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Nanophotonics is a generic technology that can overcome
the deadlock of conventional photonics, in which the size
is limited by diffraction limits of light. Based on interdisci-
plinary studies including condensed-matter physics, optical
science, and quantum field theory, nanoscale materials and
optical energy transfer at nanoscale have been extensively
studied. The recent development on nanoscale optics opens
up new concept of nanoscale optical theory, as an example
dressed photon theory, and a variety of new phenomena have
been investigated. The results of the basic research have been
applied to numerous applications, including nanometer-
sized photonic devices, nanoscale fabrication techniques, and
highly efficient energy conversion.Here, we have invited a few
papers that address the above topics.

One paper of this special issue addresses solution search-
ing devices based on the optical near-field energy trans-
fer between quantum dots (QDs). The results shown here
indicated the possibility of controlling the spatiotemporal
dynamics between multiple QDs, resulting in a higher
performance of solution searching devices. Another paper
reported the new type of light emitting device (LED) of
silicon (Si). Even though Si is an indirect band gap material,
they realized Si based LED by introducing dressed photon
and phonon (DPP) assisted annealing process. Moreover, the
emitting spectrum was controlled by DPP assisted annealing
using a short pulse pair. One of the papers also addressed
LED but based on GaP, which is also an indirect band gap
semiconductor. In this paper, GaP based LED fabricated

by DPP assisted annealing process is reported. Such device
has unique emitting properties depending on the anneal-
ing process. Another paper demonstrated the possibility
of high-contrast switching of local surface plasmon using
hybrid structure made of metallic nanorods and a phase
change material. Additionally, the authors suggested the
one-dimensional cellular automata algorithm using metallic
nanorod and phase change material. Another paper reported
the unique flattening techniquemade possible thanks to DPP.
By using DPP etching, selective flattening of the smallest
surface features is made possible, resulting in an angstrom
scale ultraflat plastic substrate.
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We investigate the modulation of the localized surface plasmon resonance (LSPR) of a gold nanorod (AuNR) using a GeSbTe film
as an active medium. We demonstrate high-contrast switching of LSPR in an AuNR/GST/Au thin film sandwich structure upon
phase change. To go beyond this single-particle switching functionality, we consider a plasmon particle system interacting with
a phase-change material (PCM) to discuss the possibility of parallel processing devices with memory functionality, exploiting the
plasticity and threshold behavior that are inherent characteristics of PCMs.We demonstrate that the temporal and spatial evolution
of a plasmon-PCM array system can be equivalent to a cellular automata algorithm.

1. Introduction

Control of localized surface plasmon resonance (LSPR)
excited on metal nanostructures has drawn attention for
applications in dynamic switching and for tuning the func-
tionality of plasmonic optical devices [1, 2]. Basically, control
of LSPR relies on its sensitivity to the optical permittivity
of the environment due to dielectric screening and mode
hybridization [3, 4]. As reversible active media for LSPR con-
trol, chalcogenide phase-changematerials (PCMs) [5] such as
GeSbTe are promising for the development of high-contrast
robust plasmonic switching devices [6–8] owing to significant
differences in the dielectric constants of their crystalline and
amorphous phases, as well as their stable plasticity at room
temperature and their rapid crystallization (within several
tens of nanoseconds). More importantly, GeSbTe can be
nonthermally amorphized on a subpicosecond timescalewith
femtosecond laser pulse excitation [9, 10]. By exploiting these
attractive properties of GeSbTe, we have demonstrated the
LSPR switching of individual Au nanospheres on a GeSbTe
thin film by alternating irradiation by a femtosecond pulse

laser for amorphization and a continuous wave (cw) laser for
crystallization [11].

The metal-dielectric-metal nanosandwich structure is an
effective approach for enhancing LSPR switching contrast.
When two metal particles are coupled, their dipoles are
hybridized and split into symmetric and antisymmetric
modes. The latter mode is called a magnetic dipole mode, in
which the dipole moments of the two particles are aligned in
opposite directions and generate a current loop [12–15]. The
LSPRpeak positions of the hybridizedmodes, particularly the
magnetic dipole mode, shift dramatically with the refractive
index of the dielectricmaterial owing to the retardation effect.

Owing to the plasticity and the threshold behavior during
both amorphization and crystallization of PCMs, PCM-
based LSPR switching elements possess a dual functionality
of memory and processing. Integration of LSPR switching
elements so that they interact with each other will allow us
to build a new computing device. In this paper, as a specific
demonstration of this idea, we discuss the implementation
of a cellular automata (CA) algorithm [16, 17] into inter-
acting LSPR switching elements. CA is used as a tool for
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Figure 1: (a) Model of the AuNR/GST/Au nanosandwich structure
for numerical calculation. (b) Numerically calculated scattering
spectra from an AuNR/GST/Au nanosandwich for crystalline and
amorphous GST. The insets show the electric field distributions in
the vicinity of the AuNR for the three dominant bands.

the modeling of complex and dynamic systems, including
natural and social phenomena. Any CA system is composed
of cells with a finite number of states, and each cell interacts
with neighboring cells. The interaction is local, with the next
state of a cell being a function of the current state of itself and
its neighbors. In themodel we propose that PCM cells, which
can be in one of two states (amorphous and crystalline),
are allowed to interact with each other by being linked by
a gold nanorod (AuNR), whose LSPR peak wavelength is
determined by the phase of PCM cells on either side. The CA
program proceeds by irradiating with a light pulse train. The
local rule set is defined by the temperature rise in the PCM
cells induced by the LSPR of the Au nanorod, which is subject
to the intensity and wavelength of the irradiating pulse.

2. FDTD Simulation

Figure 1(a) illustrates the layered configuration of the Au and
Ge
2
Sb
2
Te
5
(GST) sandwich structure. Numerical simulations

based on the finite-difference time-domain (FDTD) method
were conducted to determine the appropriate wavelength at
which tomonitor the LSPR switching of the AuNR. A scatter-
ing spectrum of the AuNR was calculated under broadband
plane wave illumination at normal incidence. The spatial
discretization was set to 1 nm, and the dielectric constants
of Au and GST were obtained from [18, 19], respectively.
Figure 1(b) shows scattering spectra from the AuNR with
crystalline and amorphous phases of the GST layer. The
spectrum consists of three dominant bands around 600, 1000,
and 1800 nm for amorphousGST and 600, 1500, and 2500 nm
for crystalline GST.

cw-LD
(crystallization)

ps-pulse
(amorphization)

AuNR

Au

Glass

Ge2Sb2Te5

LD (𝜆 = 980nm)

Figure 2: Experimental setup for dark-field scatteringmeasurement
of single Au nanorods.

The electric field distribution (Figure 1(b) inset) confirms
that the lowest bands come from interactions between the
AuNR and the underlying Au layer. As in the nanosandwich,
this band originates from antisymmetric coupling between
the AuNR dipole and its image in the Au layer. The magnetic
field intensity distribution (not shown) provides support for
this peak assignment; the antisymmetric mode generates
a magnetic moment due to the induced electrical dipoles,
which oscillate out-of-phase to create an effective current
loop.

The LSPR peak position and broadening were signifi-
cantly altered upon phase change (Δ𝜆 ≈ 500 nm for the
intermediate band and Δ𝜆 ≈ 700 nm for the lowest band).
The higher refractive index of the crystalline phase than that
of the amorphous phase causes a larger retardation effect, and
thus the LSPR occurs at a longer wavelength. The broader
LSPR for crystalline GST is due to the larger imaginary
component of the GST dielectric constant, which causes a
stronger damping of the LSPR. A high switching contrast is
expected around 1000 and 1800 nm, so the former band was
selected to demonstrate this, and the scattering intensity ratio
of the AuNR for GST in the amorphous phase to that of GST
in the crystalline phase is larger than 5.

3. LSPR Switching of a Single Gold Nanorod

After the deposition of a 50-nm-thick Au thin film on a
glass substrate, a 20-nm-thick GST film was formed by
sputtering. A colloidal solution of AuNRs (140 nm long,
50 nm in diameter) was used, and an AuNR dispersion in
ethanol was drop-cast onto the GST film. The substrate was
heated to rapidly evaporate the ethanol and prevent the
aggregation of AuNRs.

The optical setup for single-AuNR spectroscopy is illus-
trated in Figure 2. To amorphize the GST, a picosecond pulse
from a diode-pumped solid-state laser (𝜆 = 532 nm; pulse



Advances in Optical Technologies 3

0 5 10 15 20 25

1.5

1

0.5

0

6

5

4

3

2

1

0

Sc
at

te
re

d 
lig

ht
 in

te
ns

ity
 (a

.u
.)

Sw
itc

hi
ng

 co
nt

ra
st

Irradiation cycles

Amorphous

Crystalline

Figure 3: Time trace of scattered light intensity (𝜆 = 980 nm) from
AuNR/GST/Au nanosandwich demonstrating repeatable modula-
tion of LSPR band by alternate irradiation with femtosecond pulsed
laser for amorphization and cw LD for crystallization.The switching
contrast for each cycle is also plotted.

width: 300 ps) was delivered through a microscope objective.
The pulse fluence was approximately 200mJ/cm2. To induce
crystallization, a laser diode (LD) with 𝜆 = 830 nm was used
under cw operation. To monitor the switching behavior of a
single AuNR at an LSPR band around 1000 nm, the AuNR
was illuminated by a LD with 𝜆 = 980 nm in dark-field
configuration, and the scattered light was detected through
the objective.

Figure 3 shows a time trace of the scattered light intensity.
Starting with the GST layer in the crystalline phase, amor-
phization and crystallization were repeated under alternat-
ing irradiation by picosecond laser pulses and the cw LD.
LSPR switching with good stability and repeatability was
observed. Here, we define the switching contrast, 𝐼

𝑎
/𝐼
𝑐
, where

𝐼
𝑎
and 𝐼

𝑐
are the scattered light intensities for substrates

in the amorphous and crystalline phases, respectively. The
obtained switching contrast of 1.5 was smaller than expected
on the basis of the numerical simulations. This may be
due to residual background scattered light originating from
the roughness of the GST film surface. The amorphization
process may be localized, occurring only in a small volume
just below the AuNR, where the electric field enhancement
occurs. However, we assumed in the simulation that the GST
was fully amorphized throughout the entire volume. This
could also explain the deviation from the simulation results.

In the initial stage of the switching operation, a gradual
increase in the modulation contrast was observed. Although
it was difficult to determine what was occurring from the
optical measurements alone, one possible explanation is as
follows. The modification of the surface morphology due to
volume expansion of the GST film may be different after
each amorphization process. There is a volume expansion
of approximately 10% upon amorphization from crystalline
GST [20]. Therefore, there could be a slight change in the
position or configuration of the AuNR in the initial stage that
eventually becomes stabilized.

4. Implementation of Cellular
Automata Algorithm

We attempted to implement a CA [16, 17] algorithm into
the interacting LSPR switching elements. A CA consists of a
uniform array of identical cells in which each cell has a finite
number of states and interacts with a few neighboring cells. A
rule set is provided to define how each cell is updated at each
new time step as a result of its interactions. The rule set may
involve some physical mechanism that takes account of local
interactions.

One very simple CA is a one-dimensional line of cells,
each existing in one of two states (0 or 1). The local transition
rule for each cell is defined as a function of the adjacent
two neighbors. Figure 4 illustrates a one-dimensional CA
composed of plasmon particles and a phase change material.
GeSbTe nanopads are arranged in a regular array on an Au
film. Each nanopad corresponds to a cell in the CA. Some
pads are in the crystalline phase (state “0”), while others
are in the amorphous phase (state “1”). In order to enable
interaction between neighboring nanopads, they are coupled
to each other by AuNRs. When the system is uniformly
illuminated with laser light at a specific wavelength, some
nanorods resonate with the light while others do not, depend-
ing on whether the nanopads on both sides are amorphous
or crystalline. If a nanorod resonates with the light, the
nanopads on both sides absorbmore light and are heated, and
eventually a phase change may take place depending on what
temperature the nanopad reaches.

An electromagnetic simulation was performed to calcu-
late the temperature increase in the nanopads under light
irradiation at different wavelengths. The model unit element
of the CAused for this calculation is illustrated in Figure 5(a).
After solving for the electric field distribution using the
FDTD method, we calculated the absorbed power density
(𝑄abs) distribution within the nanopad, employing the imag-
inary part of the permittivity of crystalline and amorphous
GST. Figure 5(b) shows the temperature of nanopads in
different configurations as a function of irradiation wave-
length. Here, we assume that the temperature increase in a
nanopad due to light absorption is proportional to the heat
generated, which can be obtained by integrating 𝑄abs over
the volume of the nanopad. The irradiation light intensity
was determined such that the maximum temperature of a
nanopad in the crystalline phase exceeded the melting point
of GST (∼600∘C). For example, if the wavelength is 1800 nm
and the two nanopads adjacent to an Au nanorod are in
the amorphous phase, the temperature will reach 350∘C.
Furthermore, if one pad is amorphous and the other is
crystalline, the temperature of the crystalline nanopad will
increase to 950∘C, while the other only reaches 70∘C.

In a one-dimensional CA (array of nanopads), the tem-
perature of each nanopad can be calculated in a similar
fashion. The laser irradiation conditions are generally differ-
ent for amorphization and crystallization. However, although
somewhat hypothetical, if we assume an irradiation light
pulse with a width longer than the crystallization time and
with a fall time much shorter than the crystallization time,
the pulse can induce both amorphization and crystallization,
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Figure 5: (a) Model for electromagnetic and thermal simulations.
(b) Maximum temperature of the nanopads as a function of
irradiation wavelength.

depending solely on the temperature rise. To determine
the states (crystalline or amorphous) for the subsequent
time step, we make the following simple assumptions. (1)
If the temperature exceeds the melting point of GST, the
crystalline phase will become amorphous. (2) Between the
crystallization temperature (∼150∘C) and the melting point,
the amorphous phase will become crystalline. (3) Below
the crystallization temperature, nothing will happen. Under

Amorphous
Crystalline

Figure 6: Rule number 54 for one-dimensional array of cellular
automata.

these assumptions, at an irradiation wavelength of 1800 nm,
we obtained the rule set illustrated in Figure 6, called rule
number 54. When the irradiation wavelength is shifted, we
can obtain another rule set.

5. Conclusion

Single-particle spectroscopy of an Au nanosandwich, in
which a thin GST layer is sandwiched between interacting
AuNRs and an Au film, was conducted. The LSPR band
structure was determined using the FDTD method, and its
physical causes were discussed. A very large band shift was
obtained for the hybridized modes between the AuNR and
Au filmupon phase change of theGST layer. An experimental
demonstration of LSPR modulation was performed for the
LSPR band around 1000 nm, at which a switching contrast of
>5 would be expected. Stable and repeatable switching with
a contrast of 1.5 was obtained. Finally, as an application of
high-contrast LSPR switching, the implementation of a one-
dimensional cellular automata algorithm using Au nanorod
and GST nanopad array was discussed.
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By using a homojunction-structured GaP single crystal, we generated a photon energy higher than the bandgap energy (2.26 eV).
The device was fabricated by performing dressed-photon-phonon- (DPP-) assisted annealing, while applying a forward-bias
current, on a p-n homojunction structure formed by implanting a dopant (Zn) into an n-type GaP substrate. The DPP-assisted
annealing increased the light emission intensity in an energy band above 2.32 eV by at least 550% compared with that before
annealing.

1. Introduction

In recent years, there has been interest in light-emitting
diodes (LEDs) as high-efficiency light sources, and research
and development has been actively carried out, resulting in
remarkable technological progress, particularly in the last ten
years. High-efficiency semiconductor light-emitting devices
based on InGaN (for light emission in the blue-green band)
and AlGaInP (for light emission in the green-red band) have
been realized and are now in widespread use. However, there
are a number of problems that must be solved. One of those is
that a metal-organic vapor phase epitaxy (MOVPE) process,
which uses toxic gases, is required for growing the substrates.
The environmental load is also high since fine particles that
are harmful to the human body could be produced [1]. In
addition, finding the optimum conditions for the MOVPE
process is not simple, and the growth conditions should
be strictly controlled [2–5]. Moreover, this approach has a
demerit in terms ofmaterial resources, including the need for
In, which is a rare earth element.

To overcome the problems mentioned above, in this
research we focused on GaP as the material and on dressed-
photon-phonon- (DPP-) [6, 7] assisted annealing as the

process method. The bandgap energy, 𝐸
𝑔
, of GaP is 2.26 eV

(wavelength, 548 nm). Also, GaP is a low-cost material that
can be readily used to grow single crystals with the liquid
encapsulated Czochralski (LEC) method, and research into
light-emitting devices using GaP has been conducted for
a long time, since as early as the 1960s [8, 9]. However,
GaP is an indirect transition type semiconductor, and the
light-emission efficiency is known to be extremely low since
phonon emission and absorption are required for the radia-
tive recombination of electron-hole pairs. A widely known
technique for increasing the efficiency is to introduce iso-
electronic impurities such as N atoms, and devices based on
this approach are commercially available [10]. Isoelectronic
impurities capture and localize electrons due to differences
in electronegativity with respect to the component atoms of
the host crystal. As a result, according to the uncertainty
principle, the wave function of the electrons in wavenumber
space becomes broader, making radiative recombination
possible at yellow and green wavelengths. In addition, GaP
LEDs that emit red light by the addition of Zn andOhave also
been reported [11]. However, the light-emission efficiency
is low because of energy loss due to internal relaxation to
the isoelectronic impurity levels. Furthermore, only photons
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with energies lower than 𝐸
𝑔
are emitted, since light emission

occurs via localized levels in the forbidden band.
On the other hand, if it were possible to effectively

utilize the large 𝐸
𝑔
of GaP, it would be possible to develop

a method that overcomes the environment-related problems
and technical difficulties mentioned above, as well as to
expand the color coverage of GaP LEDs. To this end, in
this study we employed a dressed-photon-phonon- (DPP-)
assisted annealing method. We have previously used DPPs to
develop LEDs based on Si and SiC, which are also indirect
transition type semiconductors, like GaP [12–14]. A dressed
photon (DP) is a quasiparticle that represents the coupled
state of a photon and an electron-hole pair in a nanosize
region [7]. Similarly, a DPP is a quasiparticle that represents
the coupled state of a DP and multimode coherent phonons
in a nanosize region [6, 7]. In other words, by forming
an impurity distribution that easily generates an interaction
between electron-hole pairs, photons, and phonons inside a
crystal, the limitation due to the wavenumber conservation
law is relaxed, thus enabling high-efficiency radiative recom-
bination even in an indirect transition type semiconductor
[12–14]. The photon energy of this radiative recombination
changes by an amount equal to the energies of multimode
coherent phonons involved, and therefore, the photon energy
of emitted light can be higher than 𝐸

𝑔
.

In this study, by subjecting a GaP crystal containing a
p-n homojunction to DPP-assisted annealing, we obtained
strong enhancement of light emission in the 520–540 nm
wavelength band.

2. Principles of Light Emission and
Processing Using DPPs

In this section, first we explain the principle of light emission
using the DPP-assisted process, followed by a discussion
of the processing principle. This is because the principle
of light emission described below is also used in device
processing. The DPP-assisted process [12] brought about as
a result of interactions between electron-hole pairs, photons,
and phonons in nanosize regions containing impurities is
the basic principle of the light emission. During device
processing, first, impurities are made to diffuse by changing
the energy (via current and photoabsorption) given to the
device into heat. In parts that have a nanostructure (impurity
distribution) where the DPP-assisted process easily takes
place, the energy is converted to light, and therefore, a relative
cooling effect occurs [13]. Diffusion of impurities due to
heat generation and maintaining the impurity distribution
due to the relative cooling are the basic principles of device
processing.

The light emission due to the DPP-assisted process can
be understood using a model of the DPP levels as shown
in Figure 1. Since the wavenumber is supplied from mul-
timode coherent phonons, the DPP dispersion relation is
represented by the horizontal green solid line in Figure 1.
Since electron-hole pairs and phonons are strongly coupled,
the ket vector representing this coupled state is expressed as
the direct product⊗ of the electron state and the phonon state
[7]. Here, el and phonon represent electrons and phonons,
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Figure 1: Light emission process via DPPs.

respectively,𝑔 represents the ground state, thermal represents
thermal equilibrium, and ex and ex represent excited states.
First, the initial state is formed by injection of carriers from
outside. In this initial state, since the electrons are in the
excited state, and the phonons are in the thermal equilibrium
state determined by the crystal lattice temperature, we have
|𝐸ex; el⟩ ⊗ |𝐸thermal; phonon⟩. In this state, light emission is
obtained via a process in which electrons transition to the
ground state |𝐸

𝑔
; el⟩ ⊗ |𝐸thermal; phonon⟩, that is to say, a

process in which they transition to the valence band. This
transition occurs via the intermediate states |𝐸ex; el⟩ ⊗ |𝐸ex ;
phonon⟩ and |𝐸

𝑔
; el⟩ ⊗ |𝐸ex; phonon⟩. Since transitions to

the ground state via these intermediate states are electric-
dipole-allowed transitions, not only are DPPs generated
(Figure 1, A → B → D), but so is propagating light
(Figure 1, A → C → D). In addition, because of
the multimode coherent phonons involved in this process,
photon emission with an energy different from 𝐸

𝑔
is possible.

An inverse process to this process, in other words, an
absorption process due to DPPs, also exists.

Next, a processing method is described. In an indi-
rect transition type semiconductor, since phonon absorp-
tion/emission is necessary during the emission of a photon,
the radiative recombination probability is extremely low.
However, in the light-emission process via DPPs, since the
DP couples with multimode coherent phonons, the radiative
recombination probability is high. In other words, an LED
can be realized by exciting electrons to the conduction band
with current injection and by using the above-described
phonon absorption/emission processes. Also, the light emis-
sion wavelength of this device depends not on 𝐸

𝑔
, but on

the energy of the DPs generated in the vicinity of the p-
n junction. That is to say, emitted light having an energy
higher than 𝐸

𝑔
can be obtained [13, 14]. The problem is

that, in the case of a normal semiconductor crystal, the
DPP generation probability inside the crystal is low, and it
is difficult to bring about transitions via DPP intermediate
states. Here, we explain how to form, in a self-organized
manner, a nanostructure that readily generates DPPs.

First, p-type impurities are implanted into an n-type
substrate to formap-n junction.Next, while irradiating the p-
n junction with laser light, a forward-bias current is made to
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Figure 2: Principle of impurity diffusion by DPP-assisted annealing. (a) Heat generation due to light absorption. (b) Relative cooling due to
stimulated emission.

flow to perform annealing. This processing method, known
as DPP-assisted annealing [7, 12], changes the impurity
distribution to a distribution suitable for generating DPPs.
In the following, the processing principle is explained by
dividing the distribution into a nanoregion that is not suitable
for generating DPPs and a nanoregion that is suitable for
generating DPPs.

(1) Region Not Suitable for Generating DPPs. If the photon
energy of the irradiated laser light, ℎ]laser, is larger than 𝐸𝑔,
as shown in Figure 2(a), an electron in the valence band
absorbs a photon and is excited to the conduction band.
This electron immediately emits a phonon due to intraband
thermal relaxation and transitions to the bottom of the
conduction band.Thermal energy ℎ]laser −𝐸𝑔 is produced via
this process. After relaxation, the electron-hole pair cannot
undergo radiative recombination because of restrictions due
to the wavenumber conservation law and instead undergoes
nonradiative relaxation. Since this nonradiative relaxation
also generates localized heat, all of the photon energy of the
absorbed laser light is converted to thermal energy, causing
dopant diffusion to proceed. As a result, Joule heating occurs
due to the current, and heat generation occurs due to the
nonradiative relaxation caused by the light irradiation.

(2) Region Suitable for Generating DPPs. Since a nonuniform
domain boundary formed by the dopant (Zn) is formed
inside the crystal by ion implantation at a high acceleration
energy, the existence of a region that is suitable for generating
DPPs locally can be expected. Let us assume that DPPs are
generated around a certain Zn domain. In this case, as shown
in Figure 2(b), at the electron-hole pairs, stimulated emission
occurs via the DPP levels. As a result, unlike region (1), the
locally absorbed energy is converted not only to thermal

energy but also to photon energy. Therefore, in the region
around this Zn domain, heat generation is suppressed, and
the diffusion rate is reduced.

In region (1), random diffusion continuously occurs,
whereas in region (2), the diffusion rate is low.These diffusion
processes continue until a structure suitable for generating
DPPs is achieved. In addition, because the emitted light
irradiates the whole device, it is not confined to the light-
irradiation region but spreads in a self-organized manner
throughout the whole device. When annealing is performed
for a sufficiently long time, the concentration of Zn in the
entire crystal is expected to take a spatial distribution that is
optimal for stimulated emission via the DPP-assisted process.
Moreover, since the probabilities of stimulated emission and
spontaneous emission are proportional to each other [15], by
using such a process, it is possible to realize an LED that emits
photons.

3. Device Fabrication

The device fabrication process can be divided into two
stages. First, a p-n homojunction structure is fabricated in a
GaP single crystal by ion implantation. Then, the impurity
distribution is altered by DPP-assisted annealing. The details
of these are given below.

In the experiments performed in this study, we used an
n-type (dopant: S) GaP single-crystal wafer with a thickness
of 500𝜇m and a diameter of 50mm, grown by the liquid
encapsulatedCzochralski (LEC)method.Theorientationwas
(111), and the dopant concentration was 2 × 1017 to 4 ×
1017/cm3 (resistivity, 0.05Ωcm). This wafer was subjected
to ion implantation to implant acceptors (Zn ions) with
an implantation energy of 300 keV and a dose of 1.7 ×
1014/cm2 to fabricate a p-n homojunction structure. By
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Figure 3: Schematic diagram of device and photograph of completed device.
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Figure 4: I-V characteristic of fabricated device. Red curve: before
DPP-assisted annealing. Blue curve: after DPP-assisted annealing.

using such a high acceleration energy, a nonuniform domain
boundary was formed, which was expected to form a region
suitable for generating DPPs in a localized manner. After
ion implantation, the surface was rinsed with HCl to remove
excess Zn ions. After this, an Au/Zn/Ni film (150 nm) was
deposited on the front surface (p-type side) of the substrate
by sputtering and lift-off processing (Figure 3).The electrodes
were formed in the shape of a mesh so as to facilitate light
irradiation and light emission during DPP-assisted annealing
and device driving, respectively. An Au/Ge/Ni film (300 nm)
and a Pt film (50 nm) were sequentially deposited on the
rear surface (n-type side) to serve as a negative electrode.
Then, the wafer was diced into a 600𝜇m × 600𝜇m chip
and was fixed to a 20mm × 20mm × 1.7mm printed circuit
board (PCB) by soldering the negative electrode. Finally,
the positive electrode was connected to the PCB by wire
bonding. The I-V characteristic of the fabricated device is
shown in Figure 4 by the red curve. A rectification property
was observed, indicating that a p-n junction was formed.

Next, the DPP-assisted annealing will be explained.
Figure 5 shows the experimental setup used for DPP-assisted
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Figure 5: Experimental setup for DPP-assisted annealing and EL
spectral measurements.

annealing and for measuring the EL spectrum. A K-2400
sourcemeter (Keithley Instruments Inc.) was used as a
constant-current source for supplying current during the
DPP-assisted annealing and during driving of the device.
The emission spectrum of the device was measured using a
spectrophotometer and a cooled Si-CCD (Roper Scientific
Inc.). To make the device emit light in the green band
(wavelengths around 530 nm), a forward-bias current of
30mA (9.9 A/cm2) was applied to the device fabricated as
described above while irradiating it with 532 nm wavelength
(2.32 eV) laser (DPSS CW laser, CNI Inc.) light. The laser
power was 0.4W, and the focal spot diameter on the surface
of the device was 0.6mm (35.4W/cm2). During the DPP-
assisted annealing, the surface temperature of the device
reached 40∘C, while the PCB had been cooled to 26∘C. As
described in Section 2, the spatial distribution of the Zn
ions was modified by Joule heat due to the current and
by heat generated due to light absorption. The spectrum
was measured every 1 hour. The processing was completed
when the change in spectral intensity relative to the previous
measurement was 1% or less.

4. Device Operation

4.1. Changes in Electroluminescence Spectrum due to
DPP-Assisted Annealing. Figure 6(a) shows the results of



Advances in Optical Technologies 5

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

1.75 1.95 2.15 2.35 2.55

In
te

ns
ity

 (a
.u

.)

Photon energy (eV)

0hr
1hr
2hr

3hr
4hr

E
g
=
2
.2
6

eV

h
�

la
se

r
=
2
.3
2

eV
(a)

0

0.2

0.4

0.6

0.8

1

1.2

0 1 2 3 4 5

In
te

gr
al

 E
L 

in
te

ns
ity

 (a
.u

.)

Time (hrs)

(b)

0
100
200
300
400
500
600
700
800
900

1.75 1.95 2.15 2.35 2.55

Ra
te

 o
f i

nc
re

as
e (

%
)

Photon energy (eV)

E
g
=
2
.2
6

eV

h
�

la
se

r
=
2
.3
2

eV

(c)

600𝜇m

600𝜇m

(d)

Figure 6: Temporal changes in EL spectra during DPP-assisted annealing of GaP LED. (a) Spectra observed during DPP-assisted annealing
with a current density of 9.9 A/cm2 while irradiating device with 532 nm laser light with power of 0.4W. EL measurements were performed
every 1 hour under the same current density conditions (9.9 A/cm2), butwithout laser irradiation. (b) Total EL light emission intensity (integral
of curve in (a)) versus time. (c) Measured values of 𝑅. (d) Light emission from fabricated device.

measuring the EL spectrum of the device during DPP-
assisted annealing. The injection current was 30mA. For
reference, the photon energy of the irradiation light (2.32 eV)
during DPP-assisted annealing and the bandgap energy of
GaP (2.26 eV) are also shown by the vertical red and black
dotted lines, respectively. The spectra were measured during
an exposure time of 0.25 s, after the laser light irradiation
was stopped. This figure shows that the light emission in the
range 1.75–2.26 eV has becomemore intense as the annealing
time was increased. Possible explanations for this include
light emission from Zn-O pairs formed from Zn atoms and
impurity O atoms which occupy the closely spaced Ga site
and P site, respectively [16], and light emission originating
from radiative recombination of electrons trapped at the
donors (S) and free holes [17]. In particular, it has been
reported that formation of Zn-O pairs can be explained
by diffusion of Zn from the p side to the n side of the p-n
junction [18]. In other words, the strong emission intensity
in this region as DPP-assisted annealing progressed can
be considered evidence that Zn diffusion took place. In

addition, light emission was observed from levels above 𝐸
𝑔
.

This was a result of the DPP-assisted process described in
Section 2. And the increase in light emission from these
high energy levels was a result of the DPP-assisted annealing
described also in Section 2.

Figure 6(b) shows the dependence of the total EL light
emission intensity (the areas enclosed by the curves and the
horizontal axis in Figure 6(a)) on the DPP-assisted annealing
time. The light emission intensity saturated after about 3
hours of annealing, reaching an intensity three-times higher
than the initial intensity.

Figure 6(c) shows the rate of increase 𝑅. It is the normal-
ized emitted light intensity 𝑃 of the photon energy 𝐸 after
saturation (after 4 hours of DPP-assisted annealing), given by
the following expression:

𝑅 =
𝑃
4 hr (𝐸) − 𝑃0 hr (𝐸)

𝑃
0 hr (𝐸)

. (1)

In this figure, at photon energies below 2.2 eV (<𝐸
𝑔
), 𝑅 was

150–250%, whereas at photon energies higher than that of
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Figure 7: Spectrum of device annealed for 4 hours while applying current density of 9.9 A/cm2 but no laser irradiation. (a) Blue curve shows
initial spectrum, and red curve shows spectrum after DPP-assisted annealing for 4 hours. (b) Measured values of 𝑅. For comparison with
case where annealing was performed without laser irradiation (black curve), the case where annealing was performed with laser irradiation
is also shown (Figure 6(c), red curve).

the irradiation laser light (ℎ]laser), 𝑅 was 550% or greater.
This intensity variation is in agreement with that expected
from the discussion in Section 2. In addition, in this figure,
periodic peaks (indicated by downward red arrows) are
observed at positions away from ℎ]laser (=2.32 eV). These
peaks were 50meV apart, which corresponds to the energy
of LO phonons in GaP. In other words, phonon sidebands
appeared in the emitted light in the high-energy region, as
reported in a previous study [19, 20], confirming that the light
emission phenomenon was due to a DPP-assisted process via
multimode coherent phonons.

Figure 6(d) is a photomicrograph showing light emission
from the device. Although the value of𝑅was large at energies
higher than the photon energy of the irradiation laser light
(ℎ]laser), the emission component originating from impurities
or Zn-O centers [16, 17] was strong, making the emitted light
appear orange.

4.2. Effect of Photon Number Density on the DPP-Assisted
Annealing. Usually, GaP contains defects or impurities such
as oxygen, and these form emission centers. In other words,
photonswith awide range of energies are generated inside the
crystal during DPP-assisted annealing, and it is thought that
stimulated emission is also made possible triggered by these
generated photons.

To confirm the effect of this light emission inside the
crystal, we performed annealing while causing a current to
flow (30mA), but without laser irradiation.The EL spectrum
obtained as a result is shown in Figure 7(a). The black curve
in Figure 7(b) is the rate of increase, 𝑅, given by (1) (the
red curve is a copy of Figure 6(c)). First, the values of this
black curve at the low energy side were close to the values
of the red curve. However, above 𝐸

𝑔
, they considerably

differed. This feature can be explained as follows. In the 1.7–
2.2 eV energy band, the photon number density with the
corresponding energy is the same, regardless of whether or

not laser irradiation is performed, and therefore, no change
occurs in the DPP-assisted process. In addition, the light
emission from Zn-O or defects does not change compared
with the case where laser irradiation is performed, and
therefore, the rate of increase is substantially the same. In
the case of the high-energy band, it is thought that there is
a difference between progression and suppression of dopant
diffusion depending on whether or not laser irradiation
is performed. In other words, if monochromatic light of
sufficient intensity is made incident, stimulated emission
from an energy level corresponding to the photon energy
of that monochromatic light becomes more pronounced.
Therefore, this demonstrates the effectiveness ofDPP-assisted
annealing, in terms of the ability to control the photon energy
of the light emission from the device by the photon energy,
ℎ]laser, of the irradiation light rather than 𝐸

𝑔
.

4.3. The Influence of Crystallinity. In general, lattice defects
occur in crystals due to impurity doping by ion implantation.
In particular, with high-energy ion implantation, there is also
a risk of the crystal becoming amorphous. In the present
study, light emission was brought about by a DPP-assisted
process. However, this process uses high energy during ion
implantation, and there is also a study in which a light-
emitting device was fabricated using amorphous GaP [21];
therefore, we examined the crystallinity and its influence on
light emission.

We used a sample that was preliminarily annealed at
800∘C for 30 minutes prior to DPP-assisted annealing,
after ion implantation. Figure 8 shows the measured Raman
scattering spectra (incident light: 488 nm) of the substrate
before ion implantation (blue circles), the substrate after
ion implantation (red diamonds), and the substrate after
preliminary annealing carried out in a furnace (green trian-
gles). In the spectrum for the substrate before ion implanta-
tion, sharp peaks appeared, which indicate the high crystal
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Figure 8: Measured Raman scattering spectra. Blue circles: sub-
strate before ion implantation, for comparison. Red diamonds:
substrate after ion implantation. Green triangles: substrate subjected
to preliminary annealing after ion implantation (800∘C, 30minutes).

quality. However, after ion implantation, these peaks were
not observed; therefore, it is considered that the surface
changed to an amorphous structure. Also, in the spectrum
for the substrate after preliminary annealing, peaks appeared
again. To confirm the effect of the amorphous surface on
light emission, the substrate whose surface crystallinity was
restored by preliminary annealing was formed into a device
and was subjected to DPP-assisted annealing under the same
conditions. The results are shown in Figure 9. As can be
understood from this figure, the same spectral change as
shown in Figures 6(a) and 6(c) was observed also in the
preannealed sample.

The results shown in Figures 8 and 9 can be explained as
follows: by implanting Zn into GaP with a high acceleration
energy, namely, 300 keV, the surface of the GaP crystal
became amorphous. However, via the DPP-assisted process,
the light emission occurs at the domain boundaries formed
by the dopant (Zn) inside the crystal and does not rely on
the amorphization of the crystal surface. Thus, the same
results are obtained regardless of whether or not preliminary
annealing is performed to recover the crystallinity.

5. Conclusion

We successfully fabricated a light-emitting device by forming
a p-n junction via ion implantation in a bulk GaP crystal,
which is an indirect-transition type semiconductor, and by
using DPP-assisted annealing.The EL spectrum of the device
fabricated by this method was governed by the light used
during processing, not by the band structure of the semi-
conductor. In practice, the light emission from energy levels
higher than 2.32 eV was increased by more than 550% (𝐸

𝑔
of

GaP is 2.26 eV) by using 532 nm (2.32 eV) light irradiation
during the DPP-assisted annealing. In contrast, the rate of
increase in the energy region below 2.2 eV was limited to
150–250%. By performing experiments with and without
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Figure 9: Results of DPP-assisted annealing of sample subjected to
preliminary annealing after ion implantation. Processing was per-
formed under the same conditions as in Figure 6 (applying current
density of 9.9 A/cm2 while irradiating the device with 532 nm laser
light at power of 0.4W). (a) Comparison of initial spectrum and
spectrum obtained at saturation. (b) Rate of increase of EL spectral
intensity (black solid curve). Case without preliminary annealing is
also shown for comparison (Figure 6(c), red curve).

irradiation light, we also observed a phenomenon whereby
the light emission intensity from higher energy levels was
increased as a result of the DPP-assisted annealing, thus
demonstrating the effectiveness of the DPP-assisted process.
In addition, it was also confirmed experimentally that this
light was emitted from a single crystal and was not due to
amorphization.

Although the light emission from energy levels higher
than 𝐸

𝑔
was remarkably increased, the peak position of the

EL spectrumwas around 630 nm due to defects and impurity
O atoms. Thus, we believe that it will be possible to realize
a GaP LED with an emission peak around 530 nm, provided
that the crystallinity of the GaP can be improved.
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We compared dressed-photon-phonon (DPP) etching to conventional photochemical etching and, using a numerical analysis of
topographic images of the resultant etched polymethyl methacrylate (PMMA) substrate, we determined that the DPP etching
resulted in the selective etching of smaller scale structures in comparison with the conventional photochemical etching. We
investigated the wavelength dependence of the PMMA substrate etching using an O

2
gas. As the dissociation energy of O

2
is

5.12 eV, we applied a continuous-wave (CW) He-Cd laser (𝜆 = 325 nm, 3.81 eV) for the DPP etching and a 5th-harmonic Nd:YAG
laser (𝜆 = 213 nm, 5.82 eV) for the conventional photochemical etching. From the obtained atomic force microscope images, we
confirmed a reduction in surface roughness, 𝑅

𝑎
, in both cases. However, based on calculations involving the standard deviation of

the height difference function, we confirmed that the conventional photochemical etchingmethod etched the larger scale structures
only, while the DPP etching process selectively etched the smaller scale features.

1. Introduction

Organic materials are flexible in comparison with inorganic
substrates; therefore, they are important materials as regards
the development of future wearable devices [1]. Recently,
organic substrates with microstructures have been prepared
by mechanical pressing, an injection molding method [2],
and the surface roughness values of the obtained materials
have been determined by use of a pressing mold. However,
because the resultant plastic is soft, these organic substrates
cannot be flattened using a mechanical polishing method.
Furthermore, although plastic substrates are easy to fabricate
in three-dimensional structures, the side walls of these
structures cannot be flattened.

In order to achieve an ultraflat surface on an inorganic
material,many groups have developed a chemicalmechanical
polishing (CMP) method [3], resulting in a subnanometer
scale flattened surface [4]. However, since CMP is a contact
method, it leads to the formation of scratches or digs during
polishing, while chemical materials in the slurry penetrate
the polished surface, resulting in performance degradation.

Therefore, we have developed a dressed-photon-phonon
(DPP) etching technique [5] as a noncontact flattening
method. In this process, the free photons of propagating
light are coupled withmaterial excitation, including electrons
and holes, of the nanoscale material structures; in other
words, the photons interacting with the nanoscale material
dress the material excitation to form a dressed photon
(DP) quasiparticle. The DP also couples with multiple-mode
coherent phonons in the material, which act as quasiparticle
of DP and phonons (DPP). Therefore, the DPP energy is
higher than that of the incident free photon; that is, the
DPP realizes energy upconversion [6]. By using the energy
upconversion mechanism, selective etching of the nanoscale
structure can be successfully realized. Previously, we obtained
ultraflat surfaces on substrates including glass [5], diamond,
and GaN [7]. Since DPP etching does not require a contact
pad, three-dimensional structures have also been flattened
[8].

Here, we compare the effectiveness of the DPP etching
technique to that of conventional photochemical etching. To
evaluate the effectiveness of the DPP etching, we perform
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Figure 1: ((a) and (b)) DPP etching and ((c) and (d)) conventional photochemical etching process diagrams.

calculations based on the standard deviation of the height
difference function in addition to the surface roughness, 𝑅

𝑎
.

Here, we observe the wavelength dependence of photochem-
ical etching on polymethyl methacrylate (PMMA) substrate
as a plastic material.

2. DPP Etching

To realize DPP etching, the photon energy of the light
source, 𝐸

1
, must be lower than the dissociation energy of the

etchingmolecule, 𝐸dis.Therefore, the incident photon cannot
dissociate the etching molecules in a gas phase. However,
the DPP is generated at the apex of the protrusions of
the surface. Furthermore, since the DPP energy, 𝐸DPP, is
larger than that of 𝐸

1
, the etching molecules are dissociated

selectively when they enter the proximity of the protrusions
(Figure 1(a)). Consequently, the dissociated radicalmolecules
etch away at the protrusions and, thus, the DPP etching
process automatically stops when the surface is sufficiently
flattened (Figure 1(b)).

In contrast to DPP etching, when conventional plasma
etching or conventional photochemical etching is used, the
photon energy of the light source, 𝐸

2
, is higher than 𝐸dis,

and the etching molecules are dissociated in all directions
(Figure 1(c)).Therefore, the dissociated radical atoms etch the
substrate with no position dependence (Figure 1(d)).

3. Experiment

In this study,we used a PMMA substrate prepared by injection
molding in an oxygen atmosphere. Because the dissociation

energy of O
2
is 5.12 eV [9], we used a continuous-wave

(CW) He-Cd laser (𝜆 = 325 nm; 3.81 eV; excitation power:
0.8W/cm2) for DPP etching and a 5th-harmonic YAG laser
(𝜆 = 213 nm; 5.82 eV; 20Hz; pulse width: 5 ns) for con-
ventional photochemical etching. The surface structure was
evaluated using an atomic force microscope (AFM) with
a “sampling intelligent scan” mode (Hitachi-Hitech-Science
Corp.).The scanned areawas 1× 1𝜇mand incorporated 256×
256 pixels (a spatial resolution of 4 nm) and the AFM images
were obtained using tilt compensation and the third-order
least-squares method.

4. Results and Discussion

Figures 2(a) and 2(b) are AFM images of the surface before
and after DPP etching, respectively. It was found that the
surface roughness, 𝑅

𝑎
, was reduced from 0.30 to 0.22 nm

following 120min DPP etching (Figure 3). Similar 𝑅
𝑎
reduc-

tion was observed following conventional photochemical
etching, as can be seen from the AFM images taken before
(Figure 2(c), 𝑅

𝑎
= 0.26 nm) and after (Figure 2(d), 𝑅

𝑎
=

0.20 nm) etching, and comparison between both methods is
given in Figure 3. It can be seen that the usage of conventional
photochemical etching resulted in a dramatic decrease in
etching time.

To investigate the surface morphology in detail, we
used the method developed in our previous reports [7].
Instead of examining the value of 𝑅

𝑎
only, which is the

average value of the absolute surface height deviations from
the best-fitting plane (Figure 4(a)), we used the standard
deviation of the height difference function. Here, the𝑅

𝑎
value
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Figure 2: Typical AFM images of PMMA substrate (a) before and (b) after DPP etching using He-Cd laser (𝜆 = 325 nm, 3.81 eV). Typical
AFM images of PMMA substrate (c) before and (d) after conventional photochemical etching using 5th-harmonic YAG laser (𝜆 = 213 nm,
5.82 eV).
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Figure 3: Etching time dependence of surface roughness, 𝑅
𝑎
. Blue solid squares correspond to 𝑅

𝑎
using 3.81 eV He-Cd laser (DPP etching).

Red solid circles correspond to 𝑅
𝑎
using 5.82 eV 5th-harmonic Nd:YAG laser (conventional photochemical etching).

provides information about the average surface roughness
for the entire scanning region. However, the standard devi-
ation of the height difference function is given by 𝑅(𝑙) =
√⟨(𝑧
(𝑙)

𝑘+1
− 𝑧
(𝑙)

𝑘
)
2
/2⟩, where 𝑙 is the scale size, 𝑧 is the height

from the best-fitting plane, and 𝑧(𝑙)
𝑘

is the average 𝑧 value of
the scale (Figure 4(b)) [10].This𝑅(𝑙) can be used to determine
the contributions of the surface roughness values (at different
length scales) to the overall surface roughness. As this value
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the red solid curve corresponds to Figure 2(d) (after 5 min etching using 5.82 eV conventional photochemical etching).

indicates the height difference of the next scale, it is known
as a two-sample variance. This value is known as the Allan
variance, and it is a measure of frequency stability in clocks,
oscillators, and amplifiers.

Figure 4 shows the calculated 𝑅(𝑙) values from the AFM
images. The maximum values of the blue curves decreased
from0.25 to 0.19 nm,which are comparable to the𝑅

𝑎
values of

Figure 2(a) (0.30 nm) and Figure 2(b) (0.22 nm) and indicate
the results of theDPP etching. Similarly, themaximumvalues
of the red curves decreased from 0.27 to 0.18 nm, which
are comparable to the 𝑅

𝑎
values of Figure 2(c) (0.26 nm)

and Figure 2(d) (0.20 nm) and are the photochemical etching
results. It is notable that even though the 𝑅

𝑎
values vary

significantly with each other, we can therefore confirm that
the conventional etching etched on a scale, 𝑙, larger than

100 nm, while the DPP etching etched on a smaller scale, with
𝑙 less than 100 nm. These results therefore establish that DPP
etching selectively etches on a smaller scale, as the 𝑅(𝑙) value
for the DPP etched is smaller than that of the conventional
photochemical etching at 𝑙 < 35 nm (indicated by the arrow
in Figure 4). The increase in 𝑅(𝑙) at the smaller scale for the
conventional photochemical etching case might be caused by
ablation due to the higher photon energy used in thismethod,
in comparison with that of the chemical bonding of PMMA
[11].

5. Conclusion

Through an experiment on the wavelength-dependent etch-
ing of a polymethyl methacrylate (PMMA) substrate and
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calculations based on the standard deviation of the height
difference function of the resultant surface, we determined
that dressed-photon-phonon (DPP) etching results in the
selective etching of smaller scale structures in comparison
with conventional photochemical etching. This information
therefore supports the use of the DPP etching method for the
surface finishing of organicmaterials. In future, by combining
both DPP and conventional photochemical etching, a further
decrease in the 𝑅

𝑎
value could be realized depending on the

𝑅
𝑎
value of the substance in question.
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We fabricated a high-efficiency infrared light emitting diode (LED) via dressed-photon-phonon (DPP) assisted annealing of a p-n
homojunctioned bulk Si crystal. The center wavelength in the electroluminescence (EL) spectrum of this LED was determined by
the wavelength of a CW laser used in the DPP-assisted annealing. We have proposed a novel method of controlling the EL spectral
shape by additionally using a pulsed light source in order to control the number of phonons for the DPP-assisted annealing. In this
method, the Si crystal is irradiated with a pair of pulses having an arrival time difference between them. The number of coherent
phonons created is increased (reduced) by tuning (detuning) this time difference. A Si-LEDwas subjected toDPP-assisted annealing
using a 1.3𝜇m (ℎ] = 0.94 eV) CW laser and a mode-locked pulsed laser with a pulse width of 17 fs. When the number of phonons
was increased, the EL emission spectrum broadened toward the high-energy side by 200meV or more. The broadening towards
the low-energy side was reduced to 120meV.

1. Introduction

Direct transition type semiconductors are mainly used in
semiconductor light emitting diodes (LEDs) [1, 2].The reason
for this is that the probability of electric dipole transitions,
in other words, the radiative recombination probability, is
high. Also, the emission wavelength is determined by the
bandgap energy, 𝐸

𝑔
, of the material used. Therefore, for

example, InGaAsP epitaxially grown on an InP substrate is
mainly used as the active layer for near-infrared LEDs with
emission wavelengths of 1.00–1.70 𝜇m (0.73–1.24 eV), which
includes the optical fiber communication wavelength band.
Shortcomings with this approach are that InP is highly toxic
[3], and In is a rare resource. Silicon (Si), on the other hand, is
a semiconductor having low toxicity and no concerns about
depletion of resources; however, its emission efficiency is
low since it is an indirect transition type semiconductor.

Therefore, Si is usually not suitable as a material for use in
LEDs. Nevertheless, there is a great demand for the use of
Si in light emitting devices, and there has been extensive
research into improving its emission efficiency. For example,
there has been research into making Si emit light in the
visible region by utilizing the quantum size effect of Si and
by using porous Si [4], a Si/SiO

2
superlattice structure [5, 6],

and Si nanoprecipitates in SiO
2
[7], as well as research into

making Si emit light in the near-infrared region by doping
it with light-emitting materials, such as erbium (Er)-doped
Si [8] and silicon-germanium (Si-Ge) [9]. However, the
reported external quantum efficiencies and power conversion
efficiencies of LEDs using these materials have been low, at
0.5% and 0.8%, respectively [10].

On the other hand, using a homojunction-structured Si
bulk crystal, we realized a high-efficiency, wideband LED
in which the spatial distribution of the dopant density in
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the Si was modified via a novel process of dressed-photon-
phonon assisted annealing (DPP-assisted annealing) [11], and
we achieved an external quantum efficiency of 40% and a
power conversion efficiency of 50% [12]. A dressed photon
(DP) is a quasi-particle created when a photon couples with
an electron-hole pair in a nanometric region. Similarly, a
dressed-photon-phonon (DPP) is a quasi-particle created
when aDP couples with a phonon in a nanometric region.We
have also succeeded in developing a Si laser [13], an infrared
Si photodetector [14], and a Si relaxation oscillator [15], by
using DPP-assisted annealing. These devices operate based
on transitions mediated by DPPs, and the center wavelength
of the electroluminescence (EL) spectrum is determined by
the wavelength of the light source used for creating the
DPPs. Since a DPP is a state in which a DP is coupled
with a phonon in the material, the EL spectrum of the Si-
LED described above has a large number of sidebands that
are regularly arranged with a spacing corresponding to the
optical phonon energy, centered on the photon energy of the
light used in the DPP-assisted annealing. These sidebands
are caused by coherent phonons (CPs) contributing to light
emission. In typical light emitting devices, such sidebands
originating from phonons (phonon sidebands) are observed
in the photoluminescence spectrum, but are not observed in
the EL spectrum. The observation of such sidebands in the
EL spectrum, as described above, is a phenomenon unique to
LEDs fabricated using DPPs. By using this phenomenon, it
is possible to control the shape of the EL spectrum of a Si-
LED by controlling the number of CPs created during the
DPP-assisted annealing. In this paper, we report the results
of our experiments in which we succeeded in controlling the
generation of CPs by using a pair of pulses during the DPP-
assisted annealing, allowing us to control the shape of the
emission spectrum of a Si-LED.

2. Si-LED Fabrication and Principle of
Sideband Creation

First, for fabricating a Si-LED, ion implantation is used to
form an inhomogeneous spatial distribution of the dopant
(boron: B) in a Si p-n homojunction substrate. Although
the inhomogeneously concentrated B serves as the origin
of the created DPPs, the created DPPs are not converted to
propagating light that is detected outside the LED. However,
if DPP-assisted annealing is used, it is possible to modify
the spatial distribution of the B concentration so that the
DPPs are converted to propagating light with high efficiency
[12]. In the DPP-assisted annealing, a Si p-n homojunction
substrate is irradiated with CW laser light while applying a
forward-bias current, to control the thermal diffusion rate of
the B. With this method, it has been demonstrated that the
emission wavelength of a Si-LED does not depend on the
bandgap energy, 𝐸

𝑔
, of the material used, but is determined

by the photon energy, ℎ]anneal, of the radiated light [16]. In
the present work, we performed DPP-assisted annealing by
radiating CW laser light having a photon energy (ℎ]anneal =
0.94 eV) lower than 𝐸

𝑔
of silicon (= 1.14 eV). The principle

will be described below. For more details, refer to [12].

During DPP-assisted annealing, the radiated light is not
absorbed by the Si crystal at positions in the B distribution
where DPPs are not created under irradiation. Thus, the
energy of the electrons injected from the forward bias current
is converted to thermal energy and is subsequently dissi-
pated via intraband relaxation or nonradiative relaxation.
Therefore, the B distribution randomly varies due to thermal
diffusion. On the other hand, at positions where DPPs are
readily created, the radiated light interacts with electron-hole
pairs and phonons, whereby DPPs are created. In this case,
the injected electrons emit propagating light via stimulated
emission driven by localized DPPs. In other words, since
part of the energy of the injected electrons is dissipated not
in the form of thermal energy but in the form of optical
energy, thermal diffusion becomes more difficult. In the two
processes described above, the B concentration distribution
in the Si crystal is modified, in a self-organized manner,
to a structure suitable for the creation of DPPs and their
subsequent conversion to propagating light, and then reaches
an equilibrium state.TheB distribution in this state is suitable
for stimulated emission with the photon energy of the light
irradiation, ℎ]anneal, and since the spontaneous emission
probability is proportional to the stimulated emission proba-
bility, this p-n homojunction functions as a Si-LED that emits
propagating light.

Next, the mechanism of sideband creation will be
explained. Figure 1(a) is an energy level diagram showing
electronic states in a Si-LED fabricated by DPP-assisted
annealing, and Figure 1(b) is a diagram in which an inter-
mediate DPP level has been added to the band structure.
The state |𝐸

𝑔
; el⟩ ⊗ |𝐸ex; phonon⟩ in the figure is a state

represented by the direct product of the ground state |𝐸
𝑔
; el⟩

of the electron and the excited phonon state |𝐸ex; phonon⟩.
Transitions to this state |𝐸

𝑔
; el⟩ ⊗ |𝐸ex; phonon⟩ have been

shown to occur only due to absorption or emission of
photons via DPPs [11]. When this is illustrated in the
electronic band structure, it is a localized state in which
DPP-mediated excitation can take place and, therefore, it
is indicated by a constant-energy straight line (horizontal
solid or broken line), as shown in Figure 1(b), due to
wavenumber uncertainty. Although an adequate explanation
of the conventional light emission process in Si-LEDs has
been possible until now with only Figure 1(a), Figure 1(b)
is also presented in the present paper to emphasize the
significance of phonons. In the light emission process of
Si-LEDs, since electrons are excited to the state |𝐸ex; el⟩ by
current injection, the initial state |𝐸ex; el⟩⊗ |𝐸exthermal

; phonon⟩
in the light emission process exists close to the X point in the
conduction band in Figure 1(b). Here, |𝐸exthermal

; phonon⟩ is
the thermally excited state of the phonon. Similarly, since the
final state |𝐸

𝑔
; el⟩ ⊗ |𝐸exthermal

; phonon⟩, reached after the light
emission, corresponds to the energy state of holes created
by the injected current, the state |𝐸

𝑔
; el⟩ concentrates in the

vicinity of the Γ point at the top of the valence band. The
state |𝐸exthermal

; phonon⟩ is limited to phonons that can exist
at room temperature, according to Bose statistics. In other
words, the states |𝐸ex; el⟩ ⊗ |𝐸exthermal

; phonon⟩ and |𝐸
𝑔
; el⟩ ⊗

|𝐸exthermal
; phonon⟩ are the initial state and the final state in the

usual indirect transition.
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Figure 1: Diagram for explaining DPP-mediated transitions, showing (a) energy levels and (b) levels that can be reached via DPP-mediated
transitions in electronic band structure of Si crystal.

Next, the processes (0), (0), (1), and (1†) in Figure 1 will
be explained. As the first-step, process (0) occurs. Processes
(0), (1), and (1†) occur as the second step. These processes
involve externally observable transitions, in other words,
photon emission. Processes (0) and (0) are transitions that do
not require a phonon, whereas processes (1) and (1†) require
an optical phonon. Similarly, (𝑛) and (𝑛†) are transitions
involving 𝑛 optical phonons (𝑛 = 2, 3, 4, . . .).

Process (0) is the first-step transition from the initial state
|𝐸ex; el⟩ ⊗ |𝐸exthermal

; phonon⟩ of electrons injected near the
X point by the current to the intermediate state |𝐸

𝑔
; el⟩ ⊗

|𝐸ex; phonon⟩, which can be reached via a DPP-mediated
transition. It corresponds to the energy relaxation from the
bottom of the conduction band (𝐸

𝑔
= 1.14 eV) to the state

|𝐸
𝑔
; el⟩ ⊗ |𝐸ex; phonon⟩ (in this paper, the energy of this

state was experimentally determined to be 0.94 eV). This
transition is allowable via emission of a large number of
phonons or via the emission of infrared light. However, the
probability of the transition via phonon emission is small
because the simultaneous emission of about 10 phonons
is required at room temperature (thermal energy 25meV).
On the other hand, in the transition via infrared light
emission, since the electronic state changes from |𝐸ex; el⟩ to
|𝐸
𝑔
; el⟩, the selection rule required for photon emission is

fulfilled. In addition, this transition is a direct transition in
wavenumber space, as shown in Figure 1(b). Therefore, the
probability of this transition is higher than the probability of
a transition via phonon emission. In real space, this process is
a transition from the state |𝐸ex; el⟩⊗|𝐸exthermal

; phonon⟩, which
is broadened to the extent of the electron coherence length,
to the localized state |𝐸

𝑔
; el⟩ ⊗ |𝐸ex; phonon⟩. The reason why

infrared light can be emitted in this transition is that part of

the electron energy can be dissipated as infrared light via a
DPP having an energy that is resonant with this infrared light.

Process (0) is the second-step transition from the
intermediate state |𝐸

𝑔
; el⟩ ⊗ |𝐸ex; phonon⟩ to |𝐸𝑔; el⟩ ⊗

|𝐸exthermal
; phonon⟩. The photon energy emitted during this

process is equal to ℎ]anneal. Since this is a transition between
the same electronic states |𝐸

𝑔
; el⟩, the selection rule required

for photon emission is governed by a phonon, and the state
|𝐸
𝑔
; el⟩ ⊗ |𝐸ex; phonon⟩ is also a state that can be reached via

a DPP-meditated transition. The Si-LED fabricated by DPP-
assisted annealing has a high probability of conversion from
a DPP to propagating light, and almost all of the electrons in
the state |𝐸

𝑔
; el⟩ ⊗ |𝐸ex; phonon⟩ relax by emitting photons

with energy ℎ]anneal.
Process (1) is the second-step transition from the interme-

diate state |𝐸
𝑔
; el⟩ ⊗ |𝐸ex; phonon⟩ to the final state |𝐸𝑔; el⟩ ⊗

|𝐸exthermal
; phonon⟩ by absorption of an optical phonon. Since

the first-step transition due to process (0) is an infrared light
emission process, optical phonons are created via the Raman
process. If the electrons in the state |𝐸

𝑔
; el⟩ ⊗ |𝐸ex; phonon⟩

are scattered to the Γ point by absorbing optical phonons, the
second step transition from the state |𝐸

𝑔
; el⟩ ⊗ |𝐸ex ; phonon⟩

to the state |𝐸
𝑔
; el⟩ ⊗ |𝐸exthermal

; phonon⟩ becomes possible,
resulting in photon emission, as in the case of a direct
transition-type semiconductor. This is process (1) shown
in Figure 1(b). Here, |𝐸ex; phonon⟩ and |𝐸ex ; phonon⟩ are
the excited states that the phonon reached before and after
absorbing optical phonons. The energy of the emitted pho-
tons is ℎ]anneal + ℎ]𝑝, where ℎ]𝑝 is the energy of the optical
phonon.

Process (1†) represents the second-step transition from
the intermediate state |𝐸

𝑔
; el⟩⊗|𝐸ex; phonon⟩ to the final state
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Figure 2: Illustration of DPP-assisted annealing using (a) CW light (conventional process); (b) CW light and a light pulse; and (c) CW light
and two light pulses.

|𝐸
𝑔
; el⟩ ⊗ |𝐸exthermal

; phonon⟩, which occurs via emission of an
optical phonon. Thus, it is conjugate to process (1). In this
process, |𝐸ex ; phonon⟩ in Figure 1 shows the phonon excited
state after the emission of the optical phonon. The emitted
photon energy is ℎ]anneal − ℎ]𝑝.

Similarly, processes (𝑛) and (𝑛†) are transitions in which
𝑛 optical phonons are absorbed or emitted. Since, in practice,
the processes (𝑛) and (𝑛†) occur simultaneously, sidebands
with photon energies ℎ]anneal−𝑛ℎ]𝑝 and ℎ]anneal+𝑛ℎ]𝑝 appear
in the emission spectrum. The relationship between the 𝑛th
order sideband energy and the photon energy ℎ]anneal is the
same as that of an 𝑛th order Raman scattering process with
respect to the zero-phonon line. As is well-known, in Raman
scattering, when a large number of phonons are excited, the
electrons absorb them, emitting light. On the other hand,
when a small number of phonons are excited, the electrons
emit phonons, emitting light [17]. Thus, the intensity of these
sidebands changes according to the number of phonons.This
suggests that the intensity of the sidebands can be controlled
by controlling the number of phonons.

3. Principle of Controlling the Number
of Phonons

The number of created phonons can be controlled by
a method involving multiphoton absorption or coherent
phonon (CP) excitation using pulsed light. Since the Si crystal
is heated by DPP-assisted annealing in the present work,
resonant absorption to a specific exciton state for creation
of coherent phonons is not possible by using a high-power
CW-laser optical source. This is because the high-power CW
laser excitation dose not change only the phonon structures
but also DP state. Therefore, we decided to selectively create
phonons via CP excitation using ultrashort pulsed light. The
principle of the CP excitation in this case can be understood
as an impulsive stimulated Raman scattering (ISRS) process,
which is a kind of stimulated Raman scattering [18]. The
duration and the repletion rate of the used pulsed light were
17 fs and 80MHz, respectively. Therefore, its duty ratio was
1.3 × 10

−6. The Raman process is based on the third order
optical nonlinearity. Therefore, the enough laser power for
the control of CP generation using the ultrashort pulsed light
is 2.3 × 10−18 times lower than that using the CW laser.

Thus, in the experiment, the adverse effect was reduced to
the negligible small coming from the DP generation by the
additional laser excitation for the CP control.

In ISRS, the frequency component of the pulsed light
irradiating the crystal includes coherent frequency compo-
nents ] and ] − ]

𝑝
with sufficiently high intensity, where

]
𝑝
is the phonon vibration frequency. Therefore, when the

crystal is irradiated with pulsed light, the electrons absorb
light with energy ℎ] and exhibit stimulated emission of light
with energy ℎ] − ℎ]

𝑝
. At this time, it is possible to create

CPs having an energy ℎ]
𝑝
. Since these CPs are coherent, it

is possible to control the creation of CPs by a single pulse
or multiple pulses of light and causing them to interfere. In
other words, unlike conventional DPP-assisted annealing in
which the Si crystal is irradiated with CW light, CP creation
is controlled by irradiating the Si crystal with pulsed light
in addition to CW light. Therefore, it is possible to control
the intensities of the sidebands in the EL spectrum. In the
following, we describe the case where the Si-LED is irradiated
with a single pulse of light during the DPP-assisted annealing
and the case where the Si-LED is irradiatedwith a pair of light
pulses.

(1) Irradiation with a Single Light Pulse. In the conventional
DPP-assisted annealing, as shown in Figure 2(a), the CW
light plays the role of decreasing the thermal diffusion rate by
means of stimulated emission. In our approach, as shown in
Figure 2(b), a light pulse is also radiated, together with the
CW light. Since the light pulse excites multimode CPs via
ISRS, the coupling probability of electron-hole pairs, photons,
and CPs increases. As a result, the probability of electrons
absorbing phonons and emitting light increases because the
number of excited phonons increases as the light emission
intensity increases. Therefore, the intensity of the sidebands
having energy ℎ]anneal + 𝑛ℎ]𝑝 increases, and the intensity
of sidebands having energy ℎ]anneal − 𝑛ℎ]𝑝 decreases. Thus,
compared with an Si-LED fabricated by irradiation with only
CW light, it is expected that the EL spectral shape of the Si-
LED will show a higher light emission intensity at energies
higher than ℎ]anneal and conversely a lower light emission
intensity at energies lower than ℎ]anneal.

(2) Irradiation with Two Light Pulses (Light Pulse Pair). Since
the CPs created by ISRS are coherent and thus have the ability



Advances in Optical Technologies 5

to interfere, as described above, let us consider the case where
a Si crystal is sequentially irradiated with two coherent light
pulses having an arrival time difference Δ𝑡. If the value of Δ𝑡
is a half-integer multiple of the vibration period, 1/]

𝑝
, of the

phonons (𝑛/2]
𝑝
; 𝑛 = 1, 3, 5, . . .), as shown in Figure 2(c), it

is known that the excited CPs destructively interfere [19]. On
the other hand, they constructively interfere when Δ𝑡 is an
integer multiple of the vibration period (𝑛/]

𝑝
; 𝑛 = 1, 2, 3, . . .).

That is to say, by radiating a pair of light pulses, it is possible
to control the creation of CPs so as to be suppressed or
enhanced. Thus, by adjusting the value of Δ𝑡, it is possible to
perform various types of sideband control as compared with
(1) above.

As an example, in the case of Δ𝑡 = 1/2]
𝑝
, we will

explain how the CP creation is controlled and how, as a
result of this, the EL spectrum is controlled. The value Δ𝑡 =
1/2]
𝑝
corresponds to one period of vibration of a phonon

with frequency 2]
𝑝
. Therefore, by radiating a pair of pulses

having this value Δ𝑡, the number of phonons of frequency
]
𝑝
decreases, whereas the number of phonons of frequency
2]
𝑝
increases. Thus, the probability of process (1†) increases,

by which electrons emit phonons of frequency ]
𝑝
and emit

light, resulting in a higher probability of electrons absorbing
phonons of frequency 2]

𝑝
and emitting light. In other words,

as a result of the reduction in the number of phonons with
frequency ]

𝑝
, the intensity of the sideband at energy ℎ]anneal−

ℎ]
𝑝
becomes higher than that of the sideband at energy

ℎ]anneal + ℎ]𝑝. At the same time, as a result of the increase in
the number of phonons with frequency 2]

𝑝
, the intensity of

the sideband at energy ℎ]anneal−2ℎ]𝑝 becomes lower than that
of the sideband at energy ℎ]anneal+2ℎ]𝑝.The above discussion
can also be extended to an explanation of the case where the
sideband intensity at energy ℎ]anneal − (2𝑛 − 1)]𝑝 increases,
and that at energy ℎ]anneal+(2𝑛−1)]𝑝 decreases. It can be also
extended to the case where the sideband intensity at energy
ℎ]anneal − 2𝑛]𝑝 decreases, and that at energy ℎ]anneal + 2𝑛]𝑝
increases. For controlling the number of phonons during the
DPP-assisted annealing, we irradiate two light pulses with
delay times of Δ𝑡 = 1/]

𝑝,exp (= 64.1 fs), 1/2]𝑝,exp (= 32.1 fs),
and 1/4]

𝑝,exp (= 16.0 fs).

4. Fabrication of Si-LED and Evaluation of
EL Spectrum

To fabricate a Si-LED, we doped a 625𝜇m-thick 𝑛-type Si
(100) substrate with arsenic (As) at a concentration of about
1015 cm−3. The resulting resistivity was 10Ωcm. Next, we
formed a p-n homojunction by ion implantation of boron
(B) with a dose of 5 × 1013 cm−2 and an acceleration energy
of 700 keV. Then, we deposited a transparent ITO film with
a thickness of 150 nm on the surface of the 𝑝 layer and a
Cr/Al film with a thickness of 80 nm on the surface of the
𝑛 layer, both by RF sputtering, to form an anode and a
cathode, respectively. The device fabrication conditions up
to this point were the same as those reported in [12]. In
DPP-assisted annealing, we used CW laser light with energy
ℎ]anneal = 0.94 eV (wavelength 1.3 𝜇m) as the light source
for creating DPs. As the pulsed light source for creating CPs,

Irradiated area by the pulse laser
(150𝜇m in diameter)

Si-LED

Positional markers

Irradiated area by the CW laser
(3mm in diameter)

Figure 3: Irradiation spots of CW light and pulsed light on sample
surface during DPP-assisted annealing.

we used a mode-locked laser with a photon energy of 1.55 eV
(wavelength 0.8 𝜇m), a pulse width of 17 fs, and a repetition
frequency of 80MHz. To verify the DPP-assisted annealing
method, we employed the following four samples.

(a) Sample 1. Sample 1 was irradiated with pulsed light
(average power 100mW, spot diameter 150 𝜇m) and CW light
(ℎ]anneal = 0.94 eV, power 1W, spot diameter 3mm). It was
annealed with a voltage of 20V and a current of 145mA for 1
hour (Figure 2(b)).

(b) Samples 2–4. Of the CPs created by pulsed light irradia-
tion, we selected optical phonons with the highest creation
probability [20] (ℎ]

𝑝
= 65meV (]

𝑝
= 15.6THz); indicated as

ℎ]
𝑝,exp below) as the phonons to be controlled. The samples

were irradiated with CW light and a pair of light pulses
with Δ𝑡 = 1/]

𝑝,exp (= 64.1 fs), 1/2]
𝑝,exp (= 32.1 fs), and

1/4]
𝑝,exp (= 16.0 fs).Theywere annealedwith a voltage of 25V

and a current of 120mA for 1 hour (Figure 2(c)). The other
experimental conditions were the same as those used for
Sample 1 above. In the following, samples for Δ𝑡 = 1/]

𝑝,exp,
1/2]
𝑝,exp, and 1/4]𝑝,exp are referred to as Samples 2, 3, and 4,

respectively.
To eliminate the contributions of variations in the sizes

and shapes of the electrode and the substrate to the exper-
imental results, the CW light was radiated onto the entire
surface of the sample, and the pulsed light was radiated
only at the center of the region irradiated with the CW
light, as shown by the red and yellow circles, respectively,
in Figure 3. With the samples prepared with this method,
the EL spectral shapes in these two circles were different.
By taking this difference between the intensities of these
EL spectra, it was possible to eliminate the contributions
above and to examine the details of the changes in the EL
spectra depending on the presence/absence of the pulsed
light irradiation. Experimental results are shown below.
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Figure 4: (a) EL spectra of Sample 1 after DPP-assisted annealing
with themethod in Figure 2(b). Red solid curve: area irradiated with
CW light and pulsed light. Blue broken curve: area irradiated only
with CW light. (b) Differential EL spectrum.

(a) Sample 1. Figure 4(a) shows, for Sample 1, the EL spectrum
of the part irradiated with only the CW light (blue broken
curve: ELCW) and the EL spectrum of the part irradiated
with the CW light and the pulsed light (red solid curve:
ELCW+pulse). Figure 4(b) shows the difference between their
intensities (ELCW+pulse − ELCW; differential EL spectrum). By
irradiating the sample with the pulsed light, the EL intensity
at higher energies increased, and the intensity of the +1 and
+2 order sidebands of the optical phonons (energy ℎ]

𝑝,exp
= 65meV) increased. In the differential EL spectrum, we
also confirmed band-edge light emission and an increase
in the intensity of the +3 order sideband. However, since
we did not perform mode selection by using a pair of
pulses, the spectra of the sidebands were extremely broad.
The increase in intensity of these sidebands is explained
by the creation of a large number of CPs by ISRS, using
the pulsed light, as explained in Section 3. In other words,
since a large number of CPs are created, the process in
which CPs are absorbed becomes dominant, resulting in light
emission. In addition, the increase in light emission at the
band edge is considered to be a consequence of the increased
number of phonons due to CP creation causing an increased
probability of a direct transition between electronic bands.
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Figure 5: Differential EL spectra. (a) Sample 2 with Δ𝑡 = 1/]
𝑝,exp.

(b) Sample 3 with Δ𝑡 = 1/2]
𝑝,exp. (a) Sample 4 with Δ𝑡 = 1/4]

𝑝,exp.

On the other hand, in the sideband corresponding to the
−1 order optical phonons, the EL intensity is decreased by
the incident pulsed light during DPP-assisted annealing.This
is because process (1†), in which optical phonons and light
are emitted, is suppressed due to CPs created by the pulsed
light.

(b) Sample 2. Figure 5(a) shows the differential EL spectrum
for Sample 2. In this sample, small bumps (arrows A, B, and
C) are observed at the positions of the +1 to +3 order optical
phonon sidebands (ℎ]

𝑝,exp = 65meV). They are due to the
selective creation of optical phonons 𝑛ℎ]

𝑝,exp (𝑛 = 1, 2, 3, . . .),
which were mode-selected by irradiating this sample with a
pair of pulses with Δ𝑡 = 1/]

𝑝,exp. On the other hand, a region
with reduced light emission, like that seen in Figure 4(b), was
not observed in the regionwhose energy is lower than ℎ]anneal
(arrow D). The reason for this is that the number of created
optical phonons is half or less of that in the case of Sample
1 because ISRS is a second-order nonlinear process, and the
energy of the pulses irradiating this sample is one-half of the
energy of the pulses irradiating Sample 1. This is due to the
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suppression of process (1†), in which light emission occurs
while phonons are emitted.

(c) Sample 3. Figure 5(b) shows the differential EL spectrum
for Sample 3. In this sample, the intensity of the −1 order
sideband increased (arrow A). The reason for this is that,
with Δ𝑡 = 1/2]

𝑝,exp, the number of odd-numbered har-
monic components was decreased, and the number of even-
numbered harmonic components was increased. In other
words, since the electrons had an increased probability of
emitting the +1 order phonons, process (1†) was dominant,
and the intensity of the −1 order sideband increased. On the
other hand, process (1), in which light emission occurs while
phonons are absorbed, is suppressed. Therefore, since the
high-order modes are also suppressed, a region exhibiting
reduced optical phonon sidebands is observed at energies
higher than ℎ]anneal, which is the opposite to what is shown
in Figure 4(b).

(d) Sample 4. Figure 5(c) shows the differential EL spectrum
for Sample 4. The intensities of the +1 order and +2 order
sidebands were decreased, and those of the +4 order and +5
order sidebands were increased. A reason for this is that, with
Δ𝑡 = 1/4]

𝑝,exp, the number of +2 order harmonic phonons
was decreased, and that the number of +4 order harmonic
phonons was increased. The reason for the increase in the
number of optical phonons in the +5 order is considered to
be because the values of 1/4]

𝑝,exp and 1/5]𝑝,exp are close. As a
result, the intensity of the +1 order sideband is decreased. In
other words, this is because the +1 order optical phonons are
absorbed for creating the +4 order and +5 order harmonic
phonons. The reason why the generation of the +5 order
sideband dominates over generation of the +1 order sideband
is that the energy of the +5 order sideband is higher than
the bandgap energy, 𝐸

𝑔
, of Si, and this is a phonon scattering

process that is resonant with the electronic level. As a result,
process (1) is suppressed, and the intensity of the +1 order
sideband is decreased. On the other hand, since the overall
number of optical phonons is increased, process (1†) is
suppressed, as in the case of Figure 4(b). As a result, a
region with reduced light emission, similar to that seen in
Figure 4(b), is observed in the region at energy ℎ]anneal −
𝑛ℎ]
𝑝,exp.
Figure 6 shows EL spectra of the regions irradiated with

the light pulses for Samples 2 and 3. In Sample 2, the numbers
of phonons of the fundamental (ℎ]

𝑝,exp) and the harmonics
(𝑛ℎ]
𝑝,exp; 𝑛 = 2, 3, . . .) were all increased, and therefore,

the phonon absorption probability of the electrons increased,
resulting in higher light emission at higher energies. In
Sample 3, on the other hand, due to the interference of
CPs, the number of odd-order harmonic components of the
phonons was decreased, and the number of even-order har-
monic components was increased; therefore, the absorption
probability of phonons of odd-order harmonic components
was decreased, resulting in relatively higher light emission at
lower energies.The above results indicate that the EL spectral
shape of the Si-LED was successfully controlled by changing
the conditions of the pair of light pulses radiated during
DPP-assisted annealing. That is, the intensity at energies
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Figure 6: EL spectra after annealing for Samples 2 and 3.

higher than ℎ]anneal is increased, and that at lower energies is
decreased. Furthermore, conversely, the intensity at energies
lower than ℎ]anneal is increased, and that at higher energies is
decreased.

In DPP-assisted annealing without using a pulsed light
source, the broadening (half width at half maximum,
HWHM) towards lower energies was 250meV or greater,
and the broadening (HWHM) towards higher energies
was 50meV. In contrast, in the EL spectrum of the Si-
LED fabricated using a pulsed light source for creating
phonons, the EL spectrum was broadened towards higher
energies by 200meV or greater (HWHM), and the broad-
ening towards lower energies was reduced to 120meV
(HWHM).

5. Conclusion

In DPP-assisted annealing, we successfully controlled the
spectral shape of a Si LED by radiating a pair of light
pulses for creating CPs. In the EL spectrum, the intensity of
sidebands due to phonons could be controlled by the number
of phonons during DPP annealing. The peak wavelength
in the EL spectrum was determined by the wavelength of
the light source used in DPP-assisted annealing. In order to
broaden the EL spectrum toward higher energy, a pair of light
pulses having Δ𝑡 = 1/4]

𝑝,exp was radiated. Conversely, to
broaden the EL spectrum towards lower energies, a pair of
light pulses having Δ𝑡 = 1/2]

𝑝,exp was radiated. As a result,
the EL spectrum was broadened towards higher energies by
200meV or greater (HWHM), and the broadening towards
lower energies was reduced to 120meV (HWHM).
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Solution searching devices that operate on the basis of controlling the spatiotemporal dynamics of excitation transfer via
dressed photon interactions between quantum dots have been proposed. Long-range excitation transfer based on dressed photon
interactions between randomly distributed quantumdots is considered to be effective in realizing such devices.Here, we successfully
controlled the spatiotemporal dynamics of excitation transfer using a Y-junction structure consisting of randomly dispersed
CdSe/ZnS core-shell quantum dots. This Y-junction structure has two “output ends” and one “tap end.” By exciting one output
end with control light, we observed increased excitation transfer to the other output end via a state-filling effect. Conversely, we
observed reduced excitation transfer to the output ends by irradiating the tap end with control light, due to excitation of defect
levels in the tap end. These results show the possibility of controlling the optical excitation transfer dynamics between multiple
quantum dots.

1. Introduction

Light excitation in quantum dots (QDs) generates dressed
photons, which are light fields localized in the vicinity of
the QDs, giving rise to dressed photon interactions with
other nearby matter, as well as excitation energy transfer via
these interactions [1]. In particular, various optical functional
devices, such as logic gates called nanophotonic devices [2–
4], light-harvesting devices [5], and optical signal transmit-
ting systems [6, 7], have been realized using QDs formed of
CuCl, ZnO, InAs, CdSe, and so forth, based on optical near-
field excitation transfer between QDs. Nanophotonic devices
have been shown to function as logic gates, such as AND,
NOT, and XOR logic gates [2–4].These devices consist of two

or three closely spaced QDs having different energy levels,
and by inputting a light beam serving as a power supply
and another light beam serving as a control signal, excitation
energy transfer between theQDs is controlled so that the light
emitted from one of the QDs serves as the output.

On the other hand, novel solution searching and decision
making devices using a QD array provided with multiple
output QDs have recently been proposed [8–10]. In these
devices, by inputting control signals to the output QDs based
on certain rules, the probability of the optical excitation being
transferred uniformly to each QD is controlled to obtain a
solution. In these operations, it is necessary to control the
spatiotemporal dynamics of the optical excitation transfer
between spatially distributed QDs. The features of these
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devices are that they operate at high speed with low energy
consumption since they are driven by excitation transfer
based on dressed photon interactions [11].The proposed solu-
tion searching device finds a solution to a nondeterministic
polynomial (NP) time complete problem, the satisfiability
problem (SAT), much faster than the WalkSAT algorithm,
which is one of the fastest stochastic local search algorithms
[9, 12]. The proposed decision making device exhibits high
efficiency and adaptability in solving decision making prob-
lems [10].

However, although it would be ideal to utilize the models
discussed in [8–10], it would be technically challenging to
directly implement their architecture. One reason for this
is that, in order to implement and operate this device, it is
essential to fabricate a QD array in which QDs of strictly
selected dimensions and number must be precisely located
with nanometer-order positioning precision, as reported in
[8], which is technologically demanding from the viewpoint
of fabrication as the first step. In addition, another reason is
the technical challenge of having to guide the control light
to multiple output QDs and separately observe the output
signals coming from them.

In contrast to this approach, we distributed an extremely
large number of identical-size QDs randomly, and by using a
structure in which an output QD is provided at the terminal
end, we experimentally demonstrated the possibility of opti-
cal excitation energy transfer over distances of micrometer
order via repeated dressed photon interactions between the
QDs [6]. Using such a randomly distributed QD structure
overcomes the fabrication difficulties mentioned above, and
because of the possibility of scaling up the technique to
micrometer order, it is expected that it will also be possible
to overcome the technical challenges related to control and
observation.

In the work reported in this paper, using a struc-
ture in which multiple QDs are randomly distributed, we
experimentally investigated control of the spatiotemporal
dynamics of optical excitation transfer based on dressed
photon interactions between the QDs, which is a require-
ment for the realization of solution searching and decision
making devices. Section 2 describes fundamental princi-
ples. Section 3 describes the fabricated device, experimental
setup, energy transfer measurement, and characterizations.
Section 4 concludes the paper.

2. Principle

First, wewill explain optical excitation transfer due to dressed
photon interactions and suppression of this process. As
shown in Figure 1, a small QD (QD1) and a large QD (QD2)
are placed in close proximity. A first excited state E11 inQD1 is
resonant with a second excited state E22 in QD2 due to their
size ratio of 1 : 1.43 [13]. When QD1 is excited by excitation
light𝑃in1, a dressed photon is generated in the vicinity ofQD1.
The excitation energy in QD1 is transferred to E22 by dressed
photon interactions and then relaxes to E21, which is the first
excited state in QD2, via intersubband relaxation. Thus, the
excitation energy is transferred unidirectionally (Figure 1(a)).

This is observed as emitted light 𝑃out2 from QD2. However,
if E21, which is the level to which the excitation relaxes,
has already been excited by control light 𝑃in2, the excitation
energy transferred to E22 cannot relax to E21, but it is
transferred back to E11, and nutation occurs between E11 and
E22 (Figure 1(b)). This is observed as emitted light 𝑃out1 from
QD1, or when there is a QD in the vicinity, this leads to an
increase in the probability of excitation transfer to that QD.
Based on this principle, assuming that QD1, having multiple
QD2’s in the vicinity, is excited, by irradiating one QD2
with 𝑃in2, the probability of excitation transfer to the other
QD2’s is changed; in other words, it is possible to control the
spatiotemporal dynamics.

Next, we will explain optical excitation transfer based on
dressed photon interactions in a randomly distributed QD
structure. In this structure, as shown in Figure 1(c), identical-
size QDs (QD1) are randomly distributed in close proximity
to each other, and QD2’s are placed at one location to serve
as an output.The input light 𝑃in1 incident on the QD1’s at one
end undergoes repeated dressed photon interactions between
the QD1’s and eventually arrives at the QD2’s, where it is
output as emitted light 𝑃out2 from E21. Because the optical
excitation is transferred with high probability by QDs having
strong dressed photon interactions, optical excitation transfer
with high energy efficiency is possible regardless of the QD1
distribution, and it has been experimentally verified that it is
possible to transfer the excitation over a distance ofmore than
10 𝜇m [6].

The experimental model used in this paper is shown
in Figure 1(d). The green color in the figure represents a
Y-junction QD1 structure consisting of a group of QD1’s
randomly distributed in close proximity to each other, in
the form of strips with a width of 1 𝜇m and a length of
7.5 𝜇m extending in a radiating pattern in three directions
from the center O. The ends of the Y-junction are labeled
A, B, and C. QD2 structures serving as output ports, where
QD2’s are grouped together in squares with a side length
of 3 𝜇m, are connected at A and B so as to overlap with
the QD1 structure. From A and B, called “output ends”,
we obtain output signals that are observed as radiation. In
addition, A and B also serve as terminals for inputting control
light. On the other hand, end C, which we call a “tap end,”
is not connected to any QD2’s. The detailed experimental
conditions used in this model are omitted. Figure 1(e) shows
an energy banddiagram inwhich the section including points
A-O-B is illustrated one-dimensionally.When excitation light
𝑃in1, serving as an input signal, is incident on the center
point O in the QD1 structure, optical excitation is generated
in QD1 and is transferred through the QD1 structure by
undergoing repeated energy transfer due to dressed photon
interactions between the QD1’s. Since the optical excitation
transferred to QD2 reaches E21 via intersubband relaxation,
no reverse flow of the transfer occurs, and therefore the
optical excitation is transferred to the ends, A and B, where
the QD2 structures are provided. At this time, if end B is
irradiated with control light 𝑃in2 that excites QD2, QD2 is
excited, and the excitation light transferred from QD1 does
not relax to E21, and thus excitation transfer is not observed.
Therefore, a reverse flow of the optical excitation occurs at
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Figure 1: (a), (b) Schematic illustration of optical excitation transfer from QD1 to QD2 via dressed photon interactions, where (a) shows
the case where energy transfer occurs from QD1 to QD2 and (b) shows the case where control light is incident on QD2, thus suppressing
energy transfer. (c) Schematic diagram of long-range optical excitation transfer system. Green and yellow circles represent QD1’s and QD2’s,
respectively. (d) Schematic diagram of experimental model. Green and yellow regions represent groups of QD1 andQD2 structures consisting
of randomly distributed QD1’s and QD2’s, respectively. (e) Energy diagram schematically showing the experimental model from point B to
point A.

end B, and the level of excitation transfer to A, which is the
other output end, increases. At locations where the excitation
transfer is increased, the emitted light 𝑃out1 and 𝑃out2 from
QD1 and QD2 both increase, and, therefore, we can confirm
that the excitation transfer is controlled by evaluating the
increase in 𝑃out1 at end A when end B is irradiated with
control light 𝑃in2. Note that even if end C is irradiated with
control light 𝑃in2, a change like that occurring at points A and
B is not expected to occur since the excitation state of theQDs
does not change.

3. Experiments

3.1. Device. In our experiments, we used commercially avail-
able CdSe/ZnS core-shell QDs (manufactured by Quantum
Design, Inc.). AsQD1 andQD2 described in the previous sec-
tion, we selectedQDswith core-diameters of𝑑

1
= 2.5 nmand

𝑑
2
= 3.2 nm, respectively. Their first excited states, estimated

from absorption spectra, were E11 = 2.36±0.08 eV andE21 =
2.11±0.06 eV, respectively. As described above, E11 is resonant
with E22, which is the second excited state of QD2 [14].



4 Advances in Optical Technologies

(i) (ii) (iii)

(iv) (v) (vi)

(vii)

EB resist

QD2

QD1

SiO2

(a)

3𝜇m

1𝜇m

7.5 𝜇m

B
O

C

A

(b)

Figure 2: (a) Cross-sectional illustrations of sample fabrication process. (i) E-beam resist is applied to SiO
2
substrate, and regions where QD2

structures are to be formed are drawn by e-beam lithography. (ii) QD2 solution is dropped onto substrate and allowed to dry. (iii) E-beam
resist is removed to obtain QD2 structures. (iv) E-beam resist is applied again. (v) Region where QD1 structure is to be formed is drawn by
e-beam lithography. (vi) QD1 solution is dropped onto resist and allowed to dry. (vii) E-beam resist is removed to obtain the sample. (b)
Fluorescence microscope image of sample excited by mercury vapor lamp.

The outside of the shell was modified with a carboxyl group.
The solution was dropped onto a substrate and allowed to
dry, affording a group of randomly distributed QDs located
in close proximity with a center-to-center distance of about
10 to 20 nm.

We fabricated samples using the procedure shown in
Figure 2(a). First, by using e-beam lithography on a sil-
ica substrate, in e-beam resist (ZEP-520A, Zeon Corp.),
we drew locations at which QD2’s were to be deposited
(Figure 2(a)(i)). Next, the QD2 solution was dropped onto
the substrate and allowed to dry (Figure 2(a)(ii)). Then,
after removing the resist, we obtained the QD2 structure
on the substrate (Figure 2(a)(iii)). Next, e-beam resist was
applied on this structure (Figure 2(a)(iv)), and using e-beam
lithography, we drew Y-junction locations where QD1’s were

to be deposited by aligning the positions so as to contact
the QD2 structure (Figure 2(a)(v)). After developing the
resist, we dropped the QD1 solution onto the substrate
(Figure 2(a)(vi)). Finally, the resist was removed to obtain
the Y-junction QD1 structure (Figure 2(a)(vii)). Figure 2(b)
shows a fluorescence microscope image obtained when the
fabricated sample was excited with a mercury-vapor lamp.
The QD1 structure and the QD2 structure were observed
as green and yellow colors, respectively. Because points
A and B were set at positions where the QD1 and QD2
structures were initially in contact, in practice the distances
OA and OB of the fabricated samples were about 6.8 𝜇m
and 3.3 𝜇m, respectively. Point C, which did not possess
the QD2 structure, was set at a position 7𝜇m away from
O.
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Figure 3: Schematic diagram of experimental setup for measure-
ment.

3.2. Experimental Setup. The experimental setup used for
performing measurements is shown in Figure 3. For the
excitation light 𝑃in1, we used the 2nd harmonic wave of a
mode-locked Ti : sapphire laser (Mira 900, Coherent, Inc.)
with a photon energy ℎ]

1
= 3.44 eV, a pulse width of 2 ps, and

a repetition frequency of 80MHz, and for the control light
𝑃in2, we used a CW diode-pumped solid state (DPSS) laser
with a photon energy ℎ]

2
= 2.11 eV. The incident powers

of 𝑃in1 and 𝑃in2 were 5 𝜇W and 10 𝜇W, respectively, and the
beam spot diameters were both 5 𝜇m. The beams from the
two lasers were shaped by passing them through pinholes
with 5 𝜇m diameter apertures; then, using a half-mirror, the
beams irradiated the sample from the back surface of the
substrate via an objective lens with a numerical aperture
NA = 0.4. As described in the previous section, because
it is possible to observe the change in excitation transfer
at the output end as a variation in the emitted light 𝑃out1
from QD1, we evaluated this in order to make it easier to
separate it from the control light.The light emitted fromQD1
was observed using an electron multiplying CCD camera
(Hamamatsu ImagEM C9100-13H, Hamamatsu Photonics
K.K.) after passing through an objective lens with NA = 0.55
and two bandpass filters with transmission wavelengths of
540 ± 5 nm, which is close to the wavelength of 𝑃out1. The
acquired images were 512 × 512 pixel, 16-bit grayscale images,
and the resolution was 0.37 𝜇m/pixel.

As an example of the measurement results, Figure 4(a)
shows a CCD image acquired when O and A were irradiated
with excitation light 𝑃in1 and control light 𝑃in2, respectively.
The green and yellow broken lines show the QD1 and QD2
structures, respectively. Point O was irradiated with 𝑃in1, and
we observed that the light emitted from the QD1 structure
spread out in three directions due to transfer of the excitation.
A cross-sectional brightness profile taken along the light-blue
dotted line in this figure is shown by the red solid line in

Figure 4(b). The black solid line shows the case where point
O was irradiated with only 𝑃in1. The red solid line is higher
in a portion of the QD1 structure serving as the transfer path
OB and the point B having the QD2 structure, confirming the
tendency for the optical excitation directed towards point B
to be increased due to the influence of 𝑃in2 incident on point
A.

3.3. Energy Transfer in Y-Junction Structure. To evaluate the
intensity of the emitted light, we used the brightness values
acquired with the CCD camera, where the total brightness
of 3 × 3 pixels was defined as emission intensity, 𝐼. While
irradiating point O with 𝑃in1, we measured 𝐼

𝑖𝑗
, where 𝑖

indicates the output end A or B, and 𝑗 indicates where the
control-light 𝑃in2 is irradiated, that is, to the input terminal
A, B, or C. Also, when no control light is irradiated, we
represent this by 𝑗 = 0. Concerning the characteristics of
the device under study, described in Section 3.1, there are four
representative categories:

(a) Reference: without any 𝑃in2 (𝑗 = 0);
(b) Case 1: emission end and control-light input terminal

are the same point (𝑖 = 𝑗);
(c) Case 2: emission end and control-light input terminal

are opposite points ((𝑖, 𝑗) = (A, B) or (B, A));
(d) Case 3: control-light input terminal is point C (𝑗 = C).

The evaluation was performed using the relative intensity
change,Δ𝐼

𝑖𝑗
, defined asΔ𝐼

𝑖𝑗
= (𝐼
𝑖𝑗
−𝐼
𝑖0
)/𝐼
𝑖0
. At this time, ifΔ𝐼

𝑖𝑗

is positive inCase 2, excitation transfer fromone end at which
the control light is input to the other end will be increased,
and control of the excitation transfer will be observed.

Figure 4(c) shows a plot of Δ𝐼
𝑖𝑗
obtained in Cases 1, 2,

and 3. First, we evaluated Case 1 (i.e., 𝑖 = 𝑗), as shown
by the blue bars in Figure 4(c); they took positive values
Δ𝐼AA = 3.9 × 10

−2 and Δ𝐼BB = 3.7 × 10
−2, confirming that

the emitted light was stronger.This is the effect of controlling
the excitation transfer, and regarding energy transfer in the
regions where QD1 and QD2 coexist, we obtained results
showing that it is possible to control the excitation transfer
also among multiple QDs. This indicates that an AND-gate
operationwasmanifestedwithmultiple randomly distributed
QDs, as reported in [3].

Next, we evaluated Case 2 (i.e., 𝑖 ̸= 𝑗 = A, B), as shown
by the red bars in Figure 4(c); they also took positive values
Δ𝐼AB = 7.3 × 10

−2 and Δ𝐼BA = 3.1 × 10
−2, confirming

that the emitted light was stronger. Δ𝐼AB was higher than
Δ𝐼BA because the wider overlapped area of QD1 and QD2
structures at point B provided more variation of excita-
tion transfer than that at point A. This difference can be
reduced by preparing finer structures and will not disturb
the proper operation of solution exploring algorithms. From
these results, we confirmed that the excitation transfer was
suppressed by the incident control light. These results show
that it is possible to control the optical excitation transfer
dynamics in a randomly distributed QD structure. Since the
relative change Δ𝐼 was reduced by losses involved in the
optical excitation transfer, we expect that larger values will
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Figure 4: (a) Image of light emission from E11 in sample, acquired with CCD camera. Points O and A are irradiated with light 𝑃in1 and
𝑃in2, respectively. Green and yellow broken lines represent the QD1 and QD2 structures, respectively. (b) Cross-sectional profile of emission
intensity from E11, acquired with CCD.The red solid line is the cross-sectional profile taken along the light-blue dotted line in (a). The black
solid line is the cross-sectional profile taken along the same location, when point O was irradiated with 𝑃in1 only. The 0 𝜇m base point and
the blue broken line indicate point O and point B, respectively. (c) Graph of relative change Δ𝐼

𝑖𝑗
in emission intensity from E11. Blue, red, and

green bars represent Cases 1, 2, and 3, respectively.

be possible by designing a structure having shorter distances
OA and OB.

3.4. Discussion on Negative Intensity Change. Moreover, we
evaluated Case 3 (i.e. 𝑗 = C), as shown by the green bars in
Figure 4(c); they took negative valuesΔ𝐼AC = −3.2×10

−2 and
Δ𝐼BC = −5.5×10

−2. Ideally, QD1 should be transparent to𝑃in2;
however, in our experiments, defect levels with energies lower
than E11 in QD1 were excited by 𝑃in2 [15, 16].We consider that
this excitation prevented the excitation in E11 from slow and
nonradiative relaxation via the defect levels.

To verify this, we performed photoluminescence mea-
surements on the QD1 structure. In this experiment, we
used samples having only the QD1 structure, fabricated with
the same process as that used to fabricate the measurement
samples, and we performed measurements with an exper-
imental setup in which the bandpass filters and the CCD
camera in the setup shown in Figure 3 were replaced with a
spectrometer.The incident powers of 𝑃in1 and 𝑃in2 were 5 𝜇W
and770 𝜇W, respectively, and the beams irradiated the sample
in spot diameters of 10 𝜇m. The emission intensities were
integrated in the range 2.25 < ℎ] < 2.29 eV, corresponding
to the peak wavelength of 𝑃out1, and were normalized to the
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emission intensity when only 𝑃in1 was radiated and were
compared. As a result, the emission intensity for the case
where 𝑃in1 and 𝑃in2 were simultaneously radiated was 1.09,
showing that the emitted light was increased by radiating
𝑃in2 (Figure 5(a)). This was the result of defect levels in QD1
being excited by 𝑃in2, suppressing the nonradiative relaxation
process fromE11 via defect levels, which increased the emitted
light (Figure 5(b)).

From this result, the negative Δ𝐼 values in Case 3 can be
explained as follows. Without 𝑃in2, the excitation transferred
to end C reflects and enhances 𝑃out1 at ends A and B
(Figure 5(c)). By irradiating end C with 𝑃in2, 𝑃out1 at C
increases due to excitation of defect levels in QD1, and the
reflection decreases (Figure 5(d)). As a result, 𝑃out1 at ends A
and B decreases by irradiation of Cwith𝑃in2.This differs from
the principle of excitation transfer suppression described

in Section 2 and Figure 1(e) but indicates the possibility of
another method of controlling the spatiotemporal dynamics
of excitation transfer. Also, this increased light emission due
to the fact that excitation of defect levels can also occur
in QD1 at points A and B; however, the energy transfer
suppression effect due to excitation of E21 should be larger
than this because absorption of𝑃in2 (ℎ]2 = 2.11 eV) inQD2 is
24 times higher than that inQD1.Thus, the effect of excitation
of defect levels at ends A and B is negligible.

4. Summary

In summary, to show the possibility of controlling the
spatiotemporal dynamics of optical excitation transfer based
on dressed photon interactions between multiple randomly
distributed quantum dots (QDs), we conducted experiments
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to control excitation transfer using randomly distributed QD
structures. Using CdSe/ZnS core-shell QDs, we fabricated a
Y-junction structure composed of randomly distributed QDs
(QD1 structure). Optical excitation incident at the center of
this structure was transferred to a QD2 structure serving
as an output end located 3–7 𝜇m away, and by irradiating
a QD2 structure at another end with control light 𝑃in2, we
observed a maximum increase of 7.3 × 10−2. Thus, we have
shown, for the first time, that it is possible to control the
spatiotemporal dynamics of optical excitation transfer in a
randomly distributed QD structure. Our findings will lead to
simplified implementation and driving of solution searching
and decision making devices based on the optical excitation
transfer dynamics between QDs and will contribute to their
practical realization. On the other hand, when control light
𝑃in2 was incident on the output end that did not have a QD2
structure, we found that the amount of excitation energy
transferred to the output end was reduced by a maximum of
5.5 × 10

−2. This was thought to be because the light emission
from QD1 was increased due to excitation of defect levels in
QD1, and the amount of excitation energy transferred to the
endprovidedwith theQD2 structure serving as an outputwas
reduced.This effect acted in a direction causing a reduction in
excitation transfer, opposite to the increased transfer level due
to excitation of the QD2 structure, indicating the possibility
of a different kind of control of the spatiotemporal dynamics.
This result is expected to lead to the development of novel
computing device architectures in the future.
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