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Nanostructures have attracted considerable attention for
many new fantastic applications owing to their remarkable
physical properties. Most recent work has demonstrated
that various material properties can be modified when the
materials scale down to nanometers. Interacting with electro-
magnetic waves, nanomaterials show exciting and interesting
phenomena such as subwavelength waveguiding and modu-
lation, light tripping and filtering, and ultraresolution imag-
ing. Although complete control of nanomaterial fabrication
remains a challenge, various advanced techniques have been
proposed to achieve sub-10 nm patterning. On this basis,
desired radiation can be realized by manipulating the nanos-
tructures. These nanostructures, especially the plasmonic
nanostructures supporting surface plasmon polaritons, show
great potentials in many application fields. For these reasons,
this research field, especially plasmonics and nanophotonics,
has been experiencing an explosive growth.

In this special issue, we have a series of contributed
papers that are focusing on the recent development of the
fundamental physics, fabrication, devices, and applications in
the field of plasmonics and nanophotonics. First, T. Zhang
and F. Shan reviewed the development and application of sur-
face plasmon polaritons on optical amplification. Y. Yu et al.
performed a literature survey on the recent advances in
theory and applications of transmissive/reflective structural
color filters. Then some of the research papers illustrated
the research on the synthesis and application of nanos-
tructures: Q. Xiliang et al. reported a successful large-scale

synthesis of silver nanoparticles by aqueous reduction for
low-temperature sintering bonding; Y.-J. Song et al. demon-
strated that silver nanowires can be applied to transparent
conducting film and electrode of electrochemical capacitor;
J. Huang et al. studied the Si

3
N
4
-SiCp composites reinforced

by in situ cocatalyzed generated Si
3
N
4
nanofibers. In the

meantime, some of the papers covered the optical waveguide
and its functional device: P. Zhao et al. studied the BaYF

5
:

20%Yb3+, 2% Er3+ nanocrystals doped SU-8 polymer waveg-
uide and spotlighted its optical amplification at 1525 nm;
X. Sun et al. demonstrated a variable optical attenuator
based on long-range surface plasmon polariton multimode
interference coupler. Finally, P. M. Vara et al. investigated the
partial polarization in interfered plasmon fields.
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Propagation of surface plasmon polaritons (SPPs) along the interface between a metal and a dielectric has attracted significant
attention due to its unique optical properties, which has inspired a plethora of fascinating applications in photonics and
optoelectronics. However, SPPs suffer from large attenuation because of the ohmic losses in the metal layer. It has become the
main bottom-neck problem for the development of high performance plasmonic devices. This limitation can be overcome by
providing the material adjacent to the metal with optical gain. In this paper, a review of gain compensation to SPPs is presented.
We focus on the spontaneous radiation amplification and simulated radiation amplification. The ohmic loss of metal was greatly
improved by introducing optical gain. Then we introduce several gain mediums of dye doped, quantum dots, erbium ion, and
semiconductor to compensate optical loss of SPPs. Using gain mediummentioned above can compensate losses and achieve many
potential applications, for example, laser, amplifier, and LRSPP discussed.

1. Introduction

Surface plasmon polaritons (SPPs) are transverse magnetic
(TM) polarized optical surface waves formed through the
interaction of photons with free electrons at the surface
of metals, typically at visible or infrared wavelengths [1].
This mode has fields that peak at the metal dielectric
interfaces, decaying exponentially into the dielectric back-
ground. Various metallic structures have been investigated
over time [2, 3], leading to potentially interesting applications
across many fields including fields such as spectroscopy
[4], nanophotonics [5], imaging [6], biosensing [7, 8], and
circuitry [9]. In a large part, the rapidly growing interest in
SPPs was driven by the eagerness to understand and control
the behavior of light on the nanometer scale and enabled by
the significant improvements in micro- and nanofabrication
that have appeared in the past several decades. The presence
of SPPs in metallic nanostructures linked with a variety
of distinctive optical performances, such as extraordinary

light transmission, huge field enhancement, and negative
refraction [4].

Although SPPs waveguides are of the inherent virtue
of the subwavelength scale confinement, the propagation
length is not long due to the ohmic loss in metals. One
of the main limitations in using SPPs for device design is
the intrinsic damping of SPPs arising from the loss in the
metal. Interband transitions absorption can be reduced by
careful selection of the operating wavelength and reducing
free electron scattering by improving fabrication techniques;
however, it cannot be eliminated completely [10].

SPPs practical applications are limited due to their
exceeding loss. Many efforts [11–14] have been made
to increase the transmission length and simultaneously
assure the subwavelength confinement. Gain compensation
approach is proposed by investigator to add optical gain. The
compensation of SPPs establishes the foundation for lots of
amusing and helpful applications, which hasmotivatedmuch
of the study on it.
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The characters of SPPs supported by all kinds of metallic
structures are notably different from their traditional coun-
terparts in form and character. Following the introduction,
the remainder of this paper is structured as follows: Section 2
will describe two aspects of compensation way, fluorescence
enhancement and laser amplification. In Section 3, the gain
mediums including dyes, quantum dots (QDs), Er ions,
and semiconductors are discussed. A range of emerging
applications of gain SPPs are discussed in Section 4. Finally,
in Section 5 conclusions are provided.

2. The Ways of SPPs Gain Compensation

As the significance of loss has become more important to the
SPPs, a multiaspect effort to mitigate loss has been studied.
One can readily classify the variety of approaches to deal
with the losses into several categories. The first one is to
engineer the shape and size of plasmonic structures with the
goal of reducing the fraction of energy confined inside the
metal leading to the decrease of the loss. The second one
is to choose suitable noble materials such as highly doped
semiconductors, intermetallics, and graphene. The third one
is to introduce optical gain into the plasmonic structure to
compensate the loss. The optical gain, however, not only can
compensate the loss, but also can realize amplification. In
this section, two kinds of optical amplification mechanisms
of SPPs including spontaneous radiation and simulated radi-
ation are discussed.

2.1. Spontaneous Radiation Amplification. In the past
decades, many efforts have been devoted to spontaneous
radiation-based study [15] with advanced sensitivity by using
plasmon enhanced fluorescence [16–18]. In SPPs coupled
fluorescence emission, fluorescence emitted by gain medium
via SPPs is studied. The outcoupling of fluorescence that is
trapped in SPPs to radiation is reported [19–21] to provide
efficient means for SPPs signal enhancement.

Sudarkin andDemkovich [22] first reported the SPPs gain
compensation of fluorescence enhancement, whose structure
contained a silver film sandwiched between a glass prism and
a gain medium. Then a similar structure over a wider range
of parameters was investigated by Poltz et al. [23]. Recently,
increasing efforts have been devoted to the compensation
for the SPPs fluorescence enhancement by using gain media
to achieve loss compensation [24–30]. Noginov et al. [31]
have studied SPPs excited by emission of optically pumped
R6G molecules and by direct scattering of pumping light
in a polymeric film in the attenuated total reflection setup.
As shown in Figure 1, SPPs are confined to the proximity
of metal dielectric interface and decay exponentially in
both media. In the experiments, increasing the pumping
intensity, the character of the SPPs emission excited via
optically pumped dye molecules has changed dramatically.
The emission spectra considerably narrowed in comparison
to those at low pumping.

Besides, SPPs propagation with net positive gain over
microscopic distances directs proof by Gather et al. [32].
The schematic illustration of the long range surface plasmon

Pumping
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Figure 1: Schematic of experimental sample.

polariton (LRSPP) waveguides is shown in Figure 2(a). The
device is composed of a Si substrate layer over a 20mm
thick transparent polymer layer with a refractive index of
1.55 and an Au layer with the thickness of 4 nm. A gain
material layer with 1mm thickness and an additional 20mm
thick transparent polymer layer complete the structure. The
end-fire coupled light to the LRSPP mode of waveguides
using a low numerical aperture optical fiber to measure the
propagation loss of the waveguide at the relevant wavelengths
and image the decay of the scattered light intensity along the
direction of the light propagation. A waveguide which did
not include the gain material layer was measured first. As can
be seen from Figure 2(b), the losses at wavelengths higher
than 600 nm are below the gain that can be obtained with
PPV in this region of the spectrum.However, the propagation
loss increases speedily at shorter wavelengths because of
the Au surface plasmon resonance. The propagation losses
are mostly ascribed to absorption and scattering in the
metal film. Propagation loss measurements for waveguides
containing a layer of gain material were also discussed in
Figure 2(b).

The foregoing researches have discussed SPPs gain on
the basis of fluorescence enhancement of gain medium
stimulated emission. These works paved the way toward the
development of kinds of devices exploiting SPPs amplifica-
tion. Gain medium excitation provides larger enhancement
of the fluorescence excitation and thus allows for a stronger
increase in the SPPs signal. Due to the introduction of
spontaneous radiation to SPPs, lots of potential applications
were developed.

2.2. Simulated Radiation Amplification. Aside from sponta-
neous radiation amplification, simulated radiation amplifica-
tion is also used to compensate the SPPs loss, which emerges
during the propagation. SPPs are capable of closely localizing
light, but up to now ohmic losses at optical frequencies have
impeded the realization of nanometer scale lasers [10, 33].
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Figure 2: (a) Schematic of LRSPP waveguides containing a fluorescent polymer blend to provide optical gain and illustration of the gain
measurement configuration; (b) Measurement and optimization of the propagation loss in 4 nm thick gold LRSPP waveguides. Propagation
loss for different plasmonic waveguides as a function of wavelength for a structure without gain material (black squares), with a gain layer
that was partly index matched (red triangles, nominal Δ𝑛 = 0.03) and fully index matched (blue diamonds). Error bars represent uncertainty
of the fit to the exponential decay and are representative for all data sets. The dashed line represents a theoretical loss estimate (neglecting
scattering) for the structure without gain material.

Through amplifying the radiation by simulated emission,
SPPs signal amplification can be achieved. The resonant
cavity is used to stimulate more light emission with the
same phase by reflecting the light back and forth in metal
nanostructures in order to generate the initial SPPs around
the nanoscalemetal dielectric interface. Oulton et al. [34] first
theoretically foretold that such losses could be deeply reduced
while maintaining ultrasmall modes in a hybrid plasmonic
waveguide. Based on this, Oulton et al. [33] reported the
experimental demonstration of nanometer scale plasmonic
lasers, generating opticalmodes a hundred times smaller than
the diffraction limit. The coupling between the plasmonic
and waveguide modes across the gap enables energy storage
in nonmetallic regions. This structure allows SPPs to travel
over larger distances with strong mode confinement. Lately,
many works focusing on optoelectronic devices and circuits
constructed by resonance cavities for SPPs enhancementwere
studied [35, 36]. One of the cavities for nanowires (NWs)
offered great surface smoothness and crystalline structures,
which guaranteed low waveguiding losses for plasmonic [37,
38] mode.

The loss compensation ability of the hybrid plasmonic
waveguide which is composed of a CdSe nanobelt (NB) kept
from a silver surface by an Al

2
O
3
layer was investigated

experimentally by Liu et al. [39]. An optical pump probe
technique was used to probe signals and the ultrahigh optical
gain with gain coefficient exceeding 6755 cm−1 was achieved.
The important thing is that the loss compensation works in
the comparatively wide spectral band regime and requires
nanolasing operating at single mode. It can be seen from
[39] that all wavelengths in the probe signal are equally

amplified through the stimulated emission, demonstrating
the broadband performance of the loss compensation subject.
Internal gain measurements as a function of the pump
intensity for probe signals show obvious loss compensation,
achieving maximum gain of 8.8 dB.

Wu et al. [40] reported a NWs laser that offers subdiffrac-
tion limited beam size and spatially separated plasmon cavity
modes. The scheme is illustrated in Figure 3(a). An Ag NW
is side coupled to a CdSe NW to form an X-shaped structure
(Figure 3(c)). The lasing action is investigated under 532 nm
wavelength laser pulses (5 ns pulse width, 2 kHz repetition
rate). They mainly focused on the left segment of the CdSe
NW (Figure 3(b)) and the emission scattered from each end-
facet was collected by the selected area spectral measurement
system. By near field coupling a long CdSe NW and a 100 nm
diameter AgNW, they demonstrate a hybrid photon plasmon
NW laser that offers subdiffraction limited beam size and
spatially separated plasmonmodes.The laser operates around
723 nm wavelength at room temperature and offers far field
accessible pure plasmon cavity modes on a 3.7 𝜇m long Ag
NW with a beam size of 0.008 𝜆2. They also show that the
hybrid photon plasmon NW laser can be modulated by
solely modifying the propagation loss of the plasmon modes
in the Ag NW. When the pumping fluence increases from
27 to 97 𝜇J cm−2, the emission output experiences a lasing
spectrum shown in Figure 3(d).

Semiconductor nanostructures have major potential to
be used as a critical component in compact optical devices
at the nanoscale. The Fabry-Perot type of SPPs of laser
amplification by nanostructure has been realized. It provides
a lot of chances for the assembly of nanoscale electronic and



4 Journal of Nanomaterials

(a) (b)

End-facet 1
End-facet 2

End-facet 3

End-facet 4

Absorbed

Absorbed
CdSe NW Ag NW

Longitudinal hybrid cavity

(c)

Wavelength (nm) Pump fluence (𝜇
J cm

−2 )

700 710 720 730 740 750
27
53

66
76
86
97

10000

8000

6000

4000

2000

0

ence
27
53

66
76
8

(d)

Figure 3: Schematic illustration of a hybrid photon-plasmon NW laser. (a) The hybrid photon-plasmon NW laser is composed of an Ag
NW and an ultralong CdSe NW coupled into X-shape using a fiber probe for micromanipulation.The right segment of CdSe NW serves as a
distributed absorber without reflection. (b) Closed-up view of the coupling area indicating the coupled hybrid cavity (marked by the dashed
line), which serves as the hybrid photon-plasmon lasing cavity. (c) Cavity formation in the X-structure. (d) Lasing spectra collected from the
Ag end-facet under pump fluences of 27−97 𝜇J cm−2.

optoelectronic devices. What is more, these nanostructures
demonstrate new and enhanced features crucial to several
fields of technology.

3. Type of Gain Material

One of the attractive characters of plasmonic waveguides
is their capacity to confine light lower than the traditional
diffraction limit. However, the increase of mode confinement
usually comes at the price of large propagation loss. SPPs
propagating between metal and dielectric interface sustain
propagation losses over several hundred cm−1 at visible wave-
lengths.The decrease of optical loss is of rather importance in
metallic structures depending on surface plasma waves, for
example, transmitting electromagnetic energy [2], realizing
negative refraction [41]. Despitemany improvements that can
be achieved bymeans of the optimization of the geometry and
materials and by reducing structural defectives, the optical
losses are caused by the physical performances of the metal
and can only be dealt with by introducing optical gain into
the structure [22]. Adopting this project, a reduction in the
loss of propagating plasmons using dye doped [32, 42], QDs
[43, 44], Er ions [45, 46], or semiconductor [47] has been
reported recently.

Generally, dyes are emitted in the visible and low (<1 𝜇m)
near infrared spectral range and have broad emission lines.

The development of stimulated radiation at wavelengths
above 1 𝜇m is still a challenge due to the fact that polymer
hosts usually suffer from absorption by vibrations of the
C–H bond in the near infrared wavelength region. The
QDs nanostructures with the radius in the range from 1 to
10 nm are synthesized by colloidal chemistry. In this case,
the emission wavelength can be easily tuned by controlling
the material of the dots and their sizes. They can be easily
embedded in polymer matrices using a common solvent.
Compared to the other two gain media discussed above,
Er ion doped polymers have the advantages of emitting
in the corresponding spectral ranges as well as producing
emission within the 1310 nm and 1550 nm windows, which
are important for telecommunication applications. Although
several studies have applied gain medium to compensate for
the optical loss of strongly confined SPPs, semiconductors
tend to be the choice of materials for losses in excess of
1000 cm−1. At infrared wavelengths, the loss of maximally
confined hybrid SPPs is on the order of 1000 cm−1, which is
well within the gain range of a variety of common compound
semiconductors. However, strong gain effects, such as gain
guiding, could provide additional design freedoms for future
devices.

3.1. Dyes. The coupling of fluorescence of dye with SPPs
was subject to investigation [24, 30], and recently it found
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Figure 4: (a) Cross-sectional view of active structure. The gain medium is in the form of a laser dye in solution. Inset: coordinate system
with the z-direction coming out of the page. (b) Pump and probe signal coupling arrangements used for amplification experiments. Pump
polarization, indicated by the red arrow, is parallel to the waveguide length (z-axis). A probe signal is coupled in and out of the structure by
means of end-fire coupling using polarization-maintaining (PM) fibers. (c) Measurements of amplifier gain versus amplifier length. A linear
fit to the unsaturated data yields an LRSPP mode power gain of 𝛾 = 20 dB cm−1.

applications in fields such as plasmonic lasers [25] and sur-
face plasmon enhanced fluorescence spectroscopy biosensors
[26]. Fluorescence trapped in SPPs to far field radiation by
adopting various methods [19–21] was reported to provide
efficient means for collecting of enhanced SPPs signal. Dye
has been considered as gain media for SPPs structure as
proposed by Plotz et al. [23] in 1979 and has subsequently
been reported by others. Avrutsky [48] demonstrated that
dyes as a medium with strong gain are able to increase prop-
agation length in silver films. Seidel et al. [49] experimentally
demonstrated optically pumping a dye solution and using
a prism coupling method by stimulated emission at 633 nm
of SPPs in silver films. In recent works, the dielectric gain
material consisted of dyes embedded into a polymer. Such
a multicomponent material has the advantages of joining
the active performances of the dyes with the technological
feasibility of polymers. So de Leon and Berini [42] suggested
a silver planar film surrounded by CYTOP and Rhodamine
has been studied, demonstrating theoretically that for high
enough powers and dye concentration amplification in the
visible range is possible. The same dye dispersed in PMMA
was investigated as a medium able to provide gain equal to

420 cm−1 invested by Noginov et al. [31]. In these conditions,
using the attenuated total reflection setup can compensate
the losses of a silver film at 594 nm by nanocomposite. Then,
the same authors [50] used a similar system to demonstrate
stimulated emission of SPPs in the polymer film. Recently,
Gather et al. [32] chose a fluorescent polymer made by the
dispersion of PFS in MDMO-PPV obtaining a net optical
gain of 8 cm−1 at 600 nm in the SPPs. de Leon and Berini
[25] first provided direct measurement of gain in propagating
SPPs using the LRSPP supported by a symmetric metal
stripe waveguide that incorporated optically pumped dye
molecules as the gain medium. A cross-sectional view of
the waveguide structure is shown in Figure 4(a). The gold
stripe, which was 20 nm thick and 1mmwide, lay on a 15mm
thick SiO

2
layer thermally grown on a silicon substrate and

covered by a gain layer 100mm thick consisting of optically
pumped IR140 dye molecules. The dye was pumped at 𝜆

𝑝
=

808 nm and the LRSPP was probed at 𝜆
𝑒
= 882 nm close to

the peak absorption and emission of the dye, respectively.
The arrangement used for pumping and probing is depicted
in Figure 4(c). The pump light was normally incident onto
the top side of the structure linearly polarized along the
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Figure 5: The SPP waveguide structure considered in the work.

𝑧-axis (8 ns FWHM pulses, repetition rate of 10Hz). Gain
measurements were obtained as a function of the amplifier
length 𝑙

𝑎
, as shown in Figure 4(c), fromwhich the slope yields

an LRSPP mode power gain of 𝛾 = 20 dB cm−1.
The same workers [42] considered another structure

shown in Figure 5. It is made up with a silver film of 20 nm
thick extending infinitely over the xz-plane. A lossless 25 𝜇m
thick dielectric CYTOP constitutes bottom cladding, sitting
on a semi-infinite silicon substrate.The top surface is covered
by R6G dye molecules in a mixture of ethanol and methanol.
The dye solution is covered by a 5𝜇m thick semi-infinite
CYTOP. A monochromatic pump signal of wavelength 𝜆

𝑝
=

532 nm (near the peak absorption of R6G) is excited from the
top of dyemolecules. SPPsmode amplification is studiedwith
the peak emission wavelength 𝜆

𝑒
= 560 nm of the dye. The

silver film in the vicinity normalized to the irradiance 𝐼
𝑝
(y) of

the incoming pump signal. The vertical dashed lines outline
the silver film. The lower cladding thickness was used to
reduce the resonant coupling to the slabmode. Owing to field
reflection throughout the structure the irradiance follows a
standing wave pattern in the dye.The population inversion is
enhanced in those regions, achieving 2.5-fold maxima.

In general, the emission wavelength reported for dyes
doped polymer is lower than 1000 nm, which falls within the
telecommunication window. Dyesmolecules as gainmedium
exciting the SPPs on the metal surface were presented as
a mean of achieving SPPs compensation. A higher gain
medium would be required because ohmic losses in metal at
visible wavelengths are much greater than those at infrared
wavelengths. Fluorescence emitted by dyes medium near the
metallic surface coupleswith the SPPs.This process is efficient
and collects emission with optical elements. The coupling
between fluorescence emission of dyes and SPPs will have a
broad range of applications.

3.2. QDs. SPPs ohmic losses in metallic nanostructure are
the primary obstruction in acquiring excellent optical per-
formance for photonic applications. Some measures have
been proposed to polish up these losses including adopt-
ing gain media and parametric processes [51–59]. For dye
gain media, Chénais and Forget [60] reported net modal
gains achieve 100 cm−1 in slab waveguide geometries in the
visible range. Substantially greater material gain is usually
referred to the QDs. For example, values up to ≈105 cm−1
have been reported for saturation material gain in 1.3 𝜇m

emitting InGaAs QDs [61]. Compared with other organic
dyes, QDs display more excellent photochemical stability in
fluorescence applications. The surface modified QDs exhibit
outstanding dispersibility in water, saline buffers, and in
various pH conditions for more than 7 months. Moreover,
the emission wavelength can be easily tuned by controlling
the size or the base material. In this way optical amplification
has already been demonstrated in dielectric waveguides with
the QDs dispersed in it [62]. Besides, Surez et al. [63] mixed
CdSe and CdTeQDs in PMMA, and the optimum conditions
for waveguiding were obtained. Indeed, amplification of SPP
using QDs PMMA nanocomposites has already been studied
[43, 64]. PbS QDs are proposed as a method to provide
gain in a dielectric load SPPs waveguide [64]. This structure
consists of a dielectric strip deposited on a metal film, being
possible to improve waveguiding characteristics by choosing
parameters reasonably [14]. Then, a 32% compensation of
SPPwas demonstrated under the similar structure working at
876 nm [43]. Garcia et al. [44] obtained a 33% loss reduction
in a dielectric loaded SPPs waveguide corresponding to
143 cm−1 of optical gain, using QDs doped PMMA ridges.

Bolger et al. [65] reported PMMA films of below
1 𝜇m thickness were spin coated onto the Au structures
(Figure 6(a)). The polymer films were doped with PbS
QDs and used as an amplifying medium. A 633 nm He-
Ne laser (3mW) was directed at the incoupling grating
(G1) and excited the QDs photoluminescence at around
1160 nm that is coupled to the SPPs at the Au/polymer
interface. According to the SPP intensity dependencies on the
pump power for several sets of the in/outcoupling gratings
with different distances between them, the dependence of
the signal SPPs propagation length on the pump intensity
can be reconstructed (Figure 6(b)). The propagation length
increases at low pump intensities reaching the maximum of
approximately a 30% increase at about 1W/cm2.

Grandidier et al. [64] investigated propagation assisted
by stimulated emission in a polymer strip loaded plasmonic
waveguide dopedwithQDs.They achieve 27% increase of the
propagation length at telecom wavelength corresponding to
a 160 cm−1 optical gain coefficient. PbS QDs were inserted
in a PMMA polymer strip waveguide fabricated on 40 ±
3 nm thick gold films (Figure 7(a)). Figure 7(c) shows the
QDs spontaneous emission intensity versus pump power.
As expected from spontaneous decay, this signal linearly
increases with pump power.

Radko et al. [43] investigated a four-layer structure
composed of a quartz substrate, a 50 nm thick gold film,
a thin layer of PMMA which embedded PbS QDs, and
air (Figure 8(a)). They demonstrated an optical gain of ∼
200 cm−1 for the mode under consideration, which corre-
sponds to∼32% compensation of SPP loss. PbSQDs exhibited
a fluorescence emission peak at 876 nm and were pumped at
532 nm with a continuous waveform laser beam focused on a
spot with diameter 𝑑 ∼ 13.8 𝜇m (Figure 8(b)).

It is hoped that SPPs propagation lengths can be greatly
increased with the gain medium which provide optical gain.
To this end, a gain medium composed of polymer and
QDs compound is presented with the aim of proposing a
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technologically feasiblematerial which can tune the amplified
wavelength by altering the nanostructure. Hence, wavelength
tunability of the stimulated radiation (400 nm∼2𝜇m) can be
achieved by changing the material and the size of the QDs.

3.3. Erbium Ion. Rare earth elements have potential opto-
electronic applications due to their performance of photo-
luminescence and electroluminescence embedded in a solid
state matrix [66]. Visible emissions of the Er ions in wide
band gap semiconductors were intensively investigated. Er
ions played an important role in optical communication
systems operating at 1500 nm. At a certain temperature the
Er emission spectrum was fixed for a given material because
of the absorption and emission spectra of Er determined by
Boltzmann distributions [67]. Many applications of materials
doped Er ions depend mainly on the exact line shape of the
emission. It would be very interesting if the Er emission spec-
trum could be externally modified. Previously, the energy
transfer between the Er ions and the SPPs at the interface
of metal and silica had been demonstrated by Kalkman et al.
[46]. He also reported that emission spectra close to optical
communication wavelength could be modified by grating
structures due to SPPs reradiated into far field [67]. Then,
Wang and Zhou [68] proposed a double grating configu-
ration that greatly strengthened the emission of Er ions.
The emission efficiency of the Er ions at 1550 nm increased
more than ten times than other emission wavelengths within
the 1500 nm communication windows, since the maximum
density of the states of the SPPs was localized at the edge of
the band edges [69–71]. Wang also proposed a silicon optical
amplifier based on SPPs enhancement.The gain coefficient of
the Si: SiEr-metal-silicon structure increased 24% at 1540 nm
and the loss sharply reduced compared with a conventional
stack structure [72]. In addition, the luminescence intensity
of Er ions can be enhanced, when they are localized or close
to nanoparticles (NPs), which is termed as SPPs enhanced
luminescence [17, 73]. Christensen et al. [74] demonstrated
the upconversion luminescence of Er ions dopedmaterials in

the TiO
2
:Er3+ system when Au NPs were in close vicinity to

the Er ions.
Verhagen et al. [75] studied the field enhancement and

found that it was ascribed to the excitation of both propa-
gating and localized surface plasmon resonances in arrays of
square and annular apertures in anAufilm.Themeasurement
geometry was schematically depicted in Figure 9(a). The
Er ions can convert infrared radiation with a free space
wavelength of 1480 nm to emission at shorter wavelengths
through an upconversion process. A level diagram of the 4f
energy levels in Er3+ was shown in Figure 9(b).

Ambati et al. [45] reported a direct experimental evi-
dence of stimulated emission of SPPs at telecom wavelengths
(1532 nm) with Er doped by glass as a gain medium. They
observed an increase in the propagation length of signal
SPPs when Er ions were excited optically using pump SPPs.
The experimental setup was developed to accommodate the
optical pumping of Er dopedwith glass by using LRSPPmode
guided by the same metal strip shown in Figure 10(a). A laser
diode with nominal wavelength of 1480 nm was used as the
pump and a different laser diode at 1532 nm signal was used as
the signal. However, in continuous wave mode, a maximum
signal enhancement of ∼50% (1.73 dB) was recorded at a
higher pump power of 266mW (Figure 10(b)).

Lots of researchers studied that the Er ions were excited
in wide band gap semiconductors because Er ions played an
important role in optical communication system operating
at 1500 nm. In addition, at a certain temperature the Er
emission spectrum was fixed for a given material because
of the absorption and emission spectra of Er determined by
Boltzmann distributions. As a result, there was a significant
promise of the SPPs-assisted Er ions light emission.

3.4. Semiconductor. Due to the outstanding properties, res-
onance cavities with semiconductor as optics compensation
have attracted growing interests in constructing nanoscale
photonic and optoelectronic devices and circuits [35, 36].
Generally, a semiconductor cavity with the round trip gain,
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Figure 10: (a) Experimental configuration for inducing stimulated emission of SPPs, (b) enhancement of the signal as a function of pump
power in continuous mode.

sustained by a certain feedback such as end-face reflection,
can compensate round trip losses. Typically, the semiconduc-
tor cavity of this kind was formed by end-face reflection [76–
79] or ring resonance [80, 81]. Hill et al. [82] introduced a
metalized, etched semiconductor heterostructure as shown
in Figure 11(a). SPPs between the two metal planes were
weakly confined by a small index variation along the het-
erostructure’s growth direction leading to that guided wave
propagation paralleled to the plane of the substrate. The
thinnest heterostructure reported in this work was just 90 nm
thick resulting in SPPs smaller than the diffraction limit in
one dimension. A Fabry-Perot SPPs resonator consisted of
the end-facets of the metalized structure.

Another device reported by Oulton and coworkers [33]
also used a Fabry-Perot cavity, but with plasmonic confine-
ment in two dimensions perpendicular to wave propagation.

The laser cavity consists of a semiconductor nanowire put
on a flat metal film with a thin nanoscale insulating gap,
as shown in Figure 12(b). Remarkably, the mode of the NW
and the SPPs of the metal surface hybridized into a deep
subwavelength mode propagating along the wire’s axis. Here,
a small amount of feedback was provided by the end-facets of
the NW forming a cavity.

Ma et al. [83] reported another kind of semiconductor
cavity operating at room temperature with 𝜆/20 optical
confinement (Figure 13). A 45 nm thick CdS nanosquare
atop a silver surface separated by a 5 nm thick magnesium
fluoride gap layer provided the subdiffraction limited mode
confinement and low metal loss. Surprisingly, although the
high index material is only 45 nm thick, the SPPs of this
system carry high momentum even higher than light waves
in bulk CdS or plasmonic NW lasers. This leads to strong
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Figure 12: (a)Theplasmonic laser consists of aCdS semiconductor nanowire on top of a silver substrate separated by a nanoscaleMgF
2
layer of
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limited spot. The inset shows a scanning electron microscope image of a typical plasmonic laser, which has been sliced perpendicular to
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2
excitonline. The cross-sectional field plots (along the broken lines in the field

map) illustrate the strong overall confinement in the gap region between the nanowire and metal surface with sufficient modal overlap in the
semiconductor to facilitate gain.

feedback through total internal reflection of surface plasmons
at the cavity boundaries.

The interaction between SPPs and semiconductors at
nanoscale is becoming the research focus in the funda-
mental physics. The amplification based on semiconduc-
tor nanostructure has been experimentally demonstrated.
Three characters (small size, high refractive index, and free

standing nanocavity emit) make semiconductor nanostruc-
ture attractive for potential application in optoelectronics.
A further side of this theme is the overcoming of large
propagation losses in nanoscale plasmon mode waveguides,
creating nanolasers from these waveguides. These lasers will
be very important for complex optoelectronics systems in
future.
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of 1,960MWcm−2 shows obvious cavity modes despite being below the threshold, which indicates the excellent cavity feedback. The inset
shows electric-field-intensity distribution of a TMmode in the x and y directions.

4. Applications of SPPs under
Gain Compensation

SPPs, which are electromagnetic waves strongly confined in
the direction perpendicular to the metal surface, have the
unique ability to concentrate and guide light in subwave-
length scale [2, 84]. This certainly provides an abundant
basis for studies of light matter interaction at the nanoscale.
However, the strong SPPs optical losses are impeded largely
for many practical applications, and loss compensation with
optical gain will in many cases be feasible when it comes to
the design of functional devices.

4.1. Lasers. The construction of a plasmonic laser is similar
to that of a conventional laser. SPPs are directly generated on
ametal nanostructure and amplified by an adjacent dielectric
medium incorporating gain, while a feedback mechanism
allows SPPs to resonate. The gain medium amplifies SPPs
by stimulating emission of radiation generating coherently
amplified light that is bound to the metal dielectric interface
and typically cannot escape without coupling optics. The
involvement of electrons in the SPPs adds momentum to
light, confining it closely to the metal. This confinement
effect is used by plasmonic lasers to deliver strong optical
energy well below the diffraction barrier on extremely fast
time scales. Bergman and Stockman proposed the coupling
of energy directly into SPPs by emission for fast and efficient
light generation at the nanoscale in 2003 [85]. But their con-
cept was not carried out experimentally until 2009 [33, 82, 86,
87]. There have also been recent works on the amplification
and laser action of SPPs. Room-temperature operation has
been reported for LRSPP exhibiting low confinement [32, 88,
89] and for tightly confined hybrid SPPs [90]. Meanwhile, the
work of Hill and coworkers continued to pioneer electrically
injected plasmon lasers [91, 92]. The laser action which can
directly generate SPPs has been adapted to commercial lasers.
For example, metallic nanostructures have been positioned
on the facets of commercial quantum cascade lasers leading

to the strong nanofocusing applied in antennas [93] and the
control of beam directionality used as arrays of slits and
gratings [94–96].

4.2. Amplifiers. Substantial efforts have been applied to study
the amplification of SPPs [25, 32, 49, 65, 97–99] targeting
to mitigate or even eliminate their large intrinsic losses in
order to enable full potential applications in SPPs. Indeed,
the direct observation of SPPs amplification in confined
waveguide geometries is elusive. Kéna-Cohen et al. [100]
reported the direct observation of plasmonic amplification
in confined and lithographically defined SPPs waveguides of
varying length. At the highest pump powers, they found that
the SPPs loss was completely compensated by the optically
pumped organic gain medium and resulted in a substantial
net gain of 93 dB/mm for the best amplifier. de Leon and
Berini [101] measured the amplified spontaneous emission
in a LRSPP amplifier at a near infrared wavelength and
found an effective input noise power of photons per mode.
Then, they also presented a theoretical and numerical study
of the noise properties of high gain planar SPPs amplifiers
combined with dipolar gain media [102]. On this basis, they
showed a theoretical study of gain and noise in a LRSPP
amplifier which consisted of a symmetric thin metal film
with an optically pumped gain medium [103]. The amplifier
structurewas shown in Figure 14. It consisted of a 20 nm thick
gold film deposited on a semi-infinite SiO

2
substrate and

covered by a gain medium in the form of optically pumped
LDS821 dye molecules. A semi-infinite SiO

2
within a 1mm

thick layer was covered on the dye.The structure was pumped
from the top using monochromatic light with a wavelength
of 𝜆
𝑝
= 532 nm which was close to the dye’s peak absorption.

The amplification of SPPs sets up the foundation for many
interesting, useful, and compelling applications; for instance,
SPP amplifiers can be used as components integrated with
plasmonic elements, biosensors, or circuitry to compensate
for losses or otherwise brilliance characteristics.
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4.3. LRSPP Waveguide. In recent years, the LRSPP excited
at the interfaces of metal thin films embedded in a gain
mediumhave generated significant research interest. In terms
of potential uses of SPPs waveguides, the strength of the
limitation is an urgent issue. Theoretical and experimental
[104, 105] studies have demonstrated that a long range mode
can be propagated in single polarization over a distance of
several 𝜇m in a simple structure composed of a thin metal
strip embedded in dielectric materials. For LRSPP wave-
guides, single polarization operation and the high preci-
sion can be achieved in patterning the waveguide core
layer contributing to high performance of LRSPPbased quan-
tum optical circuits. Fabrication of active and passive opti-
cal components, including Y-splitters, directional couplers,
switch, attenuators, sensor, and Mach-Zehnder wavelength
filters, has been demonstrated by several groups [105–109]
(Figure 15).

5. Conclusion

The presence of SPPs in metallic nanostructures relates to a
variety of unique optical effects. But in many cases, optical
losses greatly limit the applicability of plasmonic technologies
as a means of realizing. This obstacle can be overcome by
adding optical gain to compensate for loss alters and allow
SPPs to propagate over longer distances. In this review,
we showed the two SPPs optical amplification mechanisms
including spontaneous radiation amplification and simulated
radiation amplification.Many improvements can be achieved
by means of the optimization of the geometry and materials,
but the optical losses are caused by the physical performances
of the metal and can well be dealt with by introducing optical
gain into the structure. Then, we introduced several gain
mediums, such as dye doped, QDs, erbium ion, and semi-
conductor, to compensate optical loss of SPPs. Using gain
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mediummentioned above can compensate losses and achieve
many potential applications, for example, laser, amplifier, and
LRSPP. In the future, SPPs geometries with a range of gain
material have been shown to provide a suitable platform for
the study of net plasmon amplification and will lead to useful
and helpful applications.
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[27] J. Dostálek, A. Kasry, and W. Knoll, “Long range surface
plasmons for observation of biomolecular binding events at
metallic surfaces,” Plasmonics, vol. 2, no. 3, pp. 97–106, 2007.

[28] Y. Wang, A. Brunsen, U. Jonas, J. Dostálek, and W. Knoll,
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Structural color filters, which obtain color selection by varying structures, have attracted extensive research interest in recent years
due to the advantages of compactness, stability, multifunctions, and so on. In general, themechanisms of structural colors are based
on the interaction between light and structures, including light diffraction, cavity resonance, and surface plasmon resonance. This
paper reviews recent progress of various structural color techniques and the integration applications of structural color filters in
CMOS image sensors, solar cells, and display.

1. Introduction

Color is one of the most important properties of vision.
The color filters, either reflective or transmissive, provide the
ability to select individual colors from a white light, which is
the prerequisite of colorful imaging and display. Pigment and
dye are the most popularly used color filters, which are based
on the material selective absorption in the visible band [1].
Various pigments or dyes have to be integrated together by
multistep processing to realize a colorful image. For example,
in an image sensor with pixels arranged in Bayer’s array,
three aligned photolithography processes are necessary to
define the red, green, and blue color pixels [2]. Alternatively,
color can be generated by manipulating the propagation of
light, for example, using dispersive gratings based on the
light diffraction theory. It can be found in nature like the
wings of butterflies [3, 4], where different structures on the
wings show different colors. In contrast to the pigments and
dyes, the called structural color is based on the interaction
between light and the structures rather than the material
properties. As a result, a complete set of structural color filters
can be readily achieved in the same material by single-step

patterning of different structures, which provides structural
color with a great chance to gain high compactness and
cut down the cost. Furthermore, structural color has high
resistance to the chemicals and high stability to the heat
and radiation and therefore can be used in the extreme
environment like the aerospace.

In this review, we will discuss the mechanisms of various
structural color filtering techniques for both reflective and
transmissive color filters and then focus on the integrated
applications of structural color in the fields of imaging,
display, and colorful solar cells. Finally, wewill summarize the
current issues of structural color and possible resolutions.

2. Transmissive/Reflective
Structural Color Filters

2.1. Metallic Nanohole Array Color Filters. As is well known,
light is usually blocked by a metal sheet and therefore
metallic coatings are widely used as mirrors. In 1998,
Ebbesen et al. observed the extraordinary optical transmis-
sion (EOT) through a sliver filmwith periodic subwavelength
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Figure 1: Metallic circular hole array transmissive color filters. (a) A SEM image of a hole array in aluminum at a period of 410 nm. (b) Images
of hole arrays in different periods taken in microscope transmission mode under a white light illumination. (c) Transmissive spectra of the
arrays shown in (b). (d)Wavelengths at the transmission peaks versus the period [17]. (e) Full-color images inmicroscope transmissionmode.
Inset is a patterned letter “G” with a 1-𝜇m-wide line showing green color. (f) SEM image of a section of the fabricated logo pattern. The inset
is the enlarged microscope image [18].
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Figure 2: Tunable color filter. (a) Schematic of a nanohole array on SOI. (b) The nanohole array has an air gap from the glass plate, that is,
“OFF” state. (c) The nanohole array contacts the glass plate, that is, “ON” state. (d) The reflective spectra [27].

hole arrays [5], which contradicts Bethe’s theory on light
diffraction by small holes [6]. Although there are debates on
the physical mechanisms of this EOT effect, most researchers
agree that surface plasmonic resonance (SPR) plays an impor-
tant role in the color filtering [7–10]. To excite SPR, periodic
gratings are usually used to match the wavevector of incident
light and that of SPR. The resonant wavelength 𝜆

0
, that is,

the transmission peak, is mainly determined by the pattern
geometry [11]
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where 𝑘
‖
is the in-plane wave vector magnitude, 𝜙 is the

azimuthal angle of incident light, 𝑎
𝑥
and 𝑎

𝑦
are the lattice

dimensions, 𝑖 and 𝑗 are the scattering orders of the array, and
𝜀
𝑚
and 𝜀

𝑑
are the permittivity for the metal and dielectric

medium. As shown, the transmissive color can be tuned by
simply changing the periods for given material parameters.
Metallic hole array color filters in triangular lattice [12–
18] and square lattice [19–21] with circular hole [12, 14–21],
triangular hole [13], square hole [22], and annular hole [16]
have been reported both theoretically and experimentally.
Genetic algorithm was used to design filters with the spectral
spectrum matching the 1931 International Commission on
Illumination color matching functions [8]. Electron beam
lithography (EBL) [11–13], nanoimprint [20, 23–25], and
nanotransfer print [26] were used to pattern the nanohole
array. Chen, one of the authors, fabricated circular hole arrays
in triangular lattices in a 150 nm aluminum film [11, 17, 18].
The experimental results are shown in Figure 1. Very regular
holes were patterned by EBL in a region of 50 × 50 𝜇m2 for
each color. The spectral response was characterized using
a microscope spectrometer. The wavelength of transmission
peak is found to be nearly linear to the period as shown in
Figure 1(d). The transmission is approximately 30% and the
full width at half maximum (FWHM) is less than 100 nm.
To demonstrate the full control of the color and the high
resolution, a complex colorful pattern consisting of different
hole arrays was fabricated and the clear colorful image down
to a scale of 1 𝜇m (letter “G”) was demonstrated in Figure 1(e).
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Figure 3: Angle robust metallic hole array color filter. (a) Schematic and SEM image of a cross-shape nanohole array. (b) Spectra of both
polarizations for different incident angles [28].

Tunability of the structural color based on nanohole array
has also been demonstrated by tuning the dielectric environ-
ment around the array [27]. As illustrated in Figure 2, the
metallic hole array is patterned on top of a suspended silicon
layer in a silicon-on-insulator (SOI) wafer, which is capped
by a indium-tin-oxide (ITO) covered glass plate with a small
gap.The hole array can be switched into contact with the glass
plate by electrostatic actuation, resulting in a modified SPR
due to the refractive index difference between air and glass.
The substantial difference in the reflection spectra can be seen
between two states as shown in Figure 2(d), which induces the
variation of color.

For some applications such as image sensors and display,
angular insensitivity is generally preferred. However, the
filtering color of the metallic hole array varies with the
incident angle as predicted in (1). When the metallic hole
arrays are integrated in the imager or display to replace
the pigment color filters, the issue of angle dependent color
filtering should be addressed. A lot of cross-shape hole arrays
show themost promising performance. In Figure 3, the cross-
hole array shows excellent angle independent filtering up

to 50∘ for both polarizations in the near infrared region
[28]. The transmission peak is attributed to the excitation
of localized surface plasmon resonance (LSPR) within the
apertures, which is determined by the hole shape rather than
the coupling between the holes for SPR in circular hole array.
We scaled down the cross dimensions and optimized the
transmission filtering performance for the visible band. The
results are shown in Figure 4, where we can see that the
transmission peaks have no obvious shift for the incident
angle up to 50∘. The red, green, and blue passband are clearly
demonstrated.

For a more complex structure consisting of nanohole-
nanodisk pair array as shown in Figure 5, there exists LSPR
in the gap between nanohole and nanodisk, which induces
coupling absorption of incident light due to the excitation
of LSPR [29]. As a result, the LSPR dip in the reflection
spectra causes a reflective color. As the LSPR effect is confined
into a nanoscale, the resolution of the color image by this
method could achieve 105 dpi, which is 100 times the state-
of-the-art imaging technique. A similar dual layer structure
in one dimension fabricated by interference lithography has



Journal of Nanomaterials 5

Tr
an

sm
iss

io
n

350 450 550 650 750

Blue
Green

Red
Wavelength (nm)

0.30

0.25

0.20

0.15

0.10

0.05

0.00

(a)

50

40

30

20

10

0
0.35 0.45 0.55 0.65 0.75

Wavelength (𝜇m)

0.25

0.21

0.17

0.13

0.09

0.05

0.01

𝜃

(b)

50

40

30

20

10

0
0.35 0.45 0.55 0.65 0.75

Wavelength (𝜇m)

0.25

0.21

0.17

0.13

0.09

0.05

0.01

𝜃

(c)

50

40

30

20

10

0
0.35 0.45 0.55 0.65 0.75

Wavelength (𝜇m)

0.18

0.21

0.15

0.12

0.09

0.06

0.03

𝜃

0.00

(d)

Figure 4: (a) Transmission spectra of color filters based on cross-shape nanohole array in the visible band. (b)–(d) are the transmission
spectra versus incident angle 𝜃. The geometrical parameters as defined in Figure 3(a): ℎ = 200 nm; 𝑙 = 120 nm (blue), 140 nm (green), and
180 nm (red); 𝑤 = 48 nm (blue), 50 nm (green), and 40 nm (red); 𝑝 = 150 nm (blue), 180 nm (green), and 230 nm (red).
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Figure 5: Nanohole-nanodisk pair array reflective color filters and the images in microscope reflection mode. Scale bar is 500 nm [29].
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Figure 7: (a) Schematic and (b) simulated transmission spectra of modified etalon color filters [39].

also been demonstrated showing both color filtering and
polarization functions [30]. In addition, when the bottom
hole array in Figure 5 becomes a continuous metal film, the
gap plasmon resonance still exists and demonstrates color
filtering [31–33].

2.2. Metal-Insulator-Metal (MIM) Resonator Color Filters.
Interference effect can also be used for color selection. For
example, the Fabry-Pérot (FP) resonance resulting from the
interference of the multiple reflected waves is normally used

to determine the lasing wavelength in the laser design, where
only the light at the resonance wavelength can be emitted
from the cavity. A MIM structure with the semitransparent
metal layer as reflective mirrors is such a configuration
supporting the FP resonance [34–38]. When the thickness
of the insulator layer goes down to hundreds of nanometers,
the FP resonances fall into the visible region. The resonance
wavelength 𝜆 can be obtained by

𝜆 = 2𝑛eff ⋅ 𝑑, (2)
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Figure 9: (a) Schematic of a transmissive GMR color filter. (b) Simulated transmission spectra [51].
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Figure 12: Au-Ag disk pair color routing. (a) Schematic and (b) SEM image of the fabricated sample [66].

where 𝑛eff is the effective refractive index of the cavity mode
and 𝑑 is the cavity length.

Figure 6 shows such an etalon color filter where a Ag-
SiO
2
-Ag stack is used to select the transmitted wavelength

[36]. Both the simulation and the measured spectra show
well-defined red, green, and blue passband. A thin film of
silver at 25 nm is used to ensure a reasonable transmittance
and provide a mirror reflection. Because the transmission
peak at the FP resonance is determined by the cavity length,
different color filters need different insulator thickness, which
results in multiple-step patterning if various etalon color
filters are integrated. To solve this issue, we investigated a
modified etalon color filter, inwhich the topmetalmirror and
the insulator layer were etched into subwavelength holes and
filled with PMMA [39]. Because the hole size is smaller than
the light wavelength, it can be treated as an effective material.
Varying the hole size, we can change the effective refractive
index of the whole stack and therefore tune the FP resonance.

The schematic of this modified etalon color filter is shown in
Figure 7(a) and the simulated transmission spectra are shown
in Figure 7(b). By varying the hole size, the transmissive
colors covering the whole visible band are achieved for only
four different insulator thicknesses. Furthermore, the FWHM
around 30 nm is much smaller than the hole array color
filters, which has potential application in spectral imaging.
Reflective color filters based onMIM structure have also been
demonstrated [40, 41]. A Ag-SiO

2
-Ag structure supports

LSPR resulting in angle robust color filtering as shown in
Figure 8 [40], which is different from FP cavity resonance.
TheMIM structure can also be used to tune the guided mode
dispersion and construct a plasmonic lens [42–44].

2.3. Guided-Mode-Resonance (GMR) Color Filters. Diffrac-
tion is an important dispersive phenomenon, which has
been widely used, for example, the dispersive gratings in
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the packaged CIS. (d) The measured photocurrent from different pixels [18].

spectralmeasurement.Thediffraction angle 𝜃 depends on the
wavelength 𝜆 and the grating period 𝑝 by the Bragg law:

𝑝 ⋅ sin 𝜃 = 𝑚 ⋅ 𝜆
2
, (3)

where 𝑚 is an integer that stands for the diffraction order.
Light at different wavelengths can be diffracted to different
directions determined by the grating period. When the
diffraction gratings are brought into contact with a waveg-
uide, the diffracted light can be coupled with a guided mode
when the wavevector matching condition is matched:

𝛽 =
2𝜋

𝑝
, (4)

where 𝛽 is the propagation constant of the guided mode.The
coupling results in GMR that can be used for color filtering
[45–58]. Kaplan et al. proposed a GMR transmissive color
filter with a buffer layer between the metallic gratings and

the waveguide layer [51], where the buffer layer reduces the
overlap of the guided mode and the metal to reduce the
absorption loss. As a result, the transmission is much higher
than other structural filters and the passband is very narrow
as shown in Figure 9. GMR effect can also be used in reflective
color filters, where dielectric gratings are usually used to
provide the coupling between the reflected diffraction and
the waveguide mode. Uddin and Magnusson demonstrated
such a reflective color filter by fabricating Si

3
N
4
gratings on a

glass slide as shown in Figure 10 [57]. However, this structure
is very sensitive to the incident angle due to the diffraction
effect. The reflected light changes from blue to red when the
viewing angle moves from 7∘ to 42∘.

2.4. Photonic Crystal (PhC) Color Filters. PhC is a struc-
ture with subwavelength periodic refractive index variation,
which has been applied to optical fiber [59], laser [60],
microwave antenna [61], color filter [62], and so forth. As
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Figure 14: CIS using MIM color filters. (a) Schematic of the MIM color filters. (b) Simulated spectra. (c) SEM image of the pixel array. (d) A
color image recorded by this CIS [38].

the electron energy band in solid state physics, photonic
band can be engineered by modifying the structure of PhC
[63–65]. One-dimensional PhC is a perfect reflector with
the lowpass band. If a defect layer is introduced, a defect
energy level appears in the bandgap, that is, a passband
[51, 56, 57]. Figure 11 shows a transmission PhC color filter
[62]. We can see that a 70% transmission peak with a very
narrow bandwidth shows in the energy band of PhC. With
optimization, if a single transmission peak can be achieved
in the visible band, we can have a very high color purity and
brightness. By etching holes with different sizes as the etalon
color filters above, the passband can also be tuned.

2.5. Color Routing by Scattering. Light scattering usually
occurs when light spreads through inhomogeneous medium.
Part of light deviates from original direction with the
deviation angle depending on the wavelength. Scattering
from both metallic and dielectric scatters shows dispersive
behavior [66–68]. Recently, Küll proposed a gold-silver disk
pair for color routing as shown in Figure 12, where the
phase accumulation through material-dependent plasmon
resonances induces fantastic optical properties, that is, scat-
tering red and blue light in opposite directions. This color
routing device is as small as 𝜆3/100 [66]. It is very attractive
for high-resolution imaging, but the light scattering efficiency
is quite low. A dielectric light deflector of a SiNx bar as small

as 280 nmwas reported recently for color routing in a CMOS
image sensor by Panasonic [68]. The large refractive index
contrast between the deflector and the surrounding material
induces a near-field deflection with a strong dispersion
(Figure 15). One of the most important advantages of the
scattering color routing is that almost all energy in the
spectral band is used for colorful imaging. In contrast, there
is reflection/transmission loss for the transmissive/reflective
color filters based on nanohole array, GMR, and MIM
techniques.

3. Applications

3.1. CMOS Image Sensors (CIS). CIS are the leading mass-
market technology for digital imaging. Conventional color
filtering technique for CIS uses pigment or dye filters [69].
However, these polymer based color filters cannot sustain
heat and radiation. Furthermore, each color filter for red,
green, and blue on the pixel arrays must be fabricated step
by step with accurate alignment. Therefore, structural color
filters, whose performance is based on the stable metal
or dielectric subwavelength structures, are very attractive.
Various color filters can be fabricated using the samematerial
and in a single lithography step.

As shown in Figure 13, we fabricated metallic nanohole
array color filters on top of the pixel array of CIS and
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Figure 15: CIS based on scattering color. Left: SiNx bar deflector; right: detected light signals from different pixels and the recorded image
[68].

demonstrate the potential imaging function by measuring
the photocurrent response from separated pixels [18]. The
results agree with the design quite well and the distinct
color filtering is achieved. For the pixels with hole arrays
with period of 250 nm–430 nm, the photocurrents show
intensity peaks of 450 nm–650 nm. Although the metallic
hole array was fabricated by EBL directly on top of the
CIS chip, the full CMOS integration of these color filters
in the metal interconnect layers can be readily achieved
by the state-of-the-art CMOS technologies. CEA and STM
Electronics demonstrated this idea using the MIM resonator
color filters [38]. And a 300M-pixel CIS with full functions
was demonstrated as seen in Figure 14. Because the MIM
resonator color filter has to use space layers with different
thicknesses for different colors, multistep lithography process
was used. In 2013, Panasonic Ltd. presented a CIS with a pixel
size as small as 1.43 𝜇m × 1.43 𝜇m2, in which a 280 nm wide
SiN bar was used as the light scatter to direct incident light as

shown in Figure 15 [68]. As discussed in the previous section,
the scattering technique for color routing suffers very little
light reflection/transmission loss. 1.85 times improvement of
the amount of light received by each pixel was achieved.

3.2. Colorful Solar Cells. As introduced in Section 2, sub-
wavelength metallic gratings can reflect light in different
colors. When these gratings are integrated in solar cells,
the transmitted light is absorbed in the active layer and
converted into charge, but the reflected light shows color.
By attaching these colorful solar cells on the walls and
roofs of the buildings, they provide both decoration and
power. It is also photovoltaic color filters, which can be
used in self-powering electric display device. Park et al.
demonstrated this idea in an organic solar cell [70]. As
shown in Figure 16, the P3HT:PCBM photoactive layer is
sandwiched by an Au nanograting layer and a continuous
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Figure 16: Colorful solar cells with the metallic gratings integrated with the organic active material [70].

Al film. The Au nanogratings are used as semitransparent
electrodes for the solar cells and reflect light in different
colors. Meanwhile, spectral engineering of light transmission
for the transparent solar cells (TSCs) allows us to achieve
more aesthetically pleasing indoor lighting with the mul-
ticolored solar windows. Transmissive colorful solar cells
were developed by integrating MIM resonant color filters
in Figure 17(a) [71]. As shown in Figure 17(b), by tuning
the relative layer thickness of the MIM stacks, narrow-band
coloring can be achieved for the TSCs. Efficiency of 5%
on average was obtained for the colored TSCs, but at the
expense of a rather limited luminosity. Lee et al. presented an
ultrathin undoped amorphous silicon/organic hybrid solar
cell structure [72]. The simple diagram of the structure can
be seen in Figure 18(a). To achieve color tunability, inorganic
absorbing layers with 6 nm, 11 nm, and 31 nm were selected
to produced blue, green, and red cells. The structures show
that the transmissive spectra have great angle insensitivity

in Figures 18(b)–18(g). Although, monochromatic coloring
and near unity internal quantum efficiency were obtained,
their efficiencies were significantly undermined by the poor
light-harvesting capacity for such ultrathin absorbing layers.
Actually, the metallic gratings can be used to tune the
absorption spectrum of solar cell and achieve a significant
improvement of the absorption due to effects such as LSPR,
GMR, and FP resonance [73].

3.3. Colorful OLED Display. Although colorful OLEDs can
be obtained by using different electroluminescence (EL)
materials, the intrinsic emission spectra of EL materials
are not narrow enough for high purity colorful display.
Furthermore, different ELmaterials have to be used in display
to generate the full color, which needs multiple lithography
process like the pigment color filters in CIS.The combination
of white OLED and color filters has lower cost and higher
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Figure 17: (a) Device architecture of MIM transmissive solar cell. (b) The measured transmissive spectra [71].

yield. In order to improve the purity of the color, many
researchers have engaged in OLED with different types of
color filters. For example, both one dimensional metal slits
and two dimensional nanoholes have been theoretically and
experimentally demonstrated [74, 75]. A narrow band and
high transmission can be achieved by changing the parameter
of the color filters, making these types of color filters have
potential advantages in OLED display. As shown in Figure 19,
in the color filters, distributed Bragg reflector acts as the half
mirror; IZO/ITO and SiNx are used as the optical filler to tune
the color [76]. By integrating the structures at the emitting
surface of the OLED, a set of colorful OLEDs were achieved.
Photograph of a display fabricated with this design clearly
shows the excellent color performance.

4. Discussion

From the above, we can see that structural color filters have
attracted extensive interest from both academia and industry
due to advantages such as high resistance, high stability,
high compactness, tunability, low loss, and functionalities.
There are also issues to be addressed before the massive
applications. First, high resolution, high throughput, and
low cost fabrication techniques of structure colors need be
developed. Because of the short wavelength of the visible
light, the structural colors are usually based on sub-𝜇m
structures, which is a challenge for current microfabrication
techniques. Nanoimprint and interference lithography could
be an answer to this issue. Second, overall optimization
of light efficiency, cross-talk, and angle insensitivity need
be considered. Metallic hole array shows low transmission;

GMR has strong angle dependence; scattering has a signif-
icant cross-talk; MIM and PhC also surfer angle sensitivity.
Third, there are integration issues of structural color filters,
for example, metal loss and compatibility with the industrial
processes. Advanced fabrication technology, new photonic
mechanism, and novel device design would be developed to
address these issues.

5. Summary and Outlook

We review the recent development of transmissive/reflective
structural color techniques including nanohole array, MIM
resonator, GMR effect, photonic crystal, and light scattering.
Mechanisms and performances of various structural color
filters are presented, together with the integrated applications
in CIS, display, solar cells, and OLEDs. The results are
promising and some prototype devices have been achieved.
We consider that these structural color filters still have a
long way to go before extensive commercialization. The
next step for the research will focus on improving the
transmission/reflection efficiency, reducing the bandwidth,
suppressing the angular dependence, and so forth. High
throughput and low cost fabrication technologies are also
required. We believe structural color filters can be more
extensively applied in our life.
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Figure 18: (a) Schematic of the angle insensitive structure. (b)–(d) and (e)–(g) are the simulated andmeasured relationship between incident
angle and transmission [72].
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We demonstrated optical amplification in BaYF
5
: 20% Yb3+, 2% Er3+ (BYF) nanocrystals doped polymer waveguide. BYF

nanocrystals with an average size of ∼13 nm were synthesized by a high-boiling solvent process. Intense 1.53 𝜇m fluorescence was
obtained in the nanocrystals under excitation at 980 nm. An optical polymer waveguide was fabricated by using BYF nanocrystals
doped SU-8 polymer as the core material. A relative optical gain of ∼10.4 dB at 1525 nm was achieved in a 1.1 cm long waveguide for
an input signal power of ∼0.09mW and a pump power of ∼212mW.

1. Introduction

Erbium doped fiber amplifier (EDFA) is considered as the
most deployed fiber amplifier as its amplification window
coincides with low loss telecommunication windows at
1550 nm. However, EDFAs are incompatible with miniature
and integrated optical devices in access and home network
applications [1, 2]. Compared to EDFAs, erbium doped
waveguide amplifier (EDWA) provides a higher gain in a
much smaller size waveguide rather than several meters of
fiber and can be integrated with other photonic devices
potentially, such as switches, couplers, and splitters [3–8].
Usually, inorganic hostmaterials are used to fabricate EDWA.
However, the use of polymeric hosts in the fabrication of
EDWA gives many advantages, including low fabrication
costs, simplified processing steps, and compatibility with
processing techniques for patterning [8–12]. In particular,
Er3+-doped inorganic nanocrystals can be dispersed into
polymer matrices and used to construct polymer-based
EDWAs [8, 9, 13, 14]. However until recently there are only
a few reports on obtained optical gains based on inorganic
nanocrystals doped polymeric optical waveguide amplifiers.
Zhang et al. synthesized LaF

3
: Er3+, Yb3+ nanocrystals and

constructed a polymer-based EDWA with an optical gain of
∼5 dB [8]. Zhai et al. demonstrated a polymer-based EDWA
based on NaYF

4
: Er3+, Yb3+, and Ce3+ nanocrystals and its

maximum gain was about 4 dB [15]. Very recently, sub-10 nm
BaYF
5
: Yb3+, Er3+ nanocrystals were synthesized and used

to construct a polymer-based EDWA with an optical gain
of ∼6.3 dB [16]. The large gain in this device was attributed
to the good dispersibility in polymer matrices and highly
efficient 1.55 𝜇m emission of BaYF

5
: Yb3+, Er3+ nanocrystals.

Although smaller nanocrystals provide a good redispersibil-
ity, their luminescence quantum yield is generally low due to
nonradiative energy losses caused by the surface defects as
well as vibrational deactivation ascribed to solvent molecules
and ligands absorbed on the nanocrystals. Sowe consider that
there exists a trade-off between the luminescence quantum
yield and the dispersibility in polymer matrices, and the
gain performance of the polymer-based EDWA might be
improved by slightly increasing the size of BaYF

5
: Yb3+, Er3+

nanocrystals owing to the reduction of surface quenching
effects of the nanocrystals.

In this paper, BaYF
5
: Yb3+, Er3+ nanocrystals with an

average size of ∼13 nm were synthesized by a high-boiling
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Figure 1: XRD pattern of the as-synthesized BaYF
5
: Yb3+, Er3+ samples.

solvent process. The photoluminescence spectra were char-
acterized. An optical polymer waveguide was fabricated by
using BaYF

5
: Yb3+, Er3+ nanocrystals doped SU-8 polymer

as the core layer and PMMA as the coating layer. A relative
optical gain of ∼10.4 dB at 1525 nm was achieved in a 1.1 cm
long waveguide for an input signal power of ∼0.09mW and a
pump power of ∼212mW. To the best of our knowledge, such
an optical gain is the highest one in polymer-based EDWAs
with erbium doped inorganic nanocrystals ever reported.

2. Results and Discussion

BaYF
5
: Yb3+, Er3+ nanocrystals were synthesized by a high-

boiling solvent process. 0.5mmol preprepared rare-earth
stearate was added along with 0.5mmol barium stearate to
a 100mL three neck round-bottom flask containing 5mL 1-
octadecene and 15mL oleic acid. The solution was stirred
magnetically and heated slowly to 100∘C under vacuum for
30min to remove residual water or oxygen. After 30min, the
reaction was brought under argon atmosphere and cooled
to room temperature. A solution of NH

4
F (3mmol, 111mg)

in 10mL of methanol was added, and then the solution was
kept at 50∘C for 30min. After methanol was evaporated,
the reaction was then heated to 300∘C as soon as possible
under an argon atmosphere, kept for 1 h, and then cooled to
room temperature. The nanocrystals were precipitated with
ethanol, collected after centrifugation, and redispersed in
cyclohexane. The phase structure of the products was first
examined by X-ray diffraction (XRD) (Model Rigaku Ru-
200b), using a nickel-filtered Cu K𝛼 radiation (𝜆 = 1.5406 Å)
in the range of 10∘ ≤ 2𝜃 ≤ 70∘. Figure 1 shows the XRD
pattern of the as-synthesized BaYF

5
: Yb3+, Er3+ samples.

The diffraction peaks of the sample can be indexed as a
tetragonal-phase BaYF

5
; the locations and relative intensity of

the diffraction peaks coincide well with the literature values
(JCPDS number 46-0039, space group P-421m). The size
of the samples was further characterized by a JEM-2100F
electron microscope at 200 kV. Figures 2(a) and 2(b) show

the transmission electronmicroscope (TEM) image of the as-
synthesized samples and the corresponding histogram of size
distribution, respectively. The as-synthesized BaYF

5
: Yb3+,

Er3+ samples have an average size of ∼13 nm and a good
uniformity of size.

Figure 3 shows infrared emission spectrum of BaYF
5
:

Yb3+, Er3+ nanocrystals at room temperature under a 980 nm
laser excitation. The emission peaked at 1535 nm is assigned
to the 4I

13/2
→
4I
15/2

transition of Er3+.The full width at half
maximum of the emission is about 54 nm, which indicates a
relatively wide bandwidth of the gain spectrum.

The fabrication procedure of a polymer-based waveguide
is shown in Figure 4. SU-8 2005 polymer was used as the
polymeric host for the fabrication of the optical waveguide.
0.005 g BaYF

5
: Yb3+, Er3+ nanocrystals were dissolved into

1.8 g toluene; the solution was ultrasonically agitated for
3 h and then was mixed into SU-8 2005 polymer, and the
concentration of nanocrystals in SU-8 2005 polymer was
about 0.12 wt%. Waveguides of dimensions, 4 𝜇m height by
8 𝜇m width, were fabricated by standard photolithography
and wet etching technology of a thin silicon dioxide layer. A
5 𝜇m thick film of BYF nanocrystals doped SU-8 2005 was
spin-coated onto a 2 𝜇m thick silicon dioxide layer based
on silicon substrates and prebaked at 90∘C for 20min to
remove any traces of the solvent. The pattern exposure was
performed at a wavelength of 365 nm using the 350mWHg
lamppower through a contact chromiummask.The exposure
time was 180 s. After postbaking, the resist was developed
into propylene glycol-monomethyl ether-acetate (PGMEA)
for 40 s, rinsed in isopropyl alcohol and then deionized
water, and was subsequently blow-dried. A 5𝜇m thick
P(MMA-GMA) film is spin-coated as the upper cladding
layer. The refractive indices of the core and upper cladding
were measured using ellipsometry method (J. A. Woollam.,
Co. M2000) to be 1.578 and 1.495 at 1535 nm wavelength,
respectively. Figure 5 is a SEM image of the BaYF

5
: Yb3+,

Er3+ nanocrystals dispersed polymer rectangular waveguide
amplifier (without top cladding), indicating that the size
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Figure 2: (a) A TEM image of nanocrystals, the average crystals size is about 13 nm. (b) The corresponding histogram of size distribution.
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Figure 3: Room temperature fluorescence spectra of the nanocrys-
tals excited under 980 nm in 0.01M cyclohexane solutions.

of the waveguide amplifier is 8 𝜇m high and 4 𝜇m wide.
Figure 6 is the output near-field profile from a 16mm long
waveguide at 1535 nm wavelength measured by using an
infrared camera (Electrophysics model 7290A). The input
signal power is 0.2mW.Thebackground loss of thewaveguide
with nanocrystals was also measured by using a cutback
method and was about 3.1 dB/cm, which was higher than that
(∼1 dB/cm) of the waveguide without nanocrystals.

Then, we constructed a waveguide amplifier and mea-
sured their performances. Figure 7 shows the schematics of
the experimental setup for the optical gain measurement.
Relative gain of the waveguide amplifiers was carried out

by using a tunable laser with a working wavelength range
of 1510–1590 nm (Santec TSL-210) as the signal source and
a 976 nm continuous wave laser diode as the pump source.
Both the pump and signal sources were coupled to the
channel waveguides through a 980/1550 nm wavelength-
division multiplexing fiber coupler. Output light from the
device was collected and coupled to an optical spectrum
analyzer (OSA, Ando AQ-6315A). The relative gain was
calculated using the formula 10 log[(𝑃out − 𝑃ASE)/𝑃in] dB,
where 𝑃out was the output signal power amplified by the
waveguide, 𝑃ASE was the amplified spontaneous emission
power, and 𝑃in was the input signal power. Figure 8 shows
the measured gain as a function of pump power at 976 nm
in a 16mm long rectangular waveguide. The gain gradually
increases with the increment of pump power. A maximum
relative optical gain of ∼10.4 dB at 1525 nm was achieved
in a 1.1 cm long waveguide for an input signal power of ∼
0.09mW and a pump power of ∼212mW. Such an optical
gain is the highest one in polymer-based EDWAswith erbium
doped inorganic nanocrystals ever reported, to the best of
our knowledge. The gain coefficient of our device was also
calculated based on the above measured results and was
about 9.5 dB/cm [17]. Such a value is higher than that in
previous published results [8, 15, 16].We considered that such
an improvement compared to previous results was obtained
by investigating the trade-off between the luminescence
quantum yield and the dispersibility in polymer matrices for
the nanocrystals and further solving it with the optimized
nanocrystals.

In addition, we measured the long time stability of the
device performance under the irradiation of pump laser
and found that the gain value was almost kept stable and
unchanged for more than two hours. And also, we remea-
sured the performance of our device after two months since
the fabrication of the device. The measured results showed
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Figure 5: A SEMmicrograph of a waveguide amplifier cross section
without top cladding indicating that the size of the waveguide is
8 𝜇m wide and 4 𝜇m high.

that the optical gain was not changed compared to the
previous measured value.

3. Conclusions

In conclusion, we demonstrated a BaYF
5
: 20% Yb3+, 2%

Er3+ (BYF) nanocrystals doped polymerwaveguide amplifier.
BYF nanocrystals with an average size of ∼13 nm were

Figure 6: Output near-field profile from a 1.1 cm long waveguide at
1525 nm. The input signal power is 0.09mW.

synthesized by a high-boiling solvent process. An optical
polymer waveguide was fabricated by using BaYF

5
: Yb3+,

Er3+ nanocrystals doped SU-8 polymer as the core layer and
PMMAas the coating layer. A relative optical gain of∼10.4 dB
at 1525 nm was achieved in a 1.1 cm long waveguide for an
input signal power of ∼0.09mW and a pump power of ∼
212mW. Our results show that BaYF

5
: Yb3+, Er3+ nanocrys-

tals are promising candidates for building high gain polymer-
based EDWAs.
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Figure 7: The schematics of the experimental setup for the optical gain measurement.
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Silver nanowire has potential applications on transparent conducting film and electrode of electrochemical capacitor due to its
excellent conductivity. Transparent conducting film (G-film) was prepared by coating silver nanowires on glass substrate using
Meyer rod method, which exhibited better performance than carbon nanotube and graphene. The conductivity of G-film can
be improved by increasing sintering temperature. Electrode of electrochemical capacitor (I-film) was fabricated through the
same method with G-film on indium tin oxide (ITO). CV curves of I-film under different scanning rates had obvious redox
peaks, which indicated that I-film exhibited excellent electrochemical pseudocapacitance performance and good reversibility
during charge/discharge process. In addition, the specific capacitance of I-film was measured by galvanostatic charge/discharge
experiments, indicating that I-film exhibits high special capacitance and excellent electrochemical stability.

1. Introduction

In recent years, noble metal nanomaterials, especially silver
nanomaterial become the focus of research because of their
unique physical and chemical properties, which has been
widely used in catalysis [1], optical, electrical [2, 3], and
antibacterial [4] areas. Among these various silver nanostruc-
tures, nanowire has attracted intense forces due to its high
dc conductivity and optical transmittance. As optoelectronic
devices become smaller and lighter, there is an increasing
need for efficient transparent electrodes. The most common
material of transparent electrodes is indium tin oxide (ITO);
however, ITO cannot keep pace with the development of
optoelectronic devices because of its high cost, brittleness,
and critical preparation process. Although people have tried
to use other materials to fabricate transparent electrodes,
such as carbon nanotubes (CNTs) [5–8], graphene [9–11], and
conducting polymer [12–14], the problem that how to achieve
ratio of transmittance to sheet resistance (Rs) as high as ITO
still cannot be solved. Therefore, many groups put efforts
on metallic nanowires, particularly silver nanowires. Leem

et al. [15] have pioneered silver nanowires as the electrode
in solar cells, and the transmittance of it was 89.3% with low
Rs of 10Ω/sq. Since then, silver nanowire films have been
fabricated by rod-coating technique [16] and spay-coating
method [17]. Therefore, silver nanowire can be used as a
replacement of ITO in the future. In order to further decrease
the Rs of silver nanowire film, Bergin et al. [18] studied the
effects of the length and diameter of silver nanowires on their
properties. Longer nanowires can result in lower Rs due to
fewer connections between nanowires. Therefore, the prepa-
ration of ultralong nanowires is an urgent issue. Apart from
increasing the length of nanowire to improve its properties,
Hu et al. applied mechanical pressing method to reduce the
resistance of junctions, which can make connection of silver
nanowires closer leading to the increase of the conductivity
[19]. They also found that coating gold on the film is an
efficient way, which can make the surface of silver nanowire
smooth leading to the decrease of the junction resistance.
Zhu et al. [20] used plasma treatment to remove the polymer
coated on the surface of silver nanowire and welded the
junctions, improving the performance of silver nanowire
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film. However, the large contact resistance of internanowires
is still a limitation of the development of silver nanowire films
in optoelectronic and electronic devices.

In addition, silver nanowire can also be used as elec-
trodes of electrochemical capacitor. Transparent capacitors
have potential application on energy storage [21–23]. Sorel
et al. [24] prepared transparent capacitor by spray-coating
silver nanowires on polymer films, which exhibited capac-
itor properties with 1.1 uF/cm2. However, compared with
other electrodes of capacitor, the specific capacitance was
much lower. Pan et al. [25] found that nanostructured AgO
electrode showed excellent electrochemical properties, and
silver nanowires can be oxidized to Ag

2
O forming Ag/Ag

2
O

core-shell nanostructures during the electrochemical process
[26]; therefore, silver nanowire is a promising candidate of
electrochemical capacitor.

In this paper, we prepared long silver nanowires by a
simple method reported in our previous work. Based on
this, transparent conducting film (G-film) and electrode of
electrochemical capacitor (I-film) were fabricated by coating
silver nanowires on glass or ITO, respectively, and their char-
acteristics were investigated. The relationship between trans-
mittance and Rs of G-film was discussed. The conductivity
of G-film was improved by increasing sintering temperature.
By cyclic voltammetry and galvanostatic charge/discharge
experiments, the capacitor properties of I-film were studied,
indicating that silver nanowire has high and stable elec-
trochemical capacitance which can be used as material of
electrode of electrochemical pseudocapacitance.

2. Experimental

Silver nitrate (AgNO
3
99+%), sodium chloride (NaCl), ethy-

lene glycol (EG), concentrated sulfuric acid (H
2
SO
4
), and

hydrogen peroxide (H
2
O
2
) were all purchased from Nanjing

Chemical Reagent Co., Ltd. Polyvinyl pyrrolidone (PVP, K88)
was purchased from Aladdin. Indium tin oxide (ITO) was
purchased from Nanjing Chemical Reagent Co., Ltd.

The morphologies and Energy Dispersive Spectrometer
(EDS) of silver nanowires were measured by scanning elec-
tron microscope (SEM) (SIRION, USA). The Rs of silver
nanowire film was measured by four-probe technique with a
Keithley 2701 source meter. UV-vis spectra were recorded by
a fiber-optic spectrometer (PG2000, Ideaoptics Technology
Ltd., Shanghai, China). Electrochemical capacitance property
of silver nanowire electrode is investigated through cyclic
voltammetry (CV) and galvanostatic charge/discharge mea-
surements using an electrochemical workstation (CHI 760D,
CH Instruments Co., Ltd.).

2.1. Preparation of Silver Nanowires. Silver nanowire was
prepared by the method reported in our previous work
[27]. In each synthesis, l mL EG solution of AgNO

3
(0.9M)

and 0.6mL EG solution of NaCl (0.01M) were added into
18.4mL EG solution of PVP (0.286M).Then the mixture was
refluxed at 185∘C for 20min. After the above processes, the
excess PVP and EG were removed by adding deionized water
centrifuging at 14000 rpm for 10min, 3 times.

10𝜇m

Figure 1: The SEM image of silver nanowires: the inset is the corre-
sponding solution.

2.2. Procedure of Silver Films on Glass and ITO. The glass and
ITO substrates were treated by the mixture solution of con-
centrated sulfuric acid and hydrogen peroxide under ultra-
sonication for 30min, which can make them hydrophilic.
In this case, uniform film can be obtained. Silver nanowires
were coated on glass or ITO substrate with treatment, using
Meyer rod, and then heated in 150∘C for 20min. The film
obtained on glass substrate was named G-film. Samples 1 to
5 are G-films fabricated with 2mM, 1.75mM, 1.5mM, 1mM,
and 0.5mM silver nanowires solution, respectively. The film
obtained on the ITOwas named I-film.The two kinds of films
have different properties because of different substrates.

3. Results and Discussions

3.1. Morphology of Silver Nanowire Film. As shown in
Figure 1, uniform silver nanowire film was prepared using
Meyer rod.The length ofmost silver nanowire exceeds 5𝜇um,
which is long enough to be connected into a network. The
inset in Figure 1 is silver nanowire colloids. The color of
silver colloids is yellowishwhite, similar to the highly purified
silver nanowire colloids obtained after cross-flow filtration
[28]. Preparation of high yield and long silver nanowires
has been studied by many groups; however, these reaction
processes are usually complex or difficult to control [29, 30].
Without fine control of reactant concentrations and growth
process, the obtained silver nanowires are always in low
yield accompanied by large amounts of by-products such
as nanocubes or nanospheres growing from isotropic seeds,
which influences the properties of silver nanowire films.

3.2. Transparent Conducting Film. Optical transmittance
over a large wavelength range is an important property for
transparent and conductive film. Figure 2 exhibits the trans-
mittances of G-films with different thicknesses, which were
fabricated on glass substrates with different concentrations of
silver nanowires.The transmittance of sample 1 is 13%, which
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Figure 2:The transmittance and Rs of G-film fabricated with differ-
ent concentrations of silver nanowires. (1) 2mM/L; (2) 1.75mM/L;
(3) 1.5mM/L; (4) 1mM/L; (5) 0.5mM/L.

is very low.When the concentration decreased from 2mM to
0.5mM, the transmittance of samples showed an increasing
tendency reaching 31%, 58%, 62%, and 65%, respectively. In
addition, it can be seen in Figure 2 that the transmittances
of G-films keep stable in the near-infrared regions, which is
important for solar cells. However, the transmittance of ITO
decreased from 1100 nm described to its plasmon resonance
peak at 1300 nm [19]. The conductivity of G-films is also
affected by the thickness of film. As shown in Figure 2, with
the increase of thickness, the Rs of G-film drops.

As mentioned in the introduction, it is a big problem to
decrease the junction resistance of silver nanowire film. We
found that increasing the sintering temperature is a facile and
effective way to improve the conductivity of silver nanowire
film.As shown inTable 1, when the sintering temperaturewas
150∘C, the Rs of sample 4 was 80Ω/sq. Increasing sintering
temperature to 200∘C, the Rs dropped to 45Ω/sq. Because the
PVP coated on surface of silver nanowires was decomposed
partially at 200∘C, the surfaces of silver nanowires can con-
nect together leading to higher conductivity [31]. In addition,
at 200∘C some silver nanowires can be welded together.
When the sintering temperature was 250∘C, PVP was almost
removed and most of the junctions between silver nanowires
weremelted resulting in the lower Rs with 15Ω/sq, which can
be seen in Figure 3(a). When the sintering temperature was
300∘C, although some of silver nanowires were broken, the
film still was a conductive network with lower Rs (6Ω/sq)
shown in Figure 3(b). However, when thinner sample 5 was
sintered at 300∘C,many silver nanowires were broken leading
to nonconductive film which can be seen in Figure 3(d). At
400∘C, the silver nanowires of sample 4 were almost broken
(in Figure 3(c)). According to (1) [20], we can calculate
𝜎dc/𝜎op which can evaluate the performance of transparent
conducting film, the higher 𝜎dc/𝜎op means the higher ratio of
transmittance to Rs. The 𝜎dc/𝜎op of sample 4 after treated at

Table 1: Rs of samples 4 and 5 under different sintering tempera-
tures.

Sintering temperature/(∘C) 150 200 250 300 400
Rs of sample 4 (Ω/sq) 80 45 15 6 /

300∘Cwas 116.5 which is higher than that of carbon nanotube
[32, 33] and graphene [34]. Therefore, G-films have potential
application on optoelectronic devices:

𝑇 = (1 +
188.5

Rs
𝜎op

𝜎dc
)

−2

. (1)

3.3. Electrode of Electrochemical Capacitor. The cyclic vol-
tammetry is used to evaluate the electrochemical properties
of I-film. All these electrochemical measurements are con-
ducted in 1.0MKOHusing a three-electrode system. Figure 4
showed CV curves of I-film electrode at a scan rate from
10 to 100mV s−1. The CV curve of I-film exhibits definitely
different capacitance properties from electric double layer
capacitance which has rectangular CV curve. Distinct redox
peak can be seen from Figure 4 in the applied potential
from −0.5 to 0.5 V versus Hg/HgO resulting from the redox
reaction between Ag and Ag

2
O [35] described as (2). The

capacitance of I-film at different scan rates can be estimated
by the area of the closed circle. Changes in capacitance at
different scan rates result from that at low scan rates; the
diffusion of ions throughout the reaction system is unlimited
leading to full use of silver nanowire as electrode, while at
high scan rates, the capacitance performs double-layer or
non-Faradic behavior so that silver is not fully oxidized or
reduced resulting in the decrease of the capacitance [36].
Results indicate that I-film shows excellent electrochemical
pseudocapacitance performance and good reversibility dur-
ing charge/discharge process:

2Ag + 2OH− = Ag
2
O +H

2
O + 2e−. (2)

Usually, silver experiences a reversed redox in an alkaline
condition. In the first step, Ag is electrochemically oxidized to
Ag
2
ObyOH−, leaving a water molecule and two electrons. In

a converse direction, a water molecule was separated into H+
and OH−, so that Ag

2
O can be reduced to Ag by H+ leaving

OH−. As a result, silver nanowires were transformed into
Ag/Ag

2
Ocore-shell nanostructures as Figure 5(a) showed. To

detect the production of Ag
2
O during the process, the EDS

with a large spot size (approximately 5𝜇m) was performed.
In Figure 5(b), we can see the percentages of elements. EDS
spectrum exhibited that the atom ratio between Ag and O
is less than two. The reason is that sources of oxygen are
from Ag

2
O and PVP which is covered on the surface of silver

nanowires, and the core of silver nanowires is still Ag element.
Thus, the experiment result is consistent with theory and
demonstrates the form of Ag

2
O/Ag core-shell nanostructures

during the charge/discharge process.
There is a linear relationship between the scan rate and

the response current according to (3) [37], where 𝐼 is the
discharge current (mA); 𝐶 is the capacitance; 𝑑𝑉/𝑑𝑡 is the
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Figure 3: SEM images of G-film at different sintering temperature. (a) Sample 4 at 250∘C; (b) sample 4 at 300∘C; (c) sample 4 at 400∘C; (d)
sample 5 at 250∘C.
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Figure 4: CV curves of I-film under different scanning rates.

scan rate of the cyclic voltammetry. The enclosed area of
the cyclic voltammetry curve can be used to estimate the
electrochemical capacitance. The specific capacitance 𝐶

𝑠
is

calculated using (4), where 𝑠 is the area of active material
(cm2):

𝐼 = 𝐶 × (
𝑑𝑉

𝑑𝑡
) (3)

𝐶
𝑠
=
𝐶

𝑠
=

𝐼

[(𝑑𝑉/𝑑𝑡) × 𝑠]
. (4)

The galvanostatic charge/discharge experiments are con-
ducted at a potential window from −0.5 to 0.5 V to study the
specific capacitance of I-film. Figure 6 shows the galvanos-
tatic charge/discharge curves of I-film at a current density
from 0.5 to 6mA cm−2. As Table 2 showed, the specific
capacitance of I-film increased from 42.2 to 41.76mF/cm2
when the current density increased from 0.5 to 3.0mA/cm2,
which is only 1% decay. However, the specific capacitance of
I-film sharply declined to 27mF/cm2 under 6.0mA/cm2.The
reason is that larger current density results in shorter time of
redox between Ag/Ag

2
O, so that ions have not enough time

to diffuse from electrolyte and interphase [26]. In addition,
the surface of nanowires is covered by PVP, which also have
effect on the charge/discharge rate [38]. Figure 7 presented
that the capacitance retention of I-film at a current density of
6mA/cm2 can achieve 94.2% of initial value after 100 cycles.
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Figure 5: (a) SEM image for I-film; (b) EDS for I-film.

Table 2: Specific capacitances of I-film at different current densities.

Current density
(mA/cm2) 0.5 1.0 1.5 2.0 3.0 6.0

Specific capacitance
(mF/cm2) 42.2 42.29 42.24 42.08 41.76 27

As a result, the I-film electrode has a good stability during
continuous cycles.

4. Conclusions

G-film and I-film have been fabricated by coating silver
nanowires on glass and ITO, respectively. The transmit-
tance of G-film increased with the decrease of the thick-
ness of G-film, and the conductivity can be improved by
increasing sintering temperature attributed to the remove
of PVP and weld of junctions of silver nanowires. Results
showed that G-film had higher ratio of transmittance to
Rs than that of carbon nanotube and graphene, which is
a promising replacement of ITO applied in optoelectronic
areas. In addition, the CV curves of I-film under different
scanning rates had obvious redox peaks indicating its good
performance of electrochemical pseudocapacitance and good
reversibility during charge/discharge process. Through gal-
vanostatic charge/discharge experiments, it can be seen that
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Figure 6: Galvanostatic charge/discharge curves of I-film under
different current densities. (a) 0.5mA/cm2; (b) 1mA/cm2; (c)
1.5mA/cm2; (d) 2mA/cm2; (e) 3mA/cm2; (f) 6mA/cm2.
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Figure 7: Capacity retention of I-filmwith respect to cycle numbers
at a current density of 6mA/cm2.

the specific capacitance of I-film depends on the current
density, and I-film exhibits high electrochemical stability.
At low current density, the decay of specific capacitance
can be ignored while, at high current density, the specific
capacitance decayed dramatically because of short time for
the diffusion of ions. Therefore, silver nanowires have great
potential applications in optoelectronic devices.
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We describe the polarization features for plasmon fields generated by the interference between two elemental surface plasmon
modes, obtaining a set of Stokes parameters which allows establishing a parallelism with the traditional polarization model. With
the analysis presented, we find the corresponding coherence matrix for plasmon fields incorporating to the plasmon optics the
study of partial polarization effects.

1. Introduction

Elemental surface plasmonmodes (Sp) are nonhomogeneous
vector waves generated by the coherent oscillations of the
plasma electrons [1, 2]. A generic feature that presents vector
waves is the polarization which can be understood as the
study of the trajectory that describes the electric field as
a function of the amplitude and relative phases [3]. As a
consequence of the vector structure of the Sp, polarization
features can be introduced in a similar way to homogeneous
waves propagating in free space. However, deep physical
differences must be remarked. One of them is that the path
to the electric field shares the same plane with the Poynting
vector. In fact, each component of the electric field for the Sp
is related with each other, according to Maxwell equations;
this means that no term can be individually manipulated
without modifying the other components. As a consequence,
the polarization state for Sp is fixed and the polarization path
cannot be modified without changing the structure of the Sp.
Previous statements are contained in the expression for the
electric field of a Sp, given by

⃗𝐸
1
= 𝑎(�̂� +

𝛼
1

𝑖𝛽
�̂�) 𝑒
𝑖(𝛽𝑧−𝑤𝑡)

𝑒
−𝛼
1
𝑥
, 𝑥 ≥ 0;

⃗𝐸
2
= 𝑎(

𝜀
1

𝜀
2

�̂� −
𝜀
1
𝛼
2

𝜀
2
𝑖𝛽

�̂�) 𝑒
𝑖(𝛽𝑧−𝑤𝑡)

𝑒
𝛼
2
𝑥
, 𝑥 < 0,

(1)

where the subindex refers to the parameters of the electric
field in each media. In this representation, 𝜀

1,2
are the

dielectric constant on each media, 𝑎 is a parameter that
describes the amplitude of the Sp,𝛼

1,2
are the decaying factor,

and 𝛽 is the dispersion relation function.
In the present work, we develop the study of plasmon

fields, whose structure can be tunable, allowing incorporating
the traditional model of polarization. We propose to use
a superposition of surface plasmon cosine modes (Spc)
generated by the interference between two Sp, where the
interference parameters can be controlled [4], incorporating
in this way, the polarization features desired.The convergence
of the set of Spc generates plasmon fields with partial
coherence and consequently with partial polarized features.
From this propose the Stokes parameters and consequently
the coherence matrix for plasmon fields can be obtained
by letting the interference parameters have the behavior of
a random variable, where the probability density function
allows the calculus of the mean values.
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The study presented represents a step forward in the
study of the physics of the plasmon fields offering a great
variety of contemporary applications in topics such as tunable
spectroscopy, the development of plasmon tweezers, and
synthesis of metamaterials.

2. Theory

The general structure of a Sp, propagating on the plane 𝑦-𝑧,
can be obtained from (1), applying a rotation along 𝑥-axis,
using the expression for the electric field in medium 1, it
acquires the form:

⃗𝐸 = 𝑎(�̂� + 𝑗
𝑖𝛼

𝛽
sin 𝜃 + �̂�

𝑖𝛼

𝛽
cos 𝜃) 𝑒

−𝛼𝑥
𝑒
𝑖𝛽(𝑧 cos 𝜃+𝑦 sin 𝜃)

, (2)

where we have avoided the subindex to simplify the notation.
With the purpose to identify the interference parameters,

which allows to control the polarization features, we describe
the sum between two Sp whose expression is given by
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(3)

Rewriting the resulting vector as a column vector, we
obtain

⃗𝐸 = 2𝑎𝑒
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(4)

whose structure corresponds to a plasmon beam cosine kind
(Spc); here we have the parameters
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(5)

To describe the polarization effects, from (4), we define
the Jones plasmon vector as

⃗𝐽 = (

𝐽
𝑥

𝐽
𝑦

𝐽
𝑧

) = (

cosΩ
𝑊 sinΩ sin 𝜃𝑒

𝑖𝛿
𝑦

𝑊 cosΩ cos 𝜃𝑒𝑖𝛿𝑧
) , (6)

whereΩ = Re𝛽𝑦 sin 𝜃. Analyzing the projection of the Jones
plasmon vector on each plane and following the classical
treatment of polarization [3], we identify three paths to the
electric field on (𝑥-𝑦), (𝑥-𝑧), and (𝑦-𝑧) planes as follows.

(1) On the (𝑥-𝑦) plane, the trajectory for the electric field
is
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(7)

and the corresponding Stokes parameters are
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Here we must note that Stokes parameters are dependent
on the 𝑦 coordinate. The simplest case corresponding to the
zero order interference fringes is obtained when 𝑦 = 0; the
values for the Stokes parameters are

(𝑆
0𝑥𝑦
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, 𝑆
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𝑦=0

= (1, 1, 0, 0) . (9)

This means that the zero order interference fringe has
linear polarization, being the electric field perpendicular to
the 𝑦-𝑧 plane.

(2) On the (𝑥-𝑧) plane, the trajectory is
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The Stokes parameters are given by
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When 𝑦 = 0, the Stokes parameters take the form
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(12)

which means that the zero order interference fringe on (𝑥-𝑧)
plane has elliptical polarization.

(3) On the (𝑦-𝑧) plane, the trajectory is
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The Stokes parameters are given by
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On 𝑦 = 0, the values for the Stokes parameters are
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which means that the electric field has linear polarization
along 𝑧-coordinate.

It is easy to show that the Stokes parameters on each plane
satisfy

𝑆
2

0
= 𝑆
2

1
+ 𝑆
2

2
+ 𝑆
2

3
, (16)

which is satisfied for completely coherent and polarized
plasmon fields. Finally we remark that each set of Stokes
parameter depends on (𝑦, 𝜃) parameters. The parameter 𝜃

will be used in the following section to generate a set of
Spcmodesmutually incoherentwhose convergence generates
partially polarized plasmon fields [4].

As a partial conclusion, we get that the elemental surface
plasmon has a fixed polarization state; however, the inter-
ference between two of them presents similar features to
classical optical polarizable fields. The polarization state is
described by projecting the electric field on three mutually
perpendicular planes.

3. Partially Polarized Surface Plasmon Modes

The set of Stokes parameters for interfered beams are depen-
dent on the (𝑦, 𝜃) parameters; consequently, each interfer-
ence fringe has different polarization states and they have
associated three Poincare’s spheres corresponding to the
projected plasmon electric field over each plane. From this
representation it is possible to incorporate partially polarized
effects implicit in the coherence matrix associated to each
plane. The structure of the coherence matrix in terms of the
Stokes parameters is [5]
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]
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and the angle brackets represent themean value; it is obtained
using the relation

⟨𝑆
𝑖
⟩ = ∫ 𝑆

𝑖
(𝑦, 𝜃) 𝜌 (𝜃) 𝑑𝜃 = 𝑀

𝑖
(𝑦) ; 𝑖 = 0, 1, 2, 3, (18)

where 𝜌(𝜃) is the probability density function. For the
experimental implementation, we propose to use a gold thin

Interference
fringes

Oil drop

Gold thin film

Elastic material

Subwavelength
holes

Figure 1: Experimental setup to generate the incoherent conver-
gence of Spc. The width of the gold thin film is 40 nm placed on an
elastic material.The relative position between holes is in the interval
5–15 nm and it is controlled applying a random force. The refractive
index for the oil drop is 𝑛 = 2.1.

film containing two subwavelength holes [6, 7] deposited on
an elastic material, applying a random force parallel to the
𝑦-axis that connects the holes, we can control the relative
separation between them to generate an ensemble of Spc.
The setup to generate the interference is sketched in Figure 1,
where the oil drop acts as a lens, generating the sum between
two Sp. More details can be founded in [8].

As an example we consider the case when the probability
density function 𝜌(𝜃) is uniform in the interval −𝜃

0
≤ 𝜃 ≤ 𝜃

0
.

Expanding the Stokes parameters given by (8)–(14) in terms
of Bessel function [9], the mean values acquire the following
forms.

On the (𝑥-𝑦) plane the Stokes parameters are

⟨𝑆
0𝑥𝑦

⟩ =
1

2
+ (

1

2
−

𝑊
2

4
) 𝐽
0
(2Re𝛽𝑦)

+
𝑊
2

4
𝐽
2
(2Re𝛽𝑦) ,

⟨𝑆
1𝑥𝑦

⟩ =
1

2
+ (

1

2
+

𝑊
2

4
) 𝐽
0
(2Re𝛽𝑦)

−
𝑊
2

4
𝐽
2
(2Re𝛽𝑦) ,

⟨𝑆
2𝑥𝑦

⟩ = 2𝑊 cos 𝛿
𝑦
𝐽
1
(2Re𝛽𝑦) ,

⟨𝑆
3𝑥𝑦

⟩ = 2𝑊 sin 𝛿
𝑦
𝐽
1
(2Re𝛽𝑦) .

(19)

In general, the mean polarization on (𝑥-𝑦) plane corre-
sponds to elliptical polarization, containing the case of linear
polarization which occurs when 𝑦 = 0.

On the (𝑥-𝑧) plane the Stokes parameters are

⟨𝑆
0𝑥𝑧

⟩ = (
1

2
+

𝑊
2

4
) 𝐽
0
(2Re𝛽𝑦)

+
𝑊
2

4
𝐽
2
(2Re𝛽𝑦) + 1

2
+

𝑊
2

4
,
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Figure 2: (a) Irradiance distribution for the cosinemode completely coherent. (b) Partially polarized plasmonmodewith uniform probability
density function.
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In general, the mean polarization on (𝑥-𝑧) plane corre-
sponds to elliptical polarization.

On the (𝑦-𝑧) plane the Stokes parameters are

⟨𝑆
0𝑦𝑧

⟩ = 𝑊
2
(1 + 𝐽

0
(2Re𝛽𝑦)) + 𝐽

2
(2Re𝛽𝑦) ,

⟨𝑆
1𝑦𝑧

⟩ = 0,

⟨𝑆
2𝑦𝑧

⟩ = 0,

⟨𝑆
3𝑦𝑧

⟩ = 0.

(21)

On (𝑦-𝑧) plane the plasmon field is completely nonpolar-
ized.

In Figure 2(a) we show the computer simulation for
the irradiance distribution on (𝑦-𝑧) plane associated to the
surface plasmon cosinemode completely coherent associated
with (4). In Figure 2(b), we show the computer simulation
when the relative separation between apertures, sketched
in Figure 1, follows a uniform probability density function,
where the modulation curve is easily identified. The calculus
was obtained by taking the square modulus of (4) and then
obtaining themean value.We select the (𝑦-𝑧) plane because it
is matched with themetal surface which allows us to establish
the reference system.

4. Final Remarks and Conclusions

The elemental surface plasmon mode has a polarization
state which cannot be modified; for this reason, in the
present study, we use plasmon interfered modes, where the
parameters responsible of the interference allow introducing
partial polarization effects. In addition, with this kind of
plasmon fields, it is possible to induce arrays of particles
whose distributions depend on the interference fringes and
the plasmon polarization effects are capable of inducing the
particles tunable dipole moments. We remark that the dipole
moments of the particle depend on the interference fringe,
generating variations in the refractive index depending on
position, which offers applications to the synthesis of tunable
materials, in particular, the generation of metamaterials;
another application is the generation of plasmon percolation
effects by propagating the dipolar wave trough the particles
arrays. In other context, the partial polarized features can be
implemented for particle trapping [10], also as the generation
of plasmon tweezers and tunable spectroscopy features.

The study presented can be extended in a general way by
implementing different probability density functions, and the
integral for the calculus of the mean values given by (18) can
be reinterpreted as a first kind Fredholm integral equation
[11], whose kernel is the Stokes parameters. This can be done
by proposing a specific function for 𝑀

𝑖
(𝑦), where now the

unknown function is the probability density function 𝜌(𝜃).
As conclusions, we performed the study of the plasmon

electric field establishing an analogy with the traditional
model of polarization. The study was implemented by
means of the interference between elemental surface plasmon
modes, whose parameters are tunable allowing us to induce
partially polarized features. The electric field was projected
on three mutual perpendicular planes and paves the way
to get a deep understanding about the conditions under in
which radiative process in plasmon fields may occur also as
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the generation of plasmon polarization singularities [12],
which must occur in the plasmon focusing regions [13].
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Silver nanoparticles with average diameter of 22.4 nm were prepared by aqueous reduction method for low-temperature
sintering bonding application. The reaction temperature and PVP concentration, which are the influential factors of nanoparticle
characteristics, were investigated during reduction process. In our research, monodispersity of nanoparticles was remarkably
improved while unfavorable agglomeration was avoided with the AgNO

3
/PVP mass ratio of 1 : 4 at the reaction temperature 30∘C.

Besides, copper padswere successfully bondedusing sintering paste employing fresh silver nanoparticleswith diameter of 20∼35 nm
at 200∘C. In addition, after morphology of the bonding joint was analysed by scanning electron microscope (SEM), the porous
sintering characteristics were confirmed.

1. Introduction

With the increasing awareness to the environmental protec-
tion, lead containingmaterials which are quite widely applied
as bonding material in electronic packaging technologies
but are harmful to the environment and human body have
been prohibited by many countries [1, 2]. Accordingly, lead-
free solder systems such as Sn-Cu, Sn-Ag-Cu, and Sn-Bi
have been well studied in recent twenty years, but there are
still some inevitable drawbacks which hinder the large-scale
replacement of tin-lead solder in all areas. For instance, (i)
the wettability of Sn-Cu solder is poor, and it does not have
an excellent matching soldering flux; (ii) Sn-Ag-Cu solder
has a high soldering temperature; it is also easy to have
the tin whisker and metal compounds coarsening problem;
(iii) Sn-Bi solder has the disadvantages such as brittleness,
poor processing property, and bad electrical or thermal
conductivity [3]. Therefore, other new lead-free bonding
materials, which promise almost the same packaging tem-
perature as tin-based solders without these disadvantages, are
needed urgently. Meanwhile, in order to satisfy the electronic
components’ requirements for high-performance and high-
reliability because of the harsh operational environment [4],

themechanical and electrical performance of the joint should
be good.

Silver nanoparticles, which are easily sintered together
at low temperature, could be applied as an ideal lead-free
alternative. The high surface energy reduces the connec-
tion temperature to 200∼300∘C and the high melting point
(960∘C) of silver makes it possible for high-temperature
packaging applications. Furthermore, the voids in the con-
nectional silver layer throughout the joint decrease the elastic
modulus, which enhance the reliability [5]. Currently, some
researchers have already used silver nanoparticle sintering
paste to connect Cu substrate coated Ag/Ni, Ag, Cu, or Au/Ni
with shear strength of 17∼40MPa [6–8].

Although there are a few reported researches about silver
nanoparticles sintering paste, it still needs to bewell improved
for outstanding performance. The characteristics of silver
nanoparticles such as morphology, dispersion, and diameter
distribution significantly influence sintering process. There-
fore, the preparation of silver nanoparticles with good dis-
persibility, uniform particle size, and without agglomeration
is prerequisite for lead-free packaging applications.

In this paper, silver nanoparticles were prepared by
aqueous reduction method, using AgNO

3
, NaBH

4
, and
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(a) (b)

(c) (d)

Figure 1: The SEM images of silver nanoparticles with different concentration of PVP: (a) 1 : 0; (b) 1 : 2; (c) 1 : 4; (d) 1 : 6.

polyvinylpyrrolidone (PVP) as raw materials. After prepa-
ration, we explored the influence of PVP concentration
and reaction temperature on particle size, morphology, and
polymerization degree of the nanosilver.

2. Experimental

We used the nanosilver sintering paste which was prepared
by nanoparticles to connect oxygen-free copper pad; then we
observed and analyzed the microstructure and morphology
of the sintering interface. Detailed steps are as follows.
Firstly, AgNO

3
was dissolved in deionizedwaterwith stirring.

Secondly, PVP of different quality was, respectively, added
intoAgNO

3
solution at room temperature to obtain oxidation

liquid. At the same time, we put NaBH
4
powder into NaOH

solution in low concentration and stirred slowly to get color-
less reducing solution.Thirdly, we mixed the oxidation liquid
and reducing solution on the electric magnetic agitation
apparatus with the instillment method at uniform speed of
30 drops per minute and at the constant temperature which
was set beforehand.The stirring time was 30minutes. Finally,
we washed the silver nanoparticles colloid using centrifuge
machine after aging tomake it isolated and reduce the content
of PVP.The concentration of rawmaterial is shown in Table 1.

Table 1: The concentration of raw material.

Raw material AgNO3 NaBH4 NaOH
Concentration
mol/L ×mL 1 × 10

−2
× 25 1 × 10

−2
× 75 0.0125 × 100

After preparation, the morphology of silver particles and
statistics of the particle size were acquired by the use of
scanning electron microscope (SEM) and software named
Nano Measurer 1.2.

The copper substrate was cut into 6 × 6mm or 12 ×
12mm squares, and the surface was pretreated. Firstly, we
immersed it in 98% ethanol for ultrasonic for 10min, and
after drying we soaked it in 5% dilute hydrochloric acid for
5min to remove surface oxide. Finally, we washed the sample
with distilled water and made it dry. When we prepared
the water-based sintering paste, sintering particles must be
dispersed uniformly in aqueous solution containing PVP
using ultrasonic device, and then polyethylene glycol was
added gradually to increase system viscosity. The sintering
paste composition is shown in Table 2. Besides, the sinter
condition is 10MPa, 200∘C, and 30min.
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Figure 2: The particle diameter distribution range of silver nanoparticles with different concentrations of PVP: (a) 1 : 0; (b) 1 : 2; (c) 1 : 4; (d)
1 : 6.
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diameter with the concentration of PVP.

Table 2: The component of soldering paste.

Silver nanoparticles Water PVP Polyethylene glycol
85.0% 3.0% 0.001% 12.0%

3. Results and Discussion

3.1. The Influence of PVP Concentration on Silver Nanoparti-
cles. Silver nanoparticles were synthesized by aqueous reduc-
tion.Their scanning electron microscopy (SEM) images with
the increasing concentration of PVP are shown in Figure 1
and the statistics of particle size are shown in Figure 2;
besides, the curves of average silver nanoparticles size are
shown in Figure 3. From Figure 1(a) and Figure 2(a), we
observed the silver nanoparticles in various shapes and
serious agglomeration phenomenon when the mass ratio of
AgNO

3
to PVP was 1 : 0, and the average particle size was
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(e) (f)

Figure 4: The SEM images of silver nanoparticles with different temperatures: (a) 5∘C; (b) 20∘C; (c) 30∘C; (d) 40∘C; (e) 55∘C; (f) 70∘C.

70.1 nm; when the mass ratio of AgNO
3
to PVP comes to

1 : 2, the shape and agglomeration of the particles were signif-
icantly improved, and the average particle size was 44.7 nm.
When the mass ratio of AgNO

3
to PVP was 1 : 4, most of

nanoparticles were spherical ones with average diameter of
30.3 nm, which dispersed well in the solution. When the
mass ratio of AgNO

3
to PVP is 1 : 6, the morphological

regularity, dispersion, and agglomeration of the particleswere
deteriorated, and the average particle size was 35.7 nm. As

shown in Figure 3, particle size decreased at first and then
increased accompanied with PVP concentration; meanwhile,
the average particle size (30.3 nm) was the smallest when the
mass ratio of AgNO

3
to PVP was 1 : 4. PVP is applied as

dispersant and adsorbed on the surface of silver nanoparticles
formerly on the coordinate bond. This effect provides the
space steric hindrance and stabilizes the colloid system [9,
10]. Therefore appropriate concentration of PVP can prevent
the silver nanoparticles particles agglomeration, but if the
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Figure 5: The particle diameter distribution range of silver nanoparticles with different temperatures: (a) 5∘C; (b) 20∘C; (c) 30∘C; (d) 40∘C;
(e) 55∘C; (f) 70∘C.
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concentration of PVP is too high, the thick polymer layers
on particles contact mutually producing connection and
exacerbating the agglomeration of silver nanoparticles.

3.2. The Influence of Temperature on Silver Nanoparticles.
Silver nanoparticles were synthesized at different temper-
atures, with the uniform mass ratio of AgNO

3
to PVP

(1 : 4). Scanning electron microscopy images are shown in
Figure 4, and statistics of silver nanoparticle size are shown
in Figure 5. Figure 6 displays the average size of particle
synthesized at different temperatures. At 5∘C, nanoparticle
agglomeration was remarkable, while the structural reg-
ularity and the dispersion of particles were at moderate
level, and the average particle size was 38.1 nm. At 20∘C,
agglomeration trend of silver nanoparticles weakened;mean-
while the structural regularity degree and the dispersion of
particles improved, and the average particle size was 30.3 nm.
Few of the AgNPs prepared at 30∘C agglomerated with
each other and the particle size also demonstrated excellent
monodispersity. Especially particles within the scope of the
average particle size were concentrated, and the average
particle size was 22.4 nm. If the reaction temperature rose
to 40∘C, agglomeration phenomenon of silver nanoparticles
was ordinary; however the structural regularity degree and
the dispersion of particles were preferable, and the average
particle size was 23.3 nm. When the temperature increased
to 55∘C, agglomeration phenomenon of silver nanoparticles
was relatively serious, and the structural regularity degree and
the dispersion of particles were poor, and the average particle
size was 25.4 nm. Finally, when the temperature was 70∘C,
agglomeration phenomenon of silver nanoparticles was the
worst, and obviously the structural regularity degree and the
dispersion of particles were much worse, and average particle
size was 28.5 nm.

As the temperature increased, the average particle size
of silver nanoparticles also had the tendency of increasing
at first and then decreasing, and the increase in amplitude
was smaller at high temperature period as we can see in
curves of each group’s average particle size in Figure 6.
Moreover, when the reaction temperature was 30∘C, the
particle size demonstrated excellent monodispersity. Besides,
the reaction rate was also confirmed to be influenced by
the reaction temperature. If the temperature was lower than
the critical reaction temperature, it would not react as fully
as the reaction at higher temperature. When the tempera-
ture increased but is still in the range of low temperature,
the surface diffusion made neck formed between particles,
leading to the nondensification structure. However if the
reaction temperature was exorbitant, nucleation velocity of
silver nanoparticles was inferior to the speed of growing up
leading to the increase of silver size.

3.3. Tissue Morphology Analysis of Silver Nanoparticles Sin-
tering Paste Sintering to Connect Copper. Silver nanoparticles
prepared at 20∘C with the condition that AgNO

3
/PVP mass

ratio was 1 : 4 were used to sinter, and the morphology
of joint is shown in Figure 7. The base metal was tightly
bonded together with sinteredAgNPs.Moreover, through the
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diameter with the temperature.

lining scanning analysis shown in Figure 7(c), the transition
gradient of silver and copper content indicated the mutual
diffusion, which formed a thin layer of solid solution on the
interfaces.

The joint featured porosity characteristics were shown
in Figure 7(b). By analysis, we indicated that the emergence
of void owed to the silver nondensification diffusion of
nanoparticles at low temperature [11]. Densification behavior
depends on the sintering temperature. At high temperature,
grain boundary and crystal lattice diffusion lead to the
formation of densification structure. As temperature rose,
surface diffusion consumed a part of energy surrounding the
low-temperature zone; as a consequence, the energy was not
high enough to drive subsequent densification diffusion at
high temperature. In other words, surface diffusion occurs at
low temperature and acts the nondensification behavior.

4. Conclusion

(1) Large-scale silver nanoparticles with average diame-
ter of 22.4 nm were successfully prepared by aqueous
reduction method. It is indicated that the average
diameter of nanoparticles firstly decreased and then
increased as the PVP/AgNO

3
mass ratio or reaction

temperature was raised. Nanoparticle size could be
well controlled by adjusting both PVP concentration
and reaction temperature. It is investigated that opti-
mal AgNO

3
/PVP mass ratio was 1 : 4 and reaction

temperature was 30∘C to minimize the average diam-
eter of nanoparticles with favorable monodispersity,
while the agglomeration was remarkably avoided.

(2) Sound low-temperature sintering bonding joints were
achieved using the silver nanoparticle paste under the
pressure of 10MPa at 200∘C for 30min. Porous sin-
tering morphology as well as limited diffusion at the
interface between silver and copper was confirmed.
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Figure 7:The low-temperature sintering bonding using silver nanoparticle paste: (a) the interface of welding joint; (b) the microstructure of
joint; (c) the sintered microstructure of silver nanoparticles; (d) the energy spectrogram across the joint.
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The fabrication and characterization of a thermal variable optical attenuator based on long-range surface plasmon polariton
(LRSPP) waveguide with multimode interference architecture were investigated. The surface morphology and waveguide
configuration of Au stripe were studied by atomic force microscopy. The fluctuation of refractive index of poly(methyl-
methacrylate-glycidyl-methacrylate) polymer cladding was confirmed to be less than 3 × 10−4 within 8 h curing at 120∘C. The
end-fire excitation of LRSPP mode guiding at 1550 nm along Au stripe indicated that the extinction ratio of attenuator was about
12 dB at a driving power of 69 mW.The measured optical rise time and fall time are 0.57 and 0.87ms, respectively. These favorable
properties promise potentials of this plasmonic device in the application of optical interconnection.

1. Introduction

Surface plasmon polariton (SPP) is a wave of longitudinal
charge oscillations of the conduction electrons at the metal
surface. It leads to a transverse magnetic (TM) polarized
optical surface waves that propagate along the interface
between a metal and a dielectric. SPP has high confinement
and sensitivity; however, it decays exponentially into both
media with a small penetration depth due to the internal
damping in metal, which limits the propagation distance [1–
3]. The attenuation can be significantly reduced by chang-
ing a metal-dielectric interface to a symmetrical structure
and constructing metal waveguides with finite width and
thickness. This will result in the propagation of a low-
loss fundamental symmetric mode and an increase in the
propagation length, known as the long-range SPP (LRSPP)
[4]. The field distribution over the LRSPP waveguide cross-
section can extend several micrometers into the cladding,
which is close to that of a single mode fiber and facilitates
the optical excitation. Research works about the LRSPP
waveguide applications for integrated optical components,
such as S-bends, Y-junctions, multimode interference (MMI)
couplers, and Mach-Zehnder interferometers (MZIs), have
been reported [5–10].

Owing to the symmetry request, the exciting of LRSPP is
highly sensitive to interface condition, especially the consis-
tence of refractive index between materials on both sides of
the metal stripe. Since the optical property of dielectric such
as refractive index will change when it is heated due to the
thermooptic (TO) effect, the light propagating along LRSPP
waveguide will show mode-extinction due to the generated
radiation loss. TO modulators, switches, and variable optical
attenuators (VOAs) operating in thismode have been realized
[10–13]. In these works, the metal stripe both routes the
optical signal and acts as the heating element by applying
a current through it to affect the effective refractive index
of the LRSPP mode via TO effect, which may increase the
insertion loss [14, 15]. This effective modulating of core
layer is undoubtedly an advantage of plasmonic devices
and favorable for attenuation applications. However, if the
thin metal waveguide is used as a heater simultaneously,
when the electrical power was applied on the metal stripe,
the induced temperature close to 100∘C may lead to metal
stripe deformation that results from the thermal expansion
difference between themetal and polymer cladding andwors-
ens when the temperature increases beyond glass transition
temperature of polymer [10, 15, 16]. Except for the refractive
index variation of the claddings surrounding the metal layer,
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Figure 1: Schematic diagram of (a) cross-sectional view and (b) top view of VOA based on LRSPP waveguide.

the temperature dependent dielectric coefficient of metal
may influence the mode characteristics, too [17]. Besides,
a visible melting of thin metal films at the electrode may
happen due to the mass flow caused by the applied direct
current of high densities (>108 A/m2) [18]. And optically
noninvasive electrical contacts make the fabrication process
more complex.Thus, in the above configurations, the limited
physical lifetime of the thin metal waveguide as a heater
is inadequate for commercial applications due to its low
thickness of less than 30 nm.

In recent years, various attenuators based on different
materials have been investigated. A plasmonic waveguide
VOA with a cross-section of 190 nm × 190 nm shows a low
polarization dependent loss of 2.5 dB [19]. However, due
to the direct current applying on metal stripe, its working
reliability faces the same problems mentioned above. A
compact VOA based on the cutoff effect of photonic crystal
waveguide exhibits a variable attenuation range of 29 dB with
a device length of only 16.8 𝜇m [20], an electrooptic VOA in
silicon-on-insulator achieves a response frequency of about
2MHz [21], and the monolithic integration of germanium p-
i-n photodetector with silicon VOA based on submicrometer
Si rib waveguide is demonstrated, too [22]. These works
present excellent performance in different aspects. However,
techniques of high precise photolithography and etching
make the fabrication become very challenging.

Here, we propose a simple VOA structure consisting of a
MMI coupler in the formof LRSPP at awavelength of 1.55𝜇m.
The index of polymer cladding decreases with its temperature
increasing as the upper electrode is heating, so that the effec-
tive index of higher-order modes in the waveguide decreases,
eventually getting cutoff. The output optical power is then
controlled by the generated radiation and mode mismatch
to the unheated segments. In this design, the interferential
characteristic of MMI waveguide allows a good fabrication
tolerance, and the polymer cladding can provide refractive
index compatibility with optical fibers, which facilitates
optical coupling. Traditional UV photolithography and wet
chemical etching techniques imply a low cost fabrication.
This proposed that LRSPP based thermal tunable device can
be applied in photonic integrated circuit for channel power
equalizing in wavelength division multiplex technology [23–
25].

2. Thermally Activated LRSPP Attenuator
2.1. Device Architecture. The proposed LRSPP attenuator
architecture supported by a silicon wafer consists of a MMI

golden stripe symmetrically sandwiched between polymer
claddings. To decrease optical reflection and improve pre-
cision, a hyperbolic tapered waveguide with a length of
2050𝜇m is used to connect single mode input/output ports
to the MMI section. The coupler is excited with a single Au
stripe from the input side. An aluminum heater is aligned
above the metal stripe, as shown in Figure 1. The 30 𝜇m thick
poly(methyl-methacrylate-glycidyl-methacrylate) (P(MMA-
GMA)) cladding is on silicon substrate. P(MMA-GMA)
material synthesized by ourselves is used in this study due
to its stable chemistry properties and relatively low refractive
index of about 1.48 at wavelength 1550 nm. The thickness of
the Au metal stripe is about 20 nm, which is the compromise
of mode confinement and optical propagation loss.The input
and output single mode waveguide is designed to have a
width of 5 𝜇m and a length of 5mm. The width of MMI
waveguide section with centered excitation is 24𝜇m. Con-
sidering the thermal field distribution across the waveguide
and its modulating efficiency, an 8𝜇m wide heater is placed
with an optimized angle of 𝛼 = 1.5∘ on top cladding,
which is a compromise between the power consumption
and attenuation range. When the electrical power is applied
to the heater, the generated vertical temperature grades in
P(MMA-GMA) will introduce index change between the
upper and lower claddings by TO effect, and then the light
under the heater will be reflected at an angle of 2𝛼 with
respect to the horizontal axis. Supposing that the angle is
larger than the fundamental mode of the MMI coupler, the
reflected light will be coupled back into higher-order modes
that can be filtered out ultimately by the output tapered region
and the single mode waveguide. More light will be reflected
with the driving power increasing, which results in a larger
attenuation [26].

2.2. Multimode Interference Coupler. MMI couplers com-
monly include a region of multimode waveguide that couples
the optical power from the input ports to output ports.
The working principle of MMI couplers depends on self-
imaging effect that an interference pattern consisting of a
single or multifold reproductions of the input field appears
periodically when sufficient modes are excited along the
MMI region [27, 28].The propagation of higher-order modes
besides the fundamental mode can couple the input power
to the output ports with low insertion losses [29]. Few works
based on the self-imaging have been reported in plasmonic
devices, though MMI patterns have already been observed
with LRSPP waveguides [2].
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According to the principle of self-imaging effect, the beat
length between two lowest-order modes of LRSPP wave can
be described as
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obtained from the calculation
of effective index method are effective indices of the zero-
and first-order mode, respectively. Due to the symmetry of
the input field at coupler entrance, only even eigenmodes
can be generated when a single-mode input waveguide is
centrally positioned to the MMI section. Optical reflection at
the junction between the access waveguides andMMI section
is ignored in the calculation.

In this paper, the permittivity of the gold stripe used is
𝜀 = 131.95 + 12.65𝑖 at a wavelength of 1.55𝜇m. At room tem-
perature, refractive indices of Au and silicon wafer are 𝑛Au =
0.55 + 11.5 and 𝑛Si = 3.5, respectively [8]. P(MMA-GMA)
with a refractive index of 1.4801 and a thickness of 30 𝜇m is
used here to accommodate LRSPP modes. Considering the
attenuation induced by the resistance ofmetal stripe, single or
multifold images of the input electromagnetic field appeared
as the periodic maxima will occur periodically in accordance
with the property self-imaging effect, and the length of MMI
coupler is chosen to be 3000 𝜇m.

2.3. Thermal Effect. It is well known that the refractive index
of a material commonly is a function of its temperature
and depends on thermal expansion coefficient. Polymer
cladding of P(MMA-GMA) has a negative expansion coef-
ficient, which implies that its refractive index decreases with
temperature rising and follows the linear relationship

𝑛 (𝑇) = 𝑛 (𝑇0) + (𝑇 − 𝑇0) (
𝑑𝑛

𝑑𝑇
) , (2)

where 𝑛 is the refractive index, 𝑇 is the temperature, and
𝑑𝑛/𝑑𝑇 is referred to as the TO coefficient, which is con-
sidered to be a constant when the temperature fluctuates
within a certain range. Then, the temperature generated by
the applying of electrical power on the heater exhibits a
maximum close to the heater and reduces gradually from it.
This temperature gradient in P(MMA-GMA) cladding results
in a negative gradient of refractive index above the metal
stripe and the consequential asymmetry of refractive index
breaks the condition for mode interference of LRSPP, leading
to the radiation loss of the LRSPP mode. Thus, the optical
output of the attenuator would be controlled by varying
the temperature gradient formed in the device by electrical
heating.

When a certain driving power is applied to the heater,
the temperature distribution across the section is shown
in Figure 2. The maximal temperature appears close to the
heater and drops away from it. Here, the silicon substrate
and top surface were assumed to be an efficient heat sink
and exposed to still air at room temperature. The temper-
ature dependence of the complex refractive index of gold
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Figure 2: Temperature profile in the waveguide when the tempera-
ture of heater is 334K.

𝑛Au = 𝑛+𝑖𝜅,𝑑𝑛/𝑑𝑇 = 5×10
−4/K and𝑑𝜅/𝑑𝑇 = −1.8×10−4/K is

used [30]. The thermal conductivity of P(MMA-GMA) used
here is 0.2W/m∘C.

In essence, since the effective complex refractive index
of metal depending on temperature can be evaluated from
a temperature dependent Drude model [31, 32], the role of
TO properties of metal in plasmonic structures needs to be
considered when investigating the LRSPP mode change in
VOA, especially when the temperature is high. The dielectric
function of Au is dominated by free-electron contribution
that the temperature increasing will lead to an increment
of ohmic losses due to the electron-phonon scattering rate,
which is similar to the variation of the static resistivity of
metals at temperature increasing [33]. This effect benefits the
application of plasmonic waveguides as optical attenuators
[34, 35]. According to the temperature distribution analysis
in Figure 2, the temperature of Au stripe in the waveguide is
less than 310K during working. Hence, the contribution of
temperature dependent dielectric coefficient of metal to the
mode extinction is not so distinct as those works in [13–15],
in which the metal stripe both routes the optical signal and
acts as a heating element.

3. Experiments

3.1. Fabrication and Characterization. The optical loss of
proposed LRSPP waveguide with symmetrical polymer
claddings is induced by different issues, including ohmic
loss of metal, scattering loss coming from the imperfect
configuration of metal stripe, and intrinsic absorption loss
of cladding material. All these loss-inducing factors should
be restrained and minimized to eliminate excess optical
loss. Here, the same polymer material of P(MMA-GMA)
is used as the upper and lower cladding to guarantee the
symmetry of waveguide that can reduce the propagation
loss effectively. Since LRSPP waveguides with different metal
stripe thicknesses and widths can provide various mode
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Figure 3: Fabrication process of the LRSPP attenuator.

field diameters, claddings are thick enough to fully support
the mode field of LRSPP. The deposition techniques and
parameters are crucial to obtain high quality thin metal films
because discontinuous structure or variations of dielectric
constant of thin film may arise from the fabrication and
affect the optical characteristics of LRSPP waveguide. Thus,
much experimental work has been carried out to determine
the optimized technique parameters to ensure the physical
quality of LRSPPwaveguide, including surface roughness and
configuration. Figure 3 presents the schematic diagram of
fabrication process.

Firstly, a layer of 15 𝜇m thick P(MMA-GMA) was spin-
coated on a silicon wafer at 2500 rpm as the lower cladding.
After a subsequent bake at 120∘C for 2.5 h, thermal evapo-
ration method was used to deposit high-purity (>99.999%)
solid Au thin metal film onto the polymer cladding. A cali-
brated quartz-crystal microbalance as the thickness monitor
was used to keep the deposition at a rate of 0.05 nm/s that is
favorable to control the thickness to be about 20 nm.Todefine
waveguide patterns on Au film, a photoresist BP212 (Kempur
Microelectronics. Inc., China) was spin-coated and patterned
by ultraviolet (UV) photolithography machine (ABM Co.
Inc., USA). Wet etching solution of KI : I

2
: H
2
O = 4 : 1 : 100

was used to wipe off metal film without the protection of
photoresist. After that, the sample was exposed by UV light
and immersed in 1 wt% NaOH solution and then agitated
to remove the photoresist introduced in fabrication. Then,
the same P(MMA-GMA)material was spin-coated and cured
on the Au stripe as upper cladding. In order to avoid the
damage on the metal stripe caused by stress build-up when
baking the upper cladding, a step heating of 65∘C for 20min,
80∘C for 20min, and 90∘C for 3 h was used to release inner
pressure and ensure that all solvent had been evaporated from
the P(MMA-GMA). Finally, a layer of 400 nm Al film was
thermally evaporated and patterned with photolithography.
Wet etching was adopted to form a heater on the upper
cladding. Before themeasurement, thewaveguide samplewas
sliced by awafer dicingmachineDAD-3220 (DISCOCo. Inc.,
Japan) to minimize the uncertainty of input/output coupling
loss.

AFM images were recorded with a multimode scanning
probe microscope CSPM5000 (Being Nano-Instrument Ltd.,
China) that operated in contactmode to examine the detailed
morphology of an 8 𝜇m wide Au stripe on a 20 × 20𝜇m2
area, as shown in Figure 4. The surface scan exhibits a
thickness of about 20 nm with a smooth surface, as shown in
Figure 4(a).No obvious evaporation spits ormetal wing along
the edge of stripe is observed, which proves the effectiveness
of photolithography and etching. Steep side wall shown in
Figure 4(b) provides a good mode field control that will be
discussed in Section 4.

3.2. Measurement. The schematic diagram of transmission
characteristics measurement setup of LRSPP attenuator is
shown in Figure 5. The fiber tips need to be cleaned and
checked to ensure that no damage is on their facets. The
end-fire excitation of LRSPP mode guiding at telecommu-
nication wavelengths along thin Au stripes with finite width
embedded in dielectric has been experimentally proved [7].
Then, the light at 1550 nm from a tunable laser source TSL-
210 (Santec Co., Japan) was perpendicularly polarized to the
waveguide plane by passing through a polarization controller
and then launched into the waveguide to excite LRSPPmode.
A standard SM fiber was used to couple the output signal
to an optical power meter or the photoreceiver. The output
fiber alignment was optimized with a five-axis position
control to maximize the optical output of LRSPP mode,
so did the input fiber alignment, until the best condition
was achieved, as shown in Figure 5(a). The far-field output
of Au stripe waveguide was monitored by an infrared (IR)
camera through 200 magnifications, as shown in Figure 5(b).
To study the dynamic performance, the attenuator was fixed
on a thermoelectric controller, temperature of which can be
maintained at a constant value of about 25∘C. The electrical
current was introduced to the heater with microprobes. The
time response of VOA was observed and recorded through
an oscillograph.
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Figure 4: AFM images of the evaporated Au stripe on P(MMA-GMA) lower cladding (a) three-dimensional configuration of Au stripe and
(b) line scan across the Au stripe.
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Figure 5: Schematic setup for measuring (a) insertion loss and time response and (b) far-field output pattern of VOA.

4. Results and Discussion

4.1. Refractive Index of Polymer Cladding. Comparing with
higher index cladding materials, polymer with lower refrac-
tive index can decrease the propagation loss of LRSPP due
to its less mode binding. As an optical signal transmission
medium, P(MMA-GMA) material synthesized by ourselves
is used in this study. Its number average molecular weight
𝑀
𝑛
and weight average molecular weight𝑀

𝑤
are 64547 and

413466, respectively. By cut-back method, the propagation
loss of a fabricated rectangular P(MMA-GMA) waveguide is
less than 3 dB/cm [36]. According to the analysis in Section 3,
refractive index matching of the upper and lower cladding
layers is critically required due to the symmetrical condition
of LRSPP waveguide. Or else, the optical mode will radiate,
resulting in a large attenuation [2, 37]. Moreover, the mode
field of LRSPP is designed to accommodate that of a single
mode optical fiber which expands to nine micrometers or

even larger; thus the refractive index of cladding should
be well controlled surrounding the Au stripe. However,
the P(MMA-GMA) lower cladding experienced a second
thermal curing in photolithography process and the upper
cladding formation, which may change its refractive index.
Therefore, the optical stability of P(MMA-GMA) should
be confirmed experimentally. Figure 6 shows the refractive
index of polymer cladding as a function of curing time
measured by an M-2000UI ellipsometer (J. A. Woollam CO.,
Inc.). Typical refractive index of the film is 1.4802 for TM
polarization at 1550 nm after 3 h baking. Considering the
uncertainty of the measurement, no refractive index change
larger than 3 × 10−4 is observed with 8 h baking at 120∘C,
which proves the thermal stability of cladding. This result
is the average of 3 different samples and convinced to be
within the uncertainty ofmeasurement.Thus, thermal curing
material P(MMA-GMA) and the fabrication process can
guarantee equal refractive indices for both claddings.
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4.2. Insertion Loss. When the heater is working, the optical
power at the output port is monitored with the infrared
camera or the optical power meter aligned with IR camera
removed to determine the optical extinction ratio of VOA.
The optical attenuation of VOA based on LRSPP waveguide
can be described as the light expelled from plasmonic
waveguide with reducing the RI around Au stripe. Because
of the negative thermooptic coefficient of P(MMA-GMA)
cladding, the LRSPP mode will be cut off when the electrical
power is applied on the heater. The intensity distribution of
the fundamental LRSPPmode at 1.55𝜇mis shown in Figure 7.
Because of the distinguish index difference between the
gold and polymer cladding, no significant mode mismatch
induced loss is observed. With the applied electrical power
increasing, the optical output changes from nonradiative
mode in Figure 7(a) to radiative mode in Figures 7(b)–7(e)
and finally extinguished in Figure 7(f). As shown in Figures
7(b)–7(e), the optical power radiates in all directions from the
Au stripe to polymer claddings.

The optical output power as a function of the driving
power is described in Figure 8. The extinction ratio of atten-
uator is about 12 dB at a driving power of 69mW. Compared
with other VOAs based on TO effect, it can be seen that,
for a 3mm long LRSPP based in-line extinction modulator,
a power consumption of about 48mW is needed to achieve
the same optical attenuation, which is comparable with that
of this work [10]. For polymeric waveguide VOAs, the power
consumptions are both about 17mW, which is lower than that
in this paper due to the large TO coefficient of polymers
[38, 39]. This relatively high power consumption is mainly
due to the thick polymer cladding that extends the distance
of thermal diffusion. To establish the same temperature
difference between the upside and underside of Au stripe,
more power is needed.

As shown in Figure 8, the measured optical signal attenu-
ation is not so remarkable, which is attributed to the following
reasons. Firstly, the optical field extending to surrounded

polymer claddings leads to a large mode size, though the
LRSPPmodes are controlled on themetal surface.The optical
modulation induced by effective refractive index changing is
unable to block all optical signal propagation. Secondly, the
design of heater is supposed to be optimized. There exist dif-
ferent manners of heater placement on the MMI waveguide,
and different heater dimensions will lead to various optical
attenuations. If the heater design in this paper was further
optimized, we believe the attenuation characteristic can be
improved. In fact, the process induced fabrication errors,
such as scattering caused by surface roughness of Au stripe,
is also an origin of low attenuation. Thus, a moderate optical
attenuation is obtained in this work.

The insertion loss variation as driving power is over
70mW can be explained that some higher-order modes are
excited as the LRSPP mode propagates from the input single
modewaveguide to theMMI coupler, which is due to the lim-
ited length of tapered region. This may result in multimode
interference in the MMI waveguide region. Therefore, the
insertion loss varies sinuously as the driving power is larger
than 70mW, which weakens the mode reflection and leading
to the restoration of output power.

4.3. Time Response. The response times are measured by an
oscilloscope through collecting the output optical power with
a butt-coupled single mode fiber, which is connected to an
optical powermeter. A 100Hz square waveform drive current
is applied on the heater. Since the rising edge of drive current
induces mode cutoff, the thermal rise time which follows the
rising edge of the drive current corresponds to the optical
fall time, and vice versa. When the attenuator is subjected to
a square waveform drive current, the rise and fall times are
defined as the time that the detected optical power increases
from 10 to 90% or decreases from 90 to 10% of its peak value,
respectively.

Figure 9 shows the time response of VOA. The mea-
sured optical rise time and fall time are 0.57 and 0.87ms,
respectively. The fall time is much longer than the rise
time, which is usually observed in thermooptic attenuators.
This can be explained that the temperature change in upper
cladding that impacts the optical characteristic of LRSPP
mode is fast due to the relatively short diffusion path
existing between the heater and Au stripes when injecting
the driving current, while the optical rise time is decided by
thermal fall time which corresponds to the cooling process
that restores the refractive index symmetry of polymer
claddings after turning off the drive current. Because the
heat accumulated in 30 𝜇m thick claddings must diffuse
from the optical region to the heat sink of silicon substrate
with little heat evacuating through the air, this process is
slower than the construction of temperature asymmetry in
polymer claddings. Thus, the thermal rise time is faster than
the optical fall time. However, the speed of TO effect can
be increased remarkably when P(MMA-GMA) with a low
thermal conductivity of 0.2W/m∘C is replaced by materials
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Figure 7:The intensity distribution of fundamental LRSPP mode at 1.55𝜇m captured by IR camera with different electrical driving power of
(a) 0mW, (b) 6mW, (c) 29mW, (d) 53mW, (e) 60mW, and (f) 66mW applied on the heater.

with higher thermal conductivity. Thus, it is convincing that
the time response of this kind of VOA can be significantly
improved and has a promising future for the application in
optical communication systems.

5. Conclusions

A thermooptic attenuator based on LRSPP waveguide was
investigated. Our investigations of morphological and struc-
tural characteristics of Au stripe after etching show that

no obvious evaporation spits or metal wing exists along
the edge of stripe and the steep side wall provides good
mode field control proved by IR photos of field patterns.
The refractive index symmetry of waveguide is guaranteed
by polymer cladding of P(MMA-GMA). Variable optical
attenuation is realized by the thermooptic effect induced
LRSPP mode radiation at telecommunication wavelength.
The fabrication technology based on true planar processing
and favorable performance suggests potential integration
with other photonic devices.
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Figure 9: The response time of VOA is measured to be 0.57ms for
heating and 0.87ms for cooling at 100Hz for a fixed driving power.
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Si
3
N
4
-SiCp composites reinforced by in situ catalytic formed nanofibers were prepared at a relatively low sintering temperature.

The effects of catalyst Co on the phase compositions, microstructures, and physicochemical-mechanical properties of samples
sintered at 1350∘C–1450∘C were investigated. The results showed that the catalyst Co enhanced the nitridation of Si. With the
increase of Co addition (from 0wt% to 2.0 wt.%), the apparent porosity of as-prepared refractories was initially decreased and
subsequently increased, while the bulk density and the bending strength exhibited an opposite trend. The Si

3
N
4
-SiCp composites

sintered at 1400∘C had the highest strength of 60.2MPa when the Co content was 0.5 wt.%.The catalyst Co facilitated the sintering
of Si
3
N
4
-SiCp composites as well as the formation of Si

3
N
4
nanofibers which exhibited network connection and could improve their

strength.

1. Introduction

Because of its high strength, good excellent thermal shock
resistance and remarkable erosion, and corrosion resistance,
Si
3
N
4
-SiCp composite refractories have been widely used in

metallurgical and chemical industry as advanced refractories
and high-temperature structural materials. In particular, as a
large and medium-sized blast furnace refractory, it played a
pivotal role in prolonging the lifespan of blast furnace in the
past few decades [1–4].

Traditional technique to manufacture Si
3
N
4
-SiCp com-

posite refractories is usually through in situ nitridation
reaction of Si powders and SiC particles/powders at high-
temperature in tunnel kiln. It usually suffers some quality
problems of “black” and “sandwich” due to an incom-
plete nitridation in the preparation process, thus affecting
their applications. Furthermore, because the formation of
Si
3
N
4
-SiCp composite refractories was achieved by vapor

reaction, there still exist some technical problems such as
high porosity and high nitridation temperature. In addition,
the bond between matrix and aggregate needs to be further

strengthened, and the strength as well as thermal shock
resistance of the products needs to be further improved.

In past few years, controlling microstructural develop-
ment to optimize materials’ mechanical properties has been
the focus of intensive research [5–9]. The previous studies
show that single or mixed additives such as Y

2
O
3
, MgO,

Al
2
O
3
+Y
2
O
3
, and Al

2
O
3
+ZrO

2
are useful for enhancing the

mechanical properties of Si
3
N
4
-SiCp composite refractories

[10–13]. However, the nitrided temperature was higher than
1450∘C, and the increase rate of strength was lower. With the
development of nanotechnology [14–16], nanofibers/wires,
having larger interfacial areas, the excellent mechanical
and thermal properties make them ideal reinforcements for
improving the strength and toughness of materials. Previous
efforts have been mainly devoted to introduce the second
nanofiber/wire-phase tomatrix [17–21], although the increas-
ing interest has emerged recently in in situ formation of
nanofibers/wires in matrix [22–24].

Because of their characteristics to easily lend and take
electrons from other molecules, transition metals are good
metal catalysts. Recently, we have investigated the effect
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Figure 1: XRD patterns of Si
3
N
4
-SiCp composite refractories with various contents of Co nitrided at 1400∘C.

of transition metal Co on the direct nitridation of silicon
(Si) powders and morphologies of the nitridation products
[25], showing primarily that Co played an important role in
accelerating the Si nitridation as well as the in situ growth
of 𝛼-Si

3
N
4
nanorods/fibers. These results provided a guide

for fabricating SiC-based composite refractories reinforced
by in situ generating Si

3
N
4
nanorods/fibers. A large number

of pores in the refractories are benefit for the growth of
one dimension nanostructures. Therefore, in this work, the
transition metal Co was introduced as a catalyst into the raw
materials of Si powders and SiC particles to prepare in situ
formed Si

3
N
4
with nanostructures bonded SiC refractories by

nitridation reaction. The effects of Co contents on the phase
compositions, microstructures, and properties of products
sintered at 1350∘C–1450∘C were investigated. The catalyst Co
facilitated the formation of Si

3
N
4
nanofibers and improved

the strength of Si
3
N
4
-SiCp composites. This work provided a

new insight into the nitride bonded composites reinforced by
such in situ catalytic formed nanofibers.

2. Experimental Procedure

Si powders (>99wt.%, 325 mesh, Aldrich Chemical Com-
pany, Inc., UK), Co powders (99.8 wt.%, <2𝜇m; Sigma-
Aldrich, Co., UK), SiC particles (98wt.%, Aldrich Chem-
ical Company, Inc., UK) with three gradation of 38 𝜇m,
125 𝜇m, and 380 𝜇m were used as raw materials to prepare
the Si

3
N
4
-SiCp composite refractories. N

2
(99.99%) and

polyvinyl alcohol (PVA) (concentration = 8wt.%) were used
as reactive gas and binder, respectively. The components of
the samples investigated in this work are listed in Table 1.

The mixtures of Si and Co powders, in a batch of 100 g,
were dry-milled by corundum balls in a corundum jar for
0.5 h with 300 r/min and then mixed with different gradation
of SiC particles for 1 h with 100 r/min. The final mixtures
(designated as S1, S2, S3, S4, and S5, resp.) with 5wt.% PVA
were molded into a shape of 6mm × 6mm × 45mm by

Table 1: The components of Si3N4-SiCp specimens (wt.%).

Samples Si SiC (wt.%) Co extra-added (wt.%)
380 um 125 um 38 um

S1 20 44 16 20 0
S2 20 44 16 20 0.25
S3 20 44 16 20 0.50
S4 20 44 16 20 1.00
S5 20 44 16 20 2.00

uniaxial pressing at 50MPa in a steel die and then compacted
at 200MPa by cold isostatic pressing. After drying at 80∘C for
6 h, the specimens were put in a corundum porcelain boat
and then into an alumina-tube furnace. Finally, they were,
respectively, heated at 1350∘C, 1400∘C, and 1450∘C for 5 h in
flowing nitrogen.

After in situ nitriding reaction sintering, the phase com-
positions of products were determined by X-ray diffraction
(XRD; XD-3, Purkinje General, CuK𝛼

1
radiation, 𝜆 =

1.5406 ˚́A). The density and apparent porosity of the sin-
tered samples were investigated by the Archimedes’ method.
The bending strength of the samples was measured by a
three-point bending test with a 30mm span at a crosshead
speed of 0.5mm/min at room temperature (i.e., 22∘). The
microstructure of the samples was observed by scanning
electronmicroscopy (SEM; JSM-6460, Japan) with an energy
dispersive spectroscopy detector (EDS; INCAX-Sigh,Oxford,
UK).

3. Results and Discussion

3.1. Phase Composition and Microstructure of Products. A
slight difference existed in the products of samples nitrided
at different temperatures. Basically, at 1350∘C and 1400∘C,
some residual Si remained in the sample without Co, while
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Figure 2: SEM images and EDS pattern of the fracture of Si
3
N
4
-SiCp composite refractories with various contents of Co nitrided at 1400∘C.

it disappeared in the sample with Co added. And when the
temperature was increased to 1450∘C, the Si powders were
fully nitrided. Figure 1 shows the XRDpatterns of the samples
nitrided at 1400∘C. The main crystalline phase was SiC, and
Si was nitrided and transformed to 𝛼-Si

3
N
4
with 𝛽-Si

3
N
4

as a minor phase in the products with Co, whereas some
unreacted silicon remained when it was without Co.

SEM images and EDS pattern of fracture samples with
various contents of Co nitrided at 1400∘C are shown in

Figure 2, indicating that the Si
3
N
4
-SiCp composite refrac-

tories were mostly well sintered. SiC particles were closely
wrapped by Si

3
N
4
matrix, and some regions had a few pores.

Some small dense particles with relatively smooth fracture
surface were seen in the products without Co. They must
be silicon particles (Figure 2(S1-c)), identified by the EDS
(not shown here) along with the XRD result (Figure 1). It is
well known that the nitridation of silicon particles proceeded
from the surface to the centre, via [N] diffusion. In the case
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Figure 4: (a) Apparent porosity and (b) bulk density of Si
3
N
4
-SiCp composite refractories with various contents of Co nitrided at different

temperatures.

of no Co, the “black” phenomenon could still appear in
the product. When adding Co, the Si was fully nitrided in
the product, and the quantity of nanofibers was enhanced.
Those nanofibers exhibited network connection, which could
improve strength of samples. EDS analysis (Figure 2(S3-d))
reveals that those nanofibers were composed of Si

3
N
4
phase,

containing a small amount of Co. The formation of as-
formed Si

3
N
4
nanofibers was through well-established VLS

mechanism [26, 27].

3.2. Physicochemical Properties of As-Prepared Si
3
N
4
-SiCp

Composite Refractories. The linear change rates of Si
3
N
4
-SiCp

composite refractories nitrided at different temperatures
are shown in Figure 3. After nitridation at 1350∘C, linear
change rate of the samples was almost 0.5%, revealing that
slight expansion occurred during the nitridation process.
At 1400∘C, the linear change rate was 0.25% in the case of
Co absent and slightly increased but also less than 0.5% in
the case of adding Co (≤0.5 wt.%), whereas it continued to
increase when Co was higher than 1.0%. After nitriding at
1450∘C, the linear change rate of the sample without Co
was −1.1%, implying the sample being shrunk. It should be
due to the increasing of temperature so that the external
force required for the sintering process was improved, which
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promoted the migration of solid-gas interface in the samples
during the sintering process and the removal of the more
pores. However, the expansion formed after fully nitridation
of silicon was not enough to offset the shrinkage from the
removal of the pores, resulting in the final shrinkage of
samples. The samples with Co at this high temperature had
a bit of expansion. When the Co was ≤0.5 wt.%, the linear
change rate of the samples was maintained at 0.5%, whereas
it was increased with Co > 0.5wt.%.

The apparent porosity and bulk density of Si
3
N
4
-SiCp

composite refractories nitrided at different temperatures are
shown in Figure 4. After nitriding at 1350∘C, the apparent
porosity of sample without Co was 23.7%, which was larger
than those with Co. At 1400∘C, the sample without Co had a
large apparent porosity of 25.3%, and it was initially decreased
and subsequently increasedwith the increase ofCo. It reached
at the smallest value (19.8%) when the content of Co was
1%. When the nitriding temperature was elevated to 1450∘C,
it was reduced to 24.8% in the sample without Co, and its
change trend in the samples with Co was the same as that
at 1400∘C. The bulk density of the samples under different
conditions had an opposite trend, compared to the apparent
porosity. As can be seen from the results, the sample with
Co content of 0.5 wt.%–1.0 wt.% had the minimum apparent
porosity and maximum bulk density.

3.3. Bending Strength of As-Prepared Si
3
N
4
-SiCp Composite

Refractories. The bending strength of Si
3
N
4
-SiCp composite

refractories with various contents of Co at different temper-
atures is shown in Figure 5, indicating that it was initially
increased and subsequently decreased with the increasing of
Co. At 1350∘C, it was 45.4MPa in the case of without Co
and reached the highest strength when 1.0 wt.% Co content
was added and then decreased with the increasing of Co
content. At 1400∘C, it had been reduced to 31.9MPa when

it was without Co, lower than that at 1350∘C. It should be
relative to the increased apparent porosity rate at 1400∘C. As
the Co content was 0.5%, the highest strength of 60.2MPa
was achieved. Although the variation tendency at 1450∘Cwas
similar to 1400∘C, the bending strength of samples became
lower. The initially improved strength with the increasing of
Co content should be attributed to the increasing content
of nanofibers. However, when the Co exceeded a certain
amount, the overmuch nanofibers lead to an expansion of
the samples, and an evaporation of Si facilitated by the
formation of Co-Si liquid phase resulted in an increase in
porosity. As is well known, the quantity, shape, size, and
distribution of pores generated during the sintering process
have a significant impact on the fracture strength ofmaterials.
The strength-porosity dependence can be approximated by
the following exponential equation [28]:

𝜎 = 𝜎
0
⋅ exp (−𝑛𝑝) , (1)

where 𝜎
0
is the strength of a nonporous structure, 𝜎 is

the strength of the porous structure at a porosity 𝑝, and 𝑛
is a constant. Generally, the bending strength of inorganic
nonmetallic materials decreases with the increase of the
porosity. In this work, the strength-porosity relationship of
the sintering samples could comply with it. Based on the
results, we concluded that it was necessary to add catalyst
for enhancing nitridation of silicon, facilitating the sintering
as well as improving the strength of Si

3
N
4
-SiCp composite

refractories. Herein, the Co content of 0.5% and the temper-
ature of 1400∘C were the optimal experimental conditions.

4. Conclusions

In this research, we produced in situ Cocatalytic nitrided
Si
3
N
4
-SiCp composite refractories at a relatively low sintering

temperature using Si and SiCp as raw materials. The cobalt
facilitated the nitridation of Si to form Si

3
N
4
grain and

nanofibers. At 1350∘C and 1400∘C, the sample without Co still
had unreacted Si, whereas the samples with Co were fully
nitrided. With the increase of Co addition (from 0wt% to
2.0 wt%), the liner change rate of as-prepared refractories was
increased, and their apparent porosity was initially decreased
and subsequently increased, while the bulk density and
the bending strength exhibited an opposite trend. The as-
prepared Si

3
N
4
-SiCp composite refractories had the highest

strength of 60.2MPa when the Co content was 0.5 wt.%. The
addition Co accelerated the formation of Si

3
N
4
nanofibers

exhibiting network connection and promoted the sintering
of Si
3
N
4
-SiCp composite refractories, thus improving their

strength.
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