant by the choice of the operating wavelength,
the propagating wave experiences a change in wavevector
magnitude by an amount dk. Therefore, since ng = c/vg =
c/(dω/dk), the larger the group index, the larger the change
in wavevector, and thus the shorter the interferometer arms

can be made, because Lπ = π/dk. Reducing the device length
not only allows for space savings, but also decreases device
power consumption. Additionally, the electrodes can be
made smaller, thus reducing parasitics and further increasing
operating bandwidth.

The photonic crystal platform [26–28] is ideal for
implementing such a device because it provides the design
flexibility required to increase the group index while allowing
the tunability required of an active device. In a photonic
crystal coupled-cavity waveguide (PC-CCW), the group
velocity can be controlled by changing the spacing between
adjacent cavities. This is because the spacing controls the
spatial overlap between the optical fields in adjacent cavities,
which in turn determines the width (and slope) of the optical
miniband and thus its group velocity [29–32]. An MZI based
on such a design was proposed and analyzed by Soljačić et al.
[17], although that analysis did not include the possibility
of optical jitter. The concept of optical jitter in devices is
important because it can cause pulse distortion and thus
reduced bandwidth. In fact, in MZIs based on slow-light
CCWs, deterministic optical jitter is a significant source of
pulse distortion at high bit-rates. Further, when multiple
devices are cascaded together, uncertainty due to jitter
compounds, which can result in asynchronous operation.
In slow-light MZIs, deterministic optical jitter grows as the
device length is reduced, resulting in a tradeoff between
bandwidth and device size reduction. Optical jitter can,
however, be minimized by carefully choosing the operating
wavelength of the device. This effectively removes the
tradeoff between bandwidth and size reduction, but replaces
it with a tradeoff between size reduction, and sensitivity
of the device to material and fabrication variance. This
new tradeoff, however, is a very favorable one because the
semiconductor industry excels at minimizing variation.

3.1. Increased sensitivity in slow-light MZIs

Figure 4(a) shows the concept of an MZI in which each arm
consists of a PC-CCW. We modeled five different PC-CCWs,
denoted by the separation Δ between adjacent cavities, using
the MIT Photonic Bands software package [33, 34]. We
calculated the TE bands for the structures assuming air holes
(n = 1.0) of radius 0.3a in a silicon slab (n = 3.4), where
the lattice constant a is chosen to be 400 nm for use at λ =
1.5 μm. Each cavity consists simply of a missing hole. The
Brillouin zone in each case is chosen to include the entire
repeat unit cell of length Δ, which determines the distance
between adjacent cavities. For ease of comparison, all results
are normalized to the lattice constant a. Each PC-CCW has
a significant photonic bandgap with a single defect mode
(Figure 4(b)). As the separation between adjacent cavities
is increased, both the bandwidth and the group velocity of
the defect band are reduced because the cavity lifetime of a
photon within the defect band is increased. The greater the
group index, the shorter the interferometer can be made. For
example, if we are able to inject a free carrier concentration
of ΔN = 1018 cm−3 into the silicon, corresponding to an
index change of approximately δn = 0.001 [11], then the
length of the MZI can be reduced to approximately 56 μm
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Figure 4: (a) Concept of PC-CCWs used to design ultracompact
MZIs. Here Δ is the degree of freedom for varying the device
structure. (b) The dispersion curves for the CCW defect bands. As
the separationΔ between the cavities is increased, the spatial overlap
between the fields localized in each cavity is reduced, thus flattening
the dispersion curve and reducing group velocity.

(for the Δ = 3 case), as compared to over 600 μm for an MZI
based on a simple photonic crystal line-defect waveguide
(the Δ = 1 case). In fact, the arm length could be reduced
even further by using PC-CCWs with greater separations Δ
between adjacent cavities.

3.2. Optical jitter

When modeling these PC-CCW structures with a small
increase δn in the material refractive index induced in the
entire silicon slab, we find, as expected, that the bands
shift downward in frequency, causing a change Δk in the
magnitude of the corresponding wavevector. Associated with
this change in wavevector, however, is a change in group

Lπ

Δt

Figure 5: When an index shift is induced in one arm of the interfer-
ometer, the group velocity in that arm changes. The pulses traveling
in the two arms of the interferometer therefore arrive at the output
separated in time by Δt, resulting in pulse distortion (broadening).
In the worst case, where the pulses interfere destructively, the output
pulse can even become double-humped (inset).

velocity. This occurs because the slope of the defect band is
not exactly linear at its center, so that when the magnitude
of the wavevector changes by Δk, the corresponding point
on the dispersion curve has a slightly different slope, and
thus a different group velocity. Because the index change is
induced in only one arm of the interferometer, the result is
that the pulses in the two arms of the MZI do not propagate
at the same speed, and thus arrive at the output shifted
slightly in time from one another (Figure 5). We have termed
this difference in arrival time deterministic optical jitter, Δt.
The effect of this type of jitter on the output pulse depends
upon both the magnitude of the optical jitter in relation
to the pulse width, as well as the bias of the MZI itself.
When the optical jitter is comparable to or smaller than the
pulse width, the result is pulse broadening in the case of
constructive interference, or gross pulse distortion in the case
of destructive interference. When the optical jitter is large in
comparison to the pulse width, the pulses fail to interfere at
all, resulting in two distinct output pulses regardless of the
interferometer’s bias.

In previous work [17] on slow-light MZI modulators, it
was implicitly assumed that Δt = 0, that is, upon producing
a small refractive index shift, δn, in the material, the defect
band moves to a higher or lower frequency without changing
its slope. While this assumption is true in the case of a single
defect in an infinite PC slab, it does not generally hold in
the case of PC-CCWs. Because the group velocity is sensitive
to changes in the material refractive index, the potential for
pulse distortion due to deterministic optical jitter must be
taken into account when designing devices based on PC-
CCWs. While pulse distortion is insignificant at moderate
bit-rates, it becomes more important at higher bit-rates,
where Δt becomes significant compared to the FWHM of
individual pulses. Depending upon the parameters of the
device, jitter can be quite large; over ten picoseconds for the
Δ = 5 PC-CCW device, for example. In fact, the amount
of optical jitter introduced by the MZI is a function of the
separation between adjacent cavities in the PC-CCW. There
is thus a tradeoff between the extent to which the arm length
can be reduced and the amount of optical jitter introduced
(Figure 6). We note also that this behavior is not restricted to
the specific geometry used. We have observed the same effect
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Figure 6: Achievable arm length Lπ and optical jitter Δt as
functions of the separation Δ between the cavities of the PC-CCWs,
assuming δn = 0.001.

in CCWs based on other cavity geometries, including that
proposed by Akahane et al. [35, 36].

To characterize the importance of deterministic optical
jitter in PC-CCW MZIs, we compared the pulse distortion it
causes to that caused by waveguide dispersion. We assumed
a 100 Gbits/s Gaussian pulse train, where the pulses have a
FWHM of 3.33 picoseconds, and the 10-picosecond bit-slot
thus contains 99% of the pulse energy. Because the pulse
bandwidth for a 100 Gbits/s signal is significantly smaller
than the channel bandwidths of the PC-CCW defect bands,
waveguide dispersion should be minimal. To verify this, we
calculated the temporal envelope of a single pulse in the
100 Gbits/s pulse train after propagating through an MZI
with arm length Lπ and optical jitter Δt. We then compared
the resulting output pulse to the input pulse using the
(1 − R2) metric, where 0 ≤ R2 ≤ 100%. This metric
is commonly used in regression analysis to calculate the
goodness of fit, and is analogous to the mean-squared error
metric [37]. In each case, the amount of pulse distortion due
to waveguide dispersion was less than 1%. In comparison,
approximately the same level of pulse distortion is reached
when Δt is only 0.2 picosecond. (This assumes that the pulses
interfere constructively at the output; the distortion would be
worse for destructive interference.) Because pulse distortion
increases rapidly with Δt, deterministic optical jitter has the
potential to be the dominant source of pulse distortion in
PC-CCW MZIs.

3.3. Design considerations

In previous work, it was assumed that a small change in
the material index would result only in a change in the
magnitude of the propagating wavevector, and not in the
slope of the dispersion curves. Thus, by operating a PC-
CCW MZI in the center of the band (k = 0.25, where k
is the normalized wavevector) where the dispersion curve
is approximately linear, no change in group velocity would

be observed. In practice, however, the operating frequency
is fixed by the choice of wavelength of the input signal.
Therefore, as the dispersion curve shifts up or down, the
fixed operating frequency forces a change in the magnitude
of the wavevector, and that change may be large enough to
shift outside the linear region of the dispersion curve, causing
a change in group velocity. This effect is more pronounced
in PC-CCWs with larger cavity separations Δ because of
the larger changes in k that occur in them. The problem
is compounded by the fact that the linear region of the
dispersion curve does not necessarily lie exactly at the band
center in k-space.

Figure 7 shows the dispersion curves for the Δ = 5
PC-CCW, with and without δn applied. The first operating
frequency, ω1, was chosen because the dispersion curves
crossed the band center at approximately that frequency.
While this frequency allows for very large changes in the
magnitude of the wavevector (k ranges from 0.23 for the
δn = 0 case to 0.29 for the δn = 0.0005 case, thus resulting in
a very short Lπ of only 16 μm), the slope of the band changes
significantly when the index change is induced, causing
the group velocity to decrease from 0.0033c to 0.0020c, a
reduction of nearly 40%. (Although the example shown in
Figure 7 is an extreme one, and the operating frequency ω1

would not normally be chosen because of its unfavorable
dispersion characteristics, it is illustrative of the issue in
point.) By shifting the operating frequency down to ω2 so
that it is closer to the linear regions of the dispersion curves, a
much smaller change in group velocity can be obtained, thus
greatly reducing optical jitter. Figure 8 shows the arm lengths
and values of optical jitter that are achievable when these
guidelines are applied to MZIs based on other PC-CCWs.
While the arm lengths are slightly increased, the amount of
optical jitter is reduced by as much as an order of magnitude
by optimizing the operating frequency.

Optical jitter can even be eliminated altogether by
choosing the appropriate value of δn. For the Δ = 5 PC-
CCW, in fact, choosing δn ≈ 0.00055 results in Δt = 0
picosecond and Lπ < 30 μm (Figure 9). By slightly varying
the operating frequency, the “zero-jitter” point can be shifted
to other values of δn. For example, choosing ω2 = 0.24486 as
the operating frequency allows for Δt = 0 at δn ≈ 0.0003,
with Lπ < 50 μm. The arm lengths given here can be further
reduced by a factor of two by employing a “push-pull” design
for the MZI, where each arm induces a ±π/2 phase shift.
Figure 9 also shows, however, that Δt is extremely sensitive
to the value of δn being used. Thus, a minute variance in the
value of δn could increase Δt to be on the order of tenths of
a picosecond, severely limiting the operational bandwidth of
the resulting device. This sensitivity is more pronounced for
shorter device lengths (greater separationΔ between adjacent
cavities, and thus lower group velocity), hence the tradeoff
between the size of a slow-light MZI and its tolerance to
fabrication variances. This new tradeoff is a very favorable
one, however, because the semiconductor industry excels at
minimizing fabrication variances, and improves at it with
each successive generation of technology.

As long as the refractive index change can be tightly
controlled, slow-light MZIs can be made very short while
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of the separation Δ between the cavities when the optical jitter is
minimized by optimizing the operating frequencies for each MZI
configuration, assuming δn = 0.001.

still maintaining the bandwidth necessary for on-chip
applications. With an arm length of only 30 μm and a
width under 10 μm, slow-light MZIs are competitive with
resonant approaches, such as microrings, in terms of on-
chip footprint [38]. Furthermore, power consumption scales
down along with arm length, so that a 30 μm long MZI uses
two orders of magnitude less power than, for example, a 3-
millimeter long MZI. This brings the power-delay product
of slow-light MZIs in line with that of resonator-based
modulators, yet with greater bandwidth.

Although the above analysis is specific to slow-light MZIs
based on CCWs, the same considerations apply to slow-light

MZI approaches in general, including those based on, for
example, line-defect waveguides [39, 40]. Just as the slopes of
the dispersion curves must be matched in CCWs to minimize
optical jitter, so must the slopes be matched in line-defect
waveguides or other slow-light media.

4. INTERLACED COUPLED-CAVITY WAVEGUIDE

Even with the use of these ultracompact, high-speed, slow-
light MZIs, it is still desirable to use WDM to increase the net
bandwidth density of OIs since, in general, the bandwidth of
any device is still limited by the clock speed of the chip. To
this end, we have also been investigating a novel type of slow-
light structure that may be an ideal platform for WDM. It is
the first example of which we are aware, of a slow-light WDM
platform for silicon photonics.

The interlaced coupled-cavity waveguide (ICCW), as we
have named it, is a multiresonant structure. Its operation is
analogous to that of a normal CCW, where electromagnetic
energy couples from one defect cavity to the next, except
that there are now multiple cavities, each of which has a
different resonant frequency (Figure 10). Thus, light couples
from one cavity to the next of the same size, skipping
over the intervening cavities. An ICCW therefore exhibits
multiple slow-light bands, each corresponding to cavities of
a particular radius.

Simulations of a representative ICCW design, using
parameters similar to those used for the slow-light MZI
above (slab index 3.4, hole index 1.0, lattice constant 400 nm,
r/a = 0.35), reveal a significant photonic bandgap. In this
particular structure, the radii of the defects increase in steps
of 0.075a from r/a = 0.0 to r/a = 0.225. There are 10
TE bands in the bandgap, which includes several coupled-
cavity modes as well as several waveguide modes. Each of the
coupled-cavity modes is localized to a cavity of a particular
radius. Figure 11(a) plots the bandstructure of the ICCW,
and Figure 11(b) shows the electric field distributions for
three of the localized modes. The exact positions in frequency
space of these localized bands, and thus the spacing between
them, can be adjusted by fine-tuning the radii of the defect
cavities. For example, in Figure 11(a), band 4 can be moved
such that it lies exactly between bands 3 and 5 by slightly
increasing the radius of the second defect, in which band 4
is localized.

Assuming that only one sixteenth of the bandwidth
of each band can be used, centered around the zero-
GVD points, this ICCW structure exhibits an aggregate
bandwidth above 400 Gbits/s at group velocities below
0.004c. Several other bands also exhibit good dispersion
properties, in addition to low group velocities. However,
either their bandwidths are smaller due to band-edge
effects or their lowest group velocities are only one to
two orders of magnitude lower than c. The use of these
additional bands can, however, provide a further boost to
the total available bandwidth. Pulse propagation studies,
performed using the propagation constant β calculated to
the second order from the dispersion curves, show that
for short distances the device can support high band-
widths. Figure 12 shows one such study for the fourth
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Figure 10: Illustration of the concept of a photonic crystal inter-
laced microcavity. It is a combination of several photonic crystal
microcavities into a single waveguide. Repeating the photonic
crystal interlaced microcavity yields the ICCW structure.

band in the gap, having an estimated bandwidth of
99 Gbits/s.

4.1. Tuning the slow-light properties of the ICCW

In order to determine the effect of changing the refractive
index and radii of the defect cavities, we simulated a
second ICCW structure similar to the first but with cavity
radii 0.05a, 0.125a , 0.20a, and 0.275a, corresponding to a
0.05a increase over the previous structure. Additionally, the
refractive index of the material inside these cavities was set
to 1.5 in order to be representative of silicon dioxide, for
example, or various active materials such as liquid crystals or
electro-optic polymers. This structure exhibits 8 TE bands in
its bandgap, which is fewer than the previous structure due to
the reduced index contrast. The electric field distributions of
the four coupled-cavity modes are shown in Figure 13, and
each is localized around a cavity of a particular radius.

We next determined the effect of changing the refractive
index of the material in the cavities upon the value of the
eigenfrequency of each mode. To do this, we varied the
refractive index of the medium in each cavity from 1.5
to 1.501 in steps of 0.0002. Each band exhibits a linear
relationship between its eigenfrequency and the refractive
index change. This is a very promising feature because it
could be exploited to actively tune ICCW-based devices.

The most powerful property of the ICCW, however, is
that the cavities can be tuned individually. Figure 14 shows
the result of introducing a small index shift (+0.0005)
into any cavity. In each case, the mode localized to the
cavity in which the index change is introduced experiences
a change in frequency on the order of approximately
0.5 GHz (corresponding to a tuning sensitivity df /dn above
1.2 THz/RIU, assuming 1.5 μm wavelength), while the other
modes experience only a much smaller change. The fact that
the multiple slow-light bands of the ICCW structure are
each separately accessible may lead to the development of a
variety of novel devices including multichannel modulators
and switches, multichannel tunable amplifiers and lasers,
or multichannel biosensors. Because all of the channels
are contained in a single waveguide, these devices could
be made no larger than their single-channel counterparts.
An optical modulator based on the ICCW platform would
have the advantage of being a resonant modulator, but
would be able to handle multiple high-bandwidth optical
channels simultaneously. Addressing individual cavities will
be challenging, but patterning electrical contacts with size
and spacing on the order of one lattice period is possible
using UV lithography or direct-write methods, for example.
Also, work on single quantum dots has shown that it is
possible to manipulate the electrical properties of ultrasmall
regions of semiconductor, on the order of hundreds of
nanometers in size [41, 42]. Although this work has not
yet been extended to photonic crystal devices, doing so
should not be beyond the capabilities of state-of-the-art
nanofabrication techniques.

It is possible to further optimize the performance of the
device by changing the number or radii of the cavities, or the
refractive indices of the cavities or the surrounding photonic
crystal slab. Simulations of an ICCW with three and five
different cavity sizes, for example, have also been carried out
with similar results to those above, but with three and five
localized modes, respectively.

5. IMPLEMENTATION CHALLENGES

Although photonic crystal slow-light devices have consid-
erable potential in the area of optical interconnects, there
are still several issues that must be addressed before they
can be practically implemented. One challenge applicable
to optical interconnects in general is the availability of
an effective light source. While it is possible to develop a
highly efficient, off-chip source, coupling its output to the
chip can add great cost and complexity to chip package
design, in addition to counteracting some of the efficiency
advantages. A wafer-bonding approach can help to address
some of the complexity issues, but still requires an extra
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layer of fabrication, as well as the inclusion of materials
that are not a part of the standard CMOS library [43]. The
development of an on-chip light source, however, would
eliminate any packaging and output coupling issues, by
allowing the light source to be integrated directly on the
microprocessor itself [44]. Unfortunately, the constraints of
working with silicon (which has an indirect bandgap) in an
on-chip platform, where power dissipation, device footprint,
and other limitations must be taken into account, complicate
the design process. To date, despite evidence for optical gain,
there is still no silicon-based laser based on carrier injection
[44–46]. Although an optically-pumped silicon laser based
on the Raman effect has already been demonstrated [47], an
electrically-pumped laser is much more desirable because it
would eliminate any need for an off-chip light source. For the

Band 6

Band 4Band 3

Band 5

Figure 13: Electric field distributions for the four coupled-cavity
modes in the ICCW.

immediate future, a wafer-bonding approach would seem to
be the most convenient option, although the inclusion of an
electrically-pumped, silicon light source will help to realize
the full advantages of optical interconnects.

Several issues specific to the implementation of slow-
light devices also exist. The first is that of coupling. In order
to maintain the delay and bandwidth density advantages
of optical interconnects based on slow-light devices, it is
desirable to use silicon wire waveguides as the transmission
medium and to use slow-light devices only as the active
elements. This is because photonic crystal waveguides,
including the ICCW, have a larger cross-section than silicon
wire waveguides, the latter of which can have a width under
1 μm. Additionally, the low group velocities inside coupled-
cavity waveguides would increase data propagation delays.
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Figure 14: Tuning of individual cavities in the ICCW. The cavity tuned in each case is indicated in the schematic.

Therefore, it is necessary to be able to couple the active
slow-light devices to traditional silicon wire waveguides. The
large mismatch between the group velocities in these two
media, however, makes efficient coupling very challenging.
An abrupt waveguide-to-CCW interface, for example, causes
strong reflection and thus signal loss. Some success has
been achieved in coupling silicon ridge waveguides to CCWs
[48], although because of the large group velocity difference
any approach based on a taper is unlikely to be compact
enough for integration [49]. Other methods, such as those
based on structural optimization [50, 51] have shown some
promise in reducing coupling loss. More recently, another
approach based on the use of a photonic crystal waveguide
having an intermediate group velocity was demonstrated
to have very high coupling efficiency into slow-light modes
[49, 52]. While these techniques have so far only been used
for coupling into band-edge slow-light modes, they may also
prove useful as the basis for coupling into CCW slow-light
modes.

A second issue facing slow-light devices is that of inser-
tion loss. Losses in slow-light photonic crystal devices can be
divided into two categories: extrinsic loss and intrinsic loss.
Extrinsic loss is due to imperfections in the fabricated struc-
ture, that is, disorder induced during fabrication. A recent
study of slow-light photonic crystal waveguides revealed that
extrinsic losses have only a sublinear dependence on group

velocity (proportional to 1/v1/2
g ) [53], which is promising

for slow-light devices. However, at very low group velocities
(below 0.01c), extrinsic losses may scale much more strongly
and thus may have the potential to become the dominant
loss mechanism [53, 54]. Further refinement of fabrication
processes can help to control extrinsic losses, though, by
reducing the structural disorder that causes it.

Intrinsic loss, on the other hand, exists regardless of
fabrication variances. This takes the form of radiation loss,
where optical energy leaks out of the structure due to lack
of confinement in the vertical direction. In general, these
losses grow as the group velocity is decreased. Radiation
loss can be controlled, however, by optimizing the quality
factor Q of the individual cavities that make up the CCW
[55, 56].Much progress has already been made in the area
of ultra-high-Q photonic crystal microcavities [35, 36], and
it has been shown that the radiation loss of a CCW can
actually be made far lower than that of a single microcavity
[55]. This can be accomplished in part by optimizing the
spatial distribution of the optical modes in the cavities, such
as by using a modified cavity geometry. To that end, we
have observed that the analysis presented in Section 3 also
holds for other cavity geometries, such as that proposed by
Akahane et al. [35, 36]. Finally, because of the extremely
short lengths of slow-light devices, even with total losses as
high as 20 dB/mm, for example, a 50 μm long device would
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exhibit only 1 dB of net loss, which is well within acceptable
levels for optical interconnects.

6. CONCLUSION

The need for an improved on-chip interconnect technology
has brought the possibility of optical interconnects to the
fore. Before optical interconnects can replace electrical inter-
connects, however, they must be able to compete in terms of
a variety of parameters, including signal propagation delay,
bandwidth density, footprint, and power consumption. In
terms of signal propagation delay, optical interconnects have
a natural advantage over electrical interconnects because
of the absence of RC impedances. Likewise, they have an
advantage in terms of bandwidth density if wavelength-
division multiplexing is used. The use of photonic crystal
slow-light devices has the potential to extend this list of
advantages to footprint and power consumption as well.

As we have outlined above, the properties of slow light
can be used to vastly shrink the size and power consumption
of interferometric optical modulators while maintaining very
high bandwidth. Furthermore, the ICCW platform, which
is the first example of a slow-light WDM platform, has the
potential to be the basis for a variety of ultracompact, low-
power, high-bandwidth multichannel devices. With further
improvements in coupling and the reduction of intrinsic
and extrinsic losses, one can envision an optical interconnect
built on slow-light photonic crystal active devices. Because of
its unique advantages in terms of low latency and high band-
width even over large distances, such an interconnect may
enable the emergence of a new generation of microprocessors
that are no longer interconnect-constrained. These chips
would be able to leverage the availability of much longer
interconnects than are possible using electrical interconnects.
Even before that occurs, optical interconnects based on slow-
light photonic crystal active devices will be able to function
as a drop-in replacement for electrical interconnects in future
microprocessors.
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