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ABSTRACT: Solution-processed solar cells are particularly
suited to benefit from absorption enhancement by plasmonic
nanoparticles, due to their transport-limited film thicknesses
and the ease with which metal nanoparticles can be integrated
into the materials. Despite practical demonstrations of
performance enhancements, the overall benefits have so far
been limited in scope to photocurrents well below the theo-
retical limits. In this Perspective, we critically evaluate the
prospects for plasmonic enhancements in solution-processed
thin-film solar cells. We give an overview of recent work,
focusing on embedded plasmonic nanoparticles in organic,
perovskite, and colloidal quantum dot solar cells. We then
develop an intuitive effective medium model for embedded
plasmonic nanostructures in photovoltaic thin films, evaluate the model in the context of previous results in the field, and use the
model to provide a framework for identifying the most promising avenues for realizing plasmonic performance enhancements in
solution-processed solar cells. Our results indicate that further plasmonic enhancement gains may be possible in organic
photovoltaic cells, whereas concentrating on improving transport in perovskite and colloidal quantum dot architectures is a more
promising route to performance advances. Additionally, fine-tuning the concentration of plasmonic enhancers within the
absorbing medium is critical for achieving maximum photocurrent potential.
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The search for sustainable and cost-competitive alternatives
to fossil fuel-based energy sources has driven develop-

ments in solution-processed solar cells. These technologies seek
to reduce manufacturing and processing costs as well as
improve device efficiencies over traditional and thin-film bulk
semiconductor platforms. The low-temperature roll-to-roll
production methods, solution-based fabrication techniques, and
high-efficiency potential make materials such as polymers,1−5

hybrid perovskites,6−10 and colloidal quantum dots11−16

attractive technologies. However, the electronic transport lengths
in most solution-processed materials are smaller than the photon
absorption lengths, especially at near-infrared wavelengths, due
to their nanostructured nature and associated interface-related
defects and impurities. This is referred to as the “absorption−
extraction compromise”, whereby the material thickness required
for complete absorption results in incomplete extraction of the
photogenerated charge carriers.
Attempts to improve the efficiencies of solution-processed

devices have included engineering of the absorbing material,17−20

design of new device architectures,21−25 and incorporation of
light-trapping techniques to decrease the effective film absorp-
tion lengths.26−31 Introducing plasmonic elements, which
enhance the interaction of light with matter in metallic struc-
tures on the nanoscale, has been of particular interest to the
field due to their minimum perturbation of the device structure

and successful deployment for related optoelectronic device
applications.32−37

Various efforts to introduce plasmonic enhancers into
solution-processed photovoltaic cells have been tested, some
of which will be reviewed in the following section. However,
absolute photocurrent and power conversion efficiency
improvements have been relatively limited thus far, partially
due to the difficulty in systematic evaluation of the optimum
plasmonic nanoparticle design for integration with specific
photovoltaic materials. Here, we provide an overview of the
field of embedded plasmonic-enhanced solution-processed
solar cells. We then develop an analytical model to systemati-
cally evaluate the practical potential of plasmonic enhance-
ments in thin-film materials. We compare the photocurrent
enhancements predicted by our model to simulation and
experimental results for three different systems. Finally, we use
our model to make specific suggestions for the field moving
forward, focusing on the optimum plasmonic nanoparticle
material type, material shape, and concentration for realizing
maximum potential enhancements for different systems.
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■ SOLUTION-PROCESSED SOLAR CELLS

Compared to traditional bulk semiconductors, solution-
processed solar cell materials typically have shorter charge
transport lengths, stronger exciton binding energies, and larger
electronic trap state densities due to the heterogeneity of their
structures arising from the low-energy fabrication and
processing procedures. Additionally, flexibility in doping of
the materials is generally lacking. Therefore, solution-processed
solar cell architectures have been designed to engineer around
these issues. Taking inspiration from electrochemical cells, most
solution-processed photovoltaic devices employ heterointerfa-
ces, which can be structured to enhance charge separation and
collection while minimizing the thickness of the active material.
Initial organic photovoltaic (OPV) architectures involving a

bilayer donor−acceptor planar heterojunction38 suffered from
the “exciton-diffusion” bottleneck that resulted from the small
diffusion lengths.39−43 This led to the development of the bulk
heterojunction architecture, in which the acceptor and donor
phases are blended to form a high interfacial area mixture.44,45

This architecture is limited by the ability to optimally distribute
charge separation interfaces and facilitate appropriate con-
duction channels.46−48

The highest-performing colloidal quantum dot (CQD)
photovoltaic devices use a heterojunction architecture in
which the CQD medium forms a junction with an n-type
wide band gap semiconductor such as TiO2 or ZnO.

49 Control
over the CQD film doping,50 band alignment,51 and structuring
of the electrodes52 has led to the development of advanced
architectures that utilize multiple CQD film types, although
high electronic trap state densities still limit performance.53

In the case of perovskite solar cells, sensitizing-type
architectures produced most of the initial results in the field.
The perovskite material is infiltrated into an electron-
extracting25,54−57 or insulating58−60 mesoporous layer (usually
TiO2 and Al2O3, respectively) and topped with a hole-
transporting material. With advances in the growth of long-
diffusion-length large-domain single-crystal perovskites,61,62 the
field is trending toward more conventional planar cell designs
in which the perovskite film is sandwiched between electron-
and hole-extracting electrodes.
The limited carrier transport lengths necessitate careful

engineering of solution-processed solar cell device architectures
in order to maximize absorption and achieve the highest pos-
sible efficiencies. This problem is magnified at longer photon
wavelengths near the band gap energy where absorption
lengths can exceed carrier transport lengths by more than an
order of magnitude in OPV and CQD materials, making light
trapping a vital component of successful device designs.

■ LIGHT TRAPPING FOR PHOTOVOLTAICS

As a technique for absorption enhancement, the idea of light
trapping in thick and thin optical films has been studied for
decades.63−66 Conventionally, light trapping employs total
internal reflection as the primary confinement mechanism and
is achieved through structural manipulation of the device layers.
The maximum absorption enhancement factor (Yablonovitch
limit or Lambertian limit63−65) for conventional thin-film light-
trapping strategies is 4n2/sin2 θ, where n is the refractive index
of the absorbing medium and θ is the angle of the emission
cone in the medium surrounding the cell (also known as the
acceptance angle). For normal incidence radiation (θ = π/2),
this upper limit can be further simplified to 4n2.

Recent theoretical work on light trapping has focused on the
ultra-subwavelength regime for optical film thicknesses. On the
nanoscale, where light−matter interactions beyond the classical
ray optics limit take place, it is theoretically possible to surpass
the traditional Lambertian limit over specific wavelength
ranges.57 Using a rigorous electromagnetic approach, Yu et al.
developed a statistical temporal coupled-mode theory of light
trapping,67 demonstrating that the enhancement factor can in
theory be increased to 12 × 4n2 over a virtually unlimited
spectral bandwidth when optical modes exhibit deep-
subwavelength-scale field confinement. Callahan et al. proposed
that an elevated local density of optical states (LDOS) for the
absorber is the key design element, and they demonstrated
several nanostructured solar cell architectures that exceeded the
Yablonovitch limit in simulation.68

Beyond evaluating the absorption enhancement factor,
Schuster et al. proposed a figure of merit called light-trapping
efficiency (LTE), which is the ratio of the total current gain
achieved in a device to the theoretical maximum current gain
achievable in an ideal Lambertian scattering system.69 Using
LTE as a metric, they demonstrated that multiple theoretical
and experimental photonic structures could be used to
approach the enhancement limit.69 Plasmonic enhancement
strategies ideally fall under the category of approaches that can
be used to exceed the Lambertian limit.

■ EMBEDDED PLASMONIC ENHANCERS
The collective oscillations of the free electrons at the surface of
a conductor are known as surface plasmons. These excitations
couple strongly to incident electromagnetic radiation and are
able to propagate along a metal−dielectric interface as surface
plasmon polaritons. Plasmons can be excited at optical
frequencies in materials such as gold and silver. In nanoscale
structures, localized surface plasmon resonances (LSPRs) result
in strong local field enhancement. This nanophotonic effect can
be used to circumvent the traditional diffraction limits and can
result in the scattering of incoming light into guided modes in a
thin-film material with embedded plasmonic nanoparticles.
Plasmonic elements have been applied in diverse applications
such as nanoscale sensing,70−72 light-emitting diodes,73−75

lasers,76−78 photon detection,79 information processing,80 and
photovoltaics.30,81−85

Embedded plasmonic structures are of particular interest for
solution-processed photovoltaic devices, such as those based on
organic, hybrid inorganic−organic perovskite, and colloidal
quantum dot thin-film materials. Several reports study the
integration of plasmonic structures into such devices with
demonstrated increases in optical absorption.81,82,84,86 Embed-
ded plasmonic structures within the absorbing medium are of
particular interest for solution-processed technologies since the
materials growth techniques are uniquely compatible with
hybrid inclusions, whereas bulk semiconductor systems must
rely on surface-based plasmonic in-couplers or scatterers.87−92

Plasmonic nanostructures can be spatially placed at the top
of, within, or at the base of solution-processed devices. Placing
the plasmonic nanoparticles within the active layer rather than
in or on top of contact or buffer layers has several advantages.
Mixing the plasmonic materials into the active layer of the cell
can help to reduce reflection losses that occur before the light
reaches the active layer and increase wave-guiding within the
absorbing medium.93−95 Finally, the near-field effects associated
with LSPRs can be used to enhance absorption within the
active layer if there is a strong spatial-field overlap with the
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absorbing medium. Embedded plasmonic schemes make use of
this strong local field enhancement without significantly disrupting
the device structure as in conventional light-trapping designs.
While this perspective focuses on embedded nanoparticle

plasmonic enhancement strategies, nonembedded plasmonic
strategies have been explored in-depth in the field, due to the
ease of design and fabrication associated with integrating top-
and bottom-device structures without disrupting the active
layers. These schemes include placing metallic nanoparticles
and nanostructured gratings outside the active layers for light
in-coupling and trapping.96−105 Symmetric metallic nano-
structured gratings, either 1D or 2D nanostructures, can be
designed for effective light coupling to surface plasmon
polariton (SPP) modes that strongly confine light at the
interface, resulting in light concentration or preferential
scattering into the active layer.
Examples of these methods include the design and inte-

gration of 2D SPP gratings for incident light coupling at the
exciton peak wavelength in a CQD optoelectronic device.105

A peak absorption enhancement factor of 3 was observed at the
target wavelength. Additionally, the short-circuit current in the
light-trapping spectral range (640 to 1100 nm) was observed to
increase by 41%. In another study for OPVs,102 a 14.8%
improvement in efficiency was observed due to the integration
of Ag nanoparticle films at the front electrode for preferential
forward scattering into the active layer. In this plasmonic
scheme, the Ag nanoparticle film was self-assembled via thermal
evaporation and subsequent annealing.
In general, the propensity of plasmonic nanoparticles em-

bedded within the active layer itself to serve as recombination
sites for exciton quenching106 has led to extensive exploration
of plasmonic enhancement schemes that take advantage of
scattering and light coupling from the electrode layers.
However, the potential for high near-field enhancements
from plasmonic particles embedded within the active layer

provides motivation for further exploring embedded nano-
particle schemes.
The field of embedded plasmonic enhancement schemes for

solution-processed solar cells has advanced rapidly in recent
years. Plasmonic particles of different shapes and sizes have
been studied in organic photovoltaic, colloidal quantum dot,
and perovskite solar cells. Large photocurrents have been
demonstrated, although relative power conversion efficiency
(PCE) enhancements have remained less than 16% for films
with PCE values of more than 5%.
Table 1 summarizes the progress so far in embedded

plasmonic enhancement schemes for solution-processed solar
cells. Gold and silver are the most commonly used plasmonic
materials, and they have also been combined with oxide cores
or shells.31,107,108 The nanoparticles in the summarized studies
ranged in size from 5 to 150 nm and were embedded at
concentrations of 1−15 wt %. The maximum PCE of 16.3%
was achieved in a perovskite solar cell.108 Maximum PCEs of
7.1% and 6.9% were achieved through plasmonic enhancement
in OPVs and CQD solar cells, respectively.94,107 Although
many potential nanoplasmonic enhancement schemes have
been explored,32,84,85,87,108−115 experimental realizations of
integrated plasmonic designs have yet to lead to record device
efficiencies.116−120

Organic Photovoltaics. Plasmonic particles have been
embedded within or between the active layers and selective
contacts in OPV devices.93−95,111,121−125 Typical OPVs have
an active layer that consists of electron-donor and electron-
acceptor materials.
One study94 incorporated chemically synthesized 40 nm

silver nanoclusters into the active layer of a poly[N-9″-
heptadecanyl-2,7-carbazole-alt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-
benzothiadiazole) (PCDTBT):[6,6]-phenyl-C70-butyric acid
methyl ester (PC70BM) bulk heterojunction (BHJ) solar cell
to improve the efficiency. The nanoclusters exhibited a

Table 1. Summary of Selected Plasmonic Enhancement Demonstrations in OPV (Red), Perovskite (Green), and CQD (Purple)
Solar Cells
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maximum absorbance peak near 420 nm. A 12.7% improve-
ment in PCE was obtained by optimizing the weight percentage
of the nanoclusters in the active layer. This enhancement was
mainly due to a 7.6% increase in the short-circuit current
density (JSC) and an associated reduction in the cell series
resistance.
The addition of 70 nm truncated gold octahedral nano-

particles at optimized concentrations (5 wt %) to the BHJ
active layer in another study93 resulted in consistent PCE
improvements in fabricated devices. Other shapes, including Ag
nanoparticles and nanoprisms mixed into the buffer layer of
an OPV cell,124 have also been used to realize wide-band
absorption enhancements. Generally, relative PCE improve-
ments on the order of 10% have been demonstrated in
plasmonically enhanced OPV devices, mainly due to increases
in JSC. Associated compromises in the open-circuit voltage
(VOC) and fill factor (FF) are the prime reasons that these
systems have been unable to rival the record efficiencies in the
field.
Perovskite Solar Cells. Embedded plasmonic schemes

have been explored only recently in perovskite solar cells, due
to the relative novelty of this technology.31,108,126 One
demonstration enhanced the PCE of a perovskite solar cell
by 12.4% by incorporating 40 nm silver-core nanoparticles with
2 nm TiO2 shells through a low-temperature processing
route.108 The nanoparticles were added to the mesoporous
Al2O3 scaffold layer, which was infiltrated with methylammo-
nium lead iodide perovskite material.
Another study in the perovskite material system achieved a

relative PCE enhancement of 15.7%.126 A broadband
absorption enhancement was demonstrated through the
addition of Au−Ag alloy popcorn-shaped nanoparticles to
the device. These nanoparticles were synthesized through a
co-reduction of HAuCl4 and AgNO3 and had an average size of
150 ± 50 nm. The nanoparticles were embedded in the
mesoporous TiO2 at a concentration of 0.7 wt %.126

Higher efficiencies have been achieved in perovskite solar
cells compared to OPV devices, and therefore these devices
have less to gain from plasmonic enhancement schemes. The
high efficiency is due to both substantial absorptivity near the
band gap energy and superior charge transport. However,
plasmonic enhancements could potentially enable materials
savings even in high-efficiency systems.
Colloidal Quantum Dot Solar Cells. Several different

device architectures have been employed to make high-
performing CQD solar cells.16,107,127−135 All consist of close-
packed CQD films sandwiched between selective transparent
and reflective contacts.132 Like OPV devices, CQD cells must
overcome an absorption−extraction compromise to reach high
performance, and several plasmonic enhancement strategies
have been deployed to address this compromise.
To enhance the absorption specifically in the infrared regime,

a study107 added 120 nm diameter core−15 nm shell SiO2−Au
core−shell nanoparticles to the active layer of a depleted
heterojunction cell. In the lead sulfide (PbS) matrix, the
nanoshells exhibit an LSPR peak at 820 nm. An enhancement
in infrared photocurrent led to an 11% PCE improvement over
a control device.107

Absorption enhancements in the active layer of a CQD solar
cell have also been achieved by using the near-field enhance-
ment associated with small (5 nm diameter) Au nanoparticles
instead of focusing on far-field scattering gains.134 The study
demonstrated evidence of hot-electron transfer directly from

the excited metal particles to the PbS semiconductor nano-
crystals. The best-performing cell had a 12.5% PCE improve-
ment over a nonplasmonic device.134

Plasmonic particles can play electronic as well as optical roles
in CQD solar cells. One study built a Ag nanoparticle−PbS
CQD nano-Schottky junction device by depositing self-
assembled 40 nm diameter Ag hemispheres that covered 33%
of the indium tin oxide (ITO) contact.135 The PCE was
enhanced by 58.1% compared to the fabricated control devices,
which used a planar silver architecture. The improved
performance was attributed to the modified absorption profile
due to the enhanced optical field around the nanoparticles. This
ensured that carriers were generated close to the metal−
semiconductor interface within the depletion region.
Generally, plasmonically enhanced CQD devices have bene-

fited from absorption improvements near the weakly absorbing
quantum dot band gap edge. The overall PCE enhancements
have generally been weakened by mild loss in VOC and FF.

Summary. The largest relative improvements in all three
materials systems were achieved in cells with low starting
efficiencies and device absorption.123,135 Incorporating plas-
monic particles generally increased film absorption, although
none of the plasmonically enhanced devices achieved record
efficiencies in their respective classes nor approached the
theoretical photocurrent limits based on the photovoltaic
material band gaps. Addressing the question of whether the full
parameter space has yet to be explored in these systems or if
plasmonic enhancement schemes are fundamentally limited in
practical devices remains an important research challenge.

■ PRACTICAL LIMITS OF PLASMONIC
ENHANCEMENT

There are several practical obstacles to using plasmonic struc-
tures as photocurrent enhancers, which need to be taken into
account for plasmonic solar cell design. The biggest barrier is the
presence of parasitic absorption in the nanoparticles.83,136−139

Parasitic absorption refers to the loss of photocarriers excited in
the metal particles themselves that decay via nonradiative
channels to produce heat. This process competes with useful
absorption in the photovoltaic material. The relative amount of
parasitic absorption versus useful near- and far-field scattering
in the metal can be manipulated to some extent by controlling
the size, morphology, material, and placement of the metallic
nanoparticles.
Another practical limitation is that embedded plasmonic

nanostructures can act as carrier recombination centers in the
absorbing medium,122,140,141 often leading to a reduction in
device open-circuit voltage as well as current.142 Including a
small insulating barrier in the form of a ligand or dielectric shell
around the plasmonic nanostructure can suppress this effect but
can also reduce the evanescent spatial field overlap with
the photovoltaic absorber, thereby limiting the potential for
absorption enhancement.
Other practical issues that arise in plasmonic solar cell design

include chemical and physical compatibility of the solvents
associated with the plasmonic and photovoltaic materials, and
materials costs of the precious metals employed as nano-
particles (primarily gold and silver). Finally, there is the issue of
resulting spectral trade-offs. Plasmonic structures have the
ability to enhance a spectral regime where there is incomplete
absorption in the photovoltaic material. However, in regimes
where absorption is substantially complete, introducing
plasmonic structures has the potential to degrade the system.
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Therefore, it is important to be tactical both in understanding
the associated spectra143,144 and in choosing the type, size,
shape, and placement within the device of the plasmonic
nanostructures.145−147

■ ABSORPTION ENHANCEMENT MODEL

Taking into account the practical enhancement limitations
described above, it is clear that questions remain about the
potential for using plasmonic nanoparticles as enhancers in real
photovoltaic systems. Specifically, given a set of photovoltaic
and plasmonic nanomaterials of interest, it would be useful to
be able to quantitatively evaluate the potential photocurrent
enhancement using an intuitive model that takes into account
the experimental degrees of freedom present in the system.
These parameters include the metal nanoparticle material, size,
and shape; the thickness and identity of the photovoltaic active
layer; and the relative concentration or number density of
the embedded plasmonic particles. Adjusting and optimizing
these factors experimentally is time- and materials-intensive,
given the large parameter space.
We have developed an analytical model that can be used to

evaluate the potential absorption enhancement in embedded
plasmonic nanoparticle systems over a large parameter space.
The results can be translated into potential photocurrent (JSC)
enhancement with the assumption of perfect carrier collection.
The model determines the effective absorption coefficient and
thickness of a photovoltaic film embedded with plasmonic
nanoparticles based on the physical and optical properties of
the constituent materials. These calculated effective parameters
are, in turn, translated to an effective absorption, taking
inspiration from effective medium approaches for estimating
the optical properties of mixed media.
Effective medium approximations (EMAs), such as the

Bruggeman model148 and the Maxwell−Garnett theory
(MGT),149 treat a heterogeneous medium as one that is
homogeneous by effectively averaging the properties of the
individual constituent materials. In the MGT, the model

medium is composed of spherical particles embedded in a host
material. This theory assumes that the composite material is
electrodynamically isotropic and possesses a linear response to
incident light. Other assumptions include that the mixture
parameters are static (nonparametric), the nanoparticle
inclusions are separated by distances that surpass their
individual sizes, and the sizes of the inclusions are small in
comparison to the wavelength of light in the integrated
medium. The Bruggeman model is an extension of the MGT
that facilitates the inclusion of polydisperse particles.
Our proposed model is an intuitive extension and

approximation of an effective medium theory for a specific
system: plasmonically enhanced thin-film photovoltaics. The
model makes similar assumptions to the MGT, including
the isotropic nature of the materials and the monodispersity of
the nanoparticle inclusions, but accounts for the plasmonic
response by using simulated nanoparticle scattering and
absorption cross-sections.
The model takes as inputs the absorption coefficient,

α [m−1], of the photovoltaic material; the photovoltaic film
thickness, t [m], along the illumination direction; the physical
cross-section, σp [m

2]; the scattering cross-section, σs [m
2]; and

the absorption cross-section, σa [m2], of the embedded
plasmonic nanoparticles. The physical cross-section is usually
defined as the 2D projection of the physical volume occupied
by the nanoparticle. The absorption cross-section quantifies the
rate at which energy is removed through absorption from an
incident field, and the scattering cross-section quantifies the
net power reflected from the nanoparticle. The scattering and
absorption cross-sections can be calculated using Mie
theory150,151 or numerically via finite-difference time-domain
(FDTD) simulations152,153 or finite element methods154,155

with the absorbing medium used as the background. Scattering
and absorption efficiencies, Qs and Qa, are defined as the ratios
of the scattering and absorption cross-sections, respectively, to
the physical cross-section of the plasmonic nanoparticles (Qs =
σs/σp; Qa = σa/σp). The absorption cross-section, scattering

Figure 1. (a) Photovoltaic absorbing medium sandwiched between top and bottom contacts with randomly distributed embedded plasmonic
nanoparticles. (b) Unit cube with side length d based on the average particle spacing used to evaluate the effect of a single plasmonic nanoparticle on
the film. (c) Cross-section of the unit cell illustrating the case where the nanoparticle scattering cross-section exceeds the absorption cross-section.
(d) Cross-section of the unit cell illustrating the case where the nanoparticle absorption cross-section exceeds the scattering cross-section.
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cross-section, absorption efficiency, scattering efficiency, and
absorption coefficient are all wavelength-dependent in general.
Our model assumes that the nanoparticles are randomly and

uniformly distributed within the photovoltaic film with an
average number density. We use the concept of a unit cell to
represent the concentration (number density), ρ [m−3], of the
nanoparticles within the absorbing medium. The unit cell is a
cube with one nanoparticle at the center, such that the side
length, d [m], is related to the concentration as

ρ =
d
1

3 (1)

In addition, we define a unitless variable C to represent the
relative separation between the nanoparticles:

=C
d
D (2)

where D is the diameter [m] (or length for nonspherical
particles) of the nanoparticles.
Neglecting reflection at the photovoltaic absorber surface, we

use the Beer−Lambert law156 to calculate the absorption, A1, in
the unmodified photovoltaic film and the absorption, A2, in the
film with the embedded plasmonic particles:

= − α−A 1 e t
1 (3)

= − α−A 1 e t
2

plasmonic plasmonic (4)

α α
σ

= + −
⎡
⎣⎢

⎤
⎦⎥d

Q Q1 ( )plasmonic
p
2 s a (5)

σ
= −t t

d
1plasmonic

p
2 (6)

Equations 5 and 6 relate the new effective absorption
coefficient (αplasmonic) and the new effective film thickness
(tplasmonic), respectively, to the materials system parameters. In
eq 5, αplasmonic represents the effect that a single plasmonic
nanoparticle has on the surrounding medium. The MGT uses a
cubic lattice of nanoparticles in a medium to approximate the
effective dielectric constant by accounting for the volume
fraction taken up by the inclusions as well as the relative
permittivities of the medium and inclusions. In a similar
fashion, we use the plasmonic properties of a single
nanoparticle and the optical properties of the medium to
approximate the effective absorption coefficient. αplasmonic can be
larger or smaller than the absorption coefficient of the bare
medium, depending on the relative values of the scattering,
absorption, and physical cross-sections of the plasmonic
nanoparticle inclusions, as well as the number density of the
nanoparticles, represented by their average 2D spacing, d2. The
scattering cross-section effectively adds to the absorptivity of
the medium, while the absorption cross-section effectively sub-
tracts from the absorptivity of the medium. Also, the physical
loss of absorbing medium caused by replacing a fraction of the
material with nanoparticles is accounted for in eq 6, which
subtracts the projection of the physical area occupied by the
nanoparticles from the cross-section of the unit cell.
This model accounts for the parasitic absorption that takes

place within the metal nanoparticles, which is a source of
photocarrier loss, by subtracting a term proportional to Qa in
the expression for αplasmonic. It requires input from numerical
electrodynamic simulations in the form of single-particle

absorption and scattering cross-sections. The total-field
scattered-field (TFSF) source method157 in FDTD simulations
yields an effective scattering cross-section that can account for
both the near- and far-field scattering associated with the
nanoparticle. Thus, both conventional far-field scattering and
“local-field” effects are incorporated in the model.
Using eqs 3−6, we can define a quantitative figure of merit,

M, which is a measure of the absorption enhancement in the
photovoltaic system due to adding the embedded plasmonic
nanostructures:

= −M
A
A

12

1 (7)

By integrating M over all wavelengths, the net absorption
enhancement (Mtotal > 0) or loss (Mtotal < 0) factor can be
calculated. Assuming perfect carrier collection (100% internal
quantum efficiency, IQE), we can use this model to calculate
the expected photocurrent enhancement in a photovoltaic
device by integrating the product of the enhanced (A2) or
control absorptions (A1), solar photon flux, and the elementary
electric charge over all wavelengths.
This model requires only the calculation of the single-particle

plasmonic optical properties as a prerequisite for estimating the
properties of the bulk mixed media systems over a large range
of parameters. This method is computationally fast compared
to full numerical modeling of entire film structures with
randomly embedded nanoparticles. In the following section,
we will use the above model to make realistic predictions for
achievable photocurrents in plasmonically enhanced photo-
voltaic devices and compare the results to previous experi-
mental studies.

■ MODEL EVALUATION

Comparison to Experimental Studies. Previous demon-
strations of embedded plasmonic nanoparticle enhancements in
organic, hybrid organic−inorganic perovskite and colloidal
quantum dot solar cells provide test systems for evaluating our
model. We will examine one specific example from each of
these three systems to analyze in detail: (1) Silver nanoclusters
embedded in a poly [N-9″-heptadecanyl-2,7-carbazole-alt-5,5-
(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole) (PCDTBT):[6,6]-
phenyl C-71-butyric acid methyl ester (PC70BM) mixture,94 (2)
Au/Ag alloy popcorn-shaped nanoparticles embedded in
mesoporous TiO2 and infiltrated with methylammonium lead
iodide (CH3NH3PbI3) perovkite,126 and (3) SiO2−Au core−
shell nanospheres embedded in a PbS CQD thin film.107

Absorption coefficients for the three photovoltaic materials
were extracted from reported values in the literature.107,158,159

We employed FDTD simulations to calculate Qs and Qa for
single plasmonic nanoparticles in the three examples using the
total-field/scattered-field source method.157,160−163 We used
the average value of the real part of the refractive index of
the three materials over a wavelength range of 300−800 nm for
the PCDTBT:PC70BM mixture and CH3NH3PbI3 perovskite
material and 300−1200 nm for the PbS CQDs as the
background in the simulations. The silver nanoclusters were
represented by closely packed 40 nm diameter nanospheres
with spacing extrapolated from Figure 3 of ref 67 and total
diameter of 600 nm. The popcorn-shaped Au/Ag nanoparticles
were modeled as nanospheres with diameters equal to the
reported size of the alloyed particles (150 nm) and refractive
indices given by the molar average of the refractive indices of
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Au and Ag based on the reported weight ratio.126 The average
real part of the refractive index of a PbS CQD film with the first
exciton peak at 959 nm was used as the background for the
120 nm SiO2 core/15 nm Au shell particles.107

Figure 2 shows that the relative scattering efficiency (Qs − Qa)
for all three types of plasmonic nanoparticles is positive over

most of the relevant wavelength ranges (the absorption of the
organic and perovskite materials cuts off near 800 nm).
Therefore, these three types of plasmonic nanoparticles are all
predicted to be enhancers in their respective absorbing media.
The inset in Figure 2b shows the relative scattering efficiencies
required to achieve 90% absorption in the three systems at
relative nanoparticle separations of C = 3. The fact that Qs and
Qa are small compared to C in each study indicates that using
single-particle simulations as the basis for calculating the optical
properties of the system is a reasonable approximation. This
validity condition can be written as

<Q Q Cmax( , )s a (8)

Equation 8 requires that there is no spatial overlap of the
optical influences of adjacent nanoparticles.
The number density of the embedded plasmonic particles is

an important experimental free parameter. There is an inherent
trade-off in an embedded nanoparticle system: increasing the
nanoparticle concentration can yield more scattering enhance-
ment of the absorption in the photovoltaic material; however,
the nanoparticles occupy physical volume that subtracts from
the ability of the photovoltaic material to absorb light. Our
model can be used to calculate the optimum nanoparticle
density for each of the three test systems given the photovoltaic
film thicknesses used in each case (80 nm for the
PCDTBT:PC70BM film; 200 nm as an approximation of the
average optical thickness of the perovskite-infiltrated-TiO2 film;
and 400 nm for the PbS CQD film).
Figure 3a is a plot of the predicted photocurrent and

photocurrent enhancement as a function of relative nano-

particle separation. There is an optimum separation, or number
density, of embedded plasmonic nanoparticles in each case, and
the predicted JSC enhancement has a long tail extending to the
limit of large nanoparticle separation. The circles correspond
to the JSC enhancement for the best-performing cells in each
study, and estimated experimental values of C for the three

Figure 2. (a) Scattering efficiency (Qs) and absorption efficiency (Qa)
vs wavelength for the three different plasmonic nanoparticle types
calculated using single-particle FDTD simulations. Solid lines:
Scattering efficiency. Dashed lines: Absorption efficiency. Red: 150 nm
Au/Ag alloy popcorn nanoparticles embedded in a perovskite-
infiltrated-TiO2 background. Green: 40 nm silver nanoclusters
embedded in a PCDTBT:PC70BM mixture. Blue: Nanoshells with
120 nm SiO2 core and 15 nm Au shell thickness embedded in PbS
CQD film background. (b) Relative scattering efficiency (Qs − Qa) vs
wavelength for the systems plotted in (a). Inset: Relative scattering
efficiency (Qs − Qa) required to achieve 90% absorption as a function
of wavelength of the three systems at a relative nanoparticle separation
C = 3.

Figure 3. (a) Solid lines: Predicted JSC enhancement (%) vs relative
nanoparticle separation. The circles are experimental JSC enhancement
for the best-performing cells in each study. Dashed lines: Predicted JSC
values (mA/cm2) vs relative nanoparticle separation. Red: 150 nm
Au/Ag alloy popcorn embedded in perovskite-infiltrated TiO2. Green:
40 nm silver nanoclusters embedded in PCDTBT:PC70BM. Blue:
120 nm SiO2 core/15 nm Au shell nanospheres in PbS CQD film.
(b) Percent JSC enhancement (color scale) as a function of film
thickness and nanoparticle separation. The white dashed lines are
contours at 10%, 20%, 30%, and 40% JSC enhancement to guide the
eye. The blue line indicates a thickness of 160 nm, twice the reported
thickness in ref 67.
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systems were approximately 2−5, which lie in the large-
separation/low-density range.94,107,126 Generally, due to the
difficulty in achieving precise control of the synthetic and
deposition processes, there are multiple sources of error in the
estimations of nanoparticle size and density; however, all
experimentally observed enhancements fell within the range
predicted by our model.
The largest relative photocurrent enhancements are pre-

dicted for the system composed of Ag nanoclusters embedded
in PCDTBT:PC70BM. This is primarily due to the small
thickness (80 nm) of the absorbing film; intuitively, larger
relative enhancements should be possible for thinner active
layers in which initial absorption is less complete. We examined
the effect of the thickness of the PCDTBT:PC70BM layer
by varying it simultaneously with the effective nanoparticle
separation to determine the potential JSC enhancement as
shown in Figure 3b. The maximum JSC enhancement requires a
thickness-independent high density of embedded plasmonic
nanoparticles. The blue dashed line indicates a thickness of
160 nm, which is double the reported thickness in ref 67. If the
organic layer thickness could be doubled, the predicted JSC
enhancement in the organic system is very close to that
predicted in the other two systems. This reinforces the idea that
plasmonic enhancements are potentially more useful in
extremely thin films, even independent of photovoltaic material
type, and that OPV cells in particular may have more to gain
from embedded plasmonic enhancement schemes.
Effect of Nanoparticle Shape. Since our model uses

calculated plasmonic absorption and scattering cross-sections as
inputs, it can incorporate nonspherical nanoparticles, many of
which have been used in embedded photovoltaic enhancement
schemes.93,124 Shape plays an important role in plasmonic
nanoparticle properties.145,164,164,165,165−171 Sharp edges can
drastically increase local-field intensity while simultaneously
introducing strong parasitic absorption.165,166,168−170 We
applied our model to systems composed of octahedral and
truncated octahedral Au nanoparticles (70 nm in length)
embedded in PCDTBT:PC70BM

93 and compared them to a
system with similarly sized Au nanospheres as the plasmonic
material in the same matrix. The simulation results are shown
in Figure 4.

The octahedral particles contain sharp points, while the
truncated octahedra are much closer to spherical in shape.
FDTD simulations indicate that gold nanospheres and
truncated octahedra of similar size have similar optical

properties. The truncated octahedra exhibit a slight red shift
and a decrease of the scattering cross-section peak amplitude
compared to the nanospheres. The regular octahedral nano-
particles exhibit smaller scattering amplitudes and an increase in
absorption with a large red shift compared to the other
particles. The absorption cross-section exceeds the scattering
cross-section in the 300−800 nm spectral range, indicating that
this particle type will not enhance absorption in a
PCDTBT:PC70BM film.
Both the truncated octahedra and the nanospheres have

scattering cross-sections larger than their absorption cross-
sections near 700 nm in wavelength, indicating that both
nanoparticle types have the potential to enhance photovoltaic
absorption in this spectral range. However, at wavelengths
shorter than 600 nm, the absorption cross-sections are
generally larger than the scattering cross-sections, meaning
that parasitic absorption will exceed any useful scattering
enhancement in this range. This test case illustrates the need to
engineer nanoparticle shape for a specific application and,
generally, that shapes with sharp corners often introduce more
parasitic absorption than useful scattering enhancements.

Effect of Nanoparticle Size and Material. The size
dependence of the scattering and absorption properties of
plasmonic nanoparticles is another useful tuning knob for
optoelectronic applications.170,172−174 We studied the size-
dependent behavior of systems composed of Au and Ag
nanospheres embedded in PCDTBT:PC70BM. The results are
shown in Figure 5. We used a fixed nanoparticle separation
of C = 2 and a photovoltaic layer thickness of t = 80 nm for
these calculations.
The relative scattering efficiency and the absorption

enhancement red-shift as a function of nanoparticle size, as
can be seen in Figure 5. The Au system exhibits significant
parasitic absorption in the shorter wavelength regime. Figure 5c
demonstrates that embedding these types of particles in the
OPV film is predicted to result in no net JSC enhancement. This
is because parasitic absorption is predicted to dominate within
the AM1.5G peak power range and relevant absorption window
for PCDTBT:PC70BM of 300−800 nm.
One potential method for avoiding nanoparticle parasitic

absorption in the strongly absorbing spectral ranges of the
photovoltaic material is to embed nanoparticles at selective
locations along the illumination direction of a device. Au
nanoparticles such as those modeled in Figure 5 could be
embedded at the back of a PCDTBT:PC70BM layer (farther
from the illumination plane) so that shorter wavelength
photons can be substantially absorbed before reaching the
nanoparticle locations within the film. Only photons with
wavelengths in the more weakly absorbing spectral region of
PCDTBT:PC70BM and the more strongly scattering spectral
region of the nanoparticles (600−800 nm) would have a high
probability of interacting with the plasmonic elements, thereby
enhancing total absorption in the device.
The system composed of Ag nanospheres embedded in

PCDTBT:PC70BM behaves both qualitatively and quantita-
tively differently from the Au nanosphere system. As can be
seen in Figure 5d, Ag nanospheres with diameters larger than
35 nm can be strong enhancers in PCDTBT:PC70BM at
wavelengths near 650 nm. The spectral range of enhancement
displays a red shift with increasing nanoparticle size. The main
spectral peak corresponds to the dipole LSPR mode of the Ag
nanospheres, and the overall enhancement is a result of
competition between the scattering and parasitic absorption.

Figure 4. Scattering (solid lines) and absorption (dashed lines) cross-
section vs wavelength for different shaped plasmonic nanoparticles of
similar size embedded in a PCDTBT:PC70BM background. Red:
70 nm octahedral Au nanoparticles. Green: 70 nm truncated
octahedral Au nanoparticles. Blue: 70 nm Au nanospheres.
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The calculated electric field profile of the LSPR mode at
680 nm and scattering and absorption cross-sections vs

wavelength for an 80 nm diameter Ag nanosphere embedded
in a PCDTBT:PC70BM film can be seen in Figure 6.

Figure 5. (a, b) Relative scattering efficiency (Qs − Qa) vs wavelength and particle size for Au (a) and Ag (b) nanospheres embedded in an organic
film. The dashed contour lines represent Qs − Qa as labeled. (c, d) Percent absorption enhancement or loss vs wavelength and particle size for Au
(c) and Ag (d) nanospheres embedded in an organic film. The dashed contour lines represent relative percentage changes as labeled. (e, f) Percent
JSC loss or enhancement vs relative particle separation and particle size for Au (e) and Ag (f) nanospheres embedded in an organic film. The dashed
contour lines represent relative percentage changes as labeled.

Figure 6. (a) Scattering and absorption cross-section vs wavelength for an 80 nm diameter Ag nanosphere embedded in a PCDTBT:PC70BM
background. (b) Calculated normalized electric field intensity (λ = 680 nm) for a single Ag nanosphere at the plane normal to the incident
illumination.
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Figure 5e shows the wavelength-dependent absorption
enhancement for different sized Ag nanospheres. Due to the
high absorptivity of PCDTBT:PC70BM below 500 nm, most of
the light in this range is absorbed in 80 nm of material without
the integration of plasmonic nanoparticles. Since the
absorptivity of PCDTBT:PC70BM between 600 and 800 nm
is low, exploiting nanoparticles with strong scattering in this
spectral range results in an absorption enhancement, with the
peak enhancement exhibiting a red shift as a function of
nanoparticle size.
Using the AM1.5G spectrum as our input, we calculated the

predicted JSC enhancement as a function of Ag nanosphere size
and number density. The results are shown in Figure 5f;
significant JSC enhancements can be achieved for Ag nano-
spheres with diameters larger than 45 nm. Larger Ag nano-
spheres and higher number densities result in larger predicted
JSC enhancements. For all sizes of embedded Ag nanospheres,
the predicted JSC enhancement has a long and relatively flat tail
in the large nanoparticle separation limit and becomes very
sensitive to separation changes in the high number density
limit.
Model Validity. The above model estimates the effective

absorption in an absorbing photovoltaic layer using the Beer−
Lambert law, which describes bulk absorption in a homoge-
neous medium. However, in a typical multilayer solution-
processed thin-film solar cell, the layer thicknesses are on the
scale of the wavelengths of interest, and, as a result, interference
effects can play an influential role in real device absorption.
These interference effects could be included in our model by
embedding the expression for absorption within a thin-film
interference calculation framework such as the transfer matrix
method (TMM) for a multilayered structure.175 Such methods
take as inputs the thicknesses and the wavelength-dependent
complex indices of refraction of the different optical material
layers. Our model predicts the new effective absorption
coefficient of the modified absorbing medium in a system
containing embedded plasmonic nanoparticles. This absorption
coefficient is directly related to the imaginary part of the
refractive index function; however, estimating an effective real
part is more complicated due to the surface plasmon condition
that the real part of the dielectric function changes signs across
an interface.
In order to test the effect of thin-film interference on the

sample device absorption results described above, we input the
modified imaginary part of the refractive index from our model
into a TMM solver176 and varied the real part by using small
perturbations around the original values for a given set of CQD
device layer thicknesses.107 The main effect on total device
absorption was due to the addition of a back reflective contact
and was less sensitive to variations in the thickness of the front
illuminated side transparent contact layers. Due to interference
effects, the predicted photocurrents calculated using the TMM
were slightly higher (by less than 10%) than the predictions
using the Beer−Lambert-based model above, but the over-
arching trends associated with relative nanoparticle concen-
tration were preserved. A ±10% perturbation of the real part of
the refractive index of the active layer resulted in a ±8% shift in
the original predicted photocurrents.
Although calculations that take thin-film interference effects

into account must be used to make accurate predictions of the
photocurrent in a real device structure, our enhancement model
can be used to evaluate the total absorption enhancement
potential associated with an embedded plasmonic nanoparticle

strategy as a function of particle type, size, and concentration.
Specific device designs can then be fine-tuned by using thin-film
interference and other light-trapping effects.
As previously mentioned, the model described above is a

good approximation for real systems when eq 8 is satisfied, i.e.,
when the average nanoparticle concentration is relatively small.
This is borne out by the close match of the predicted JSC
enhancements with the reported experimental results. When
eq 8 is not satisfied, the model can still be used, but coupling
effects between the nanoparticles must be taken into account
via simulation of the optical properties of a larger system.173,174

In addition, at higher nanoparticle concentrations, our model
becomes less accurate due to strong nanoparticle scattering
effects and the breakdown of the plane-wave condition for the
Beer−Lambert law.
The model predicts absorption enhancement and corre-

sponding JSC enhancement by assuming perfect carrier
collection (IQE) in the photovoltaic systems. However, it is
possible to include carrier loss induced by the nanoparticle
inclusions into the model, and models that account for both
optical and electrical effects have been developed for other
proposed systems.177−180 This could be achieved, for example,
by calculating the effective nanoparticle electronic trap capture
cross-section and subtracting the trapping efficiency from the Q
terms in the calculation of αplasmonic (eq 5). Other carrier loss
mechanisms in real devices could be included through
experimental IQE measurements.

■ PERSPECTIVE AND FUTURE DIRECTIONS FOR
SOLUTION-PROCESSED SOLAR CELLS

General strategies for designing an effective plasmonic
enhancement scheme for a specific photovoltaic system can
be based on the following two steps:

1. Choose an appropriate material, shape, and size in which
the scattering cross-section is larger than the absorption
cross-section within the photovoltaic material of interest
for the intended spectral enhancement range.

2. An effective medium approach, such as the model
described here, can be used to select the optimum
embedded nanoparticle density for maximum plasmonic
absorption enhancement of the photovoltaic medium.

As has been demonstrated through successful experiments,
this strategy can lead to absorption and consequent photo-
current enhancements in real devices. Careful analysis of the
model described above, however, indicates that the absolute
magnitude of the potential enhancements may be limited.
Specifically, in CQD and perovskite solar cells, the model
predicts that the maximum achievable plasmonic photocurrent
enhancements can probably improve upon the current
best-performing devices by only about 15%, corresponding to
1−4 mA/cm2 of additional photocurrent. Given these results
and the history of steady transport improvements in these
materials, we recommend that the fields concentrate instead on
improving fundamental materials properties such as decreasing
electronic trap state densities and increasing charge carrier
diffusion lengths through improved passivation and growth
methods. Plasmonic enhancements are of most interest for
applications where external considerations limit the thickness of
the active material to less than that already utilized in the best-
performing devices.
In contrast, the outlook for plasmonic enhancements in organic

photovoltaics may be much brighter. Active layer thicknesses are
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smaller in the best-performing OPV classes due to limitations
on exciton dissociation and diffusion. Therefore, plasmonic
photocurrent enhancements of up to 40% are predicted by our
model, as can be seen in Figure 5. Specifically, the field should
concentrate on using large (up to 100 nm) silver particles for
OPV films due to the LSPR spectral overlap and reduced
parasitic absorption at shorter wavelengths, and nanoparticle
shapes with pointed vertices should be avoided due to the
parasitic absorption induced by the sharp edges. From a practi-
cal standpoint, care must be taken in using large nanoparticles
for thin-film enhancement to avoid the formation of
detrimental shunt paths in devices. Critically, further absorption
and photocurrent enhancements are predicted to be possible at
larger embedded nanoparticle densities than have previously
been explored. However, the density must be fine-tuned in
order to achieve optimum performance due to the sharply
peaked nature of the predicted enhancement curves, as seen in
Figure 3. In recent years, there have been improvements
in achieving thicker absorbing layers for OPVs,181 and the
maturation of these improvements would render plasmonic
enhancements less applicable.
In addition to emphasizing work on plasmonically enhanced

OPV, we propose two relatively unexplored plasmonic
enhancement paths. The first is aggressively pursuing new
plasmonic materials strategies. Gold and silver have been the
most commonly used plasmonic materials in photovoltaics due
to their low-loss behavior in the visible wavelength range
resulting from the relatively small values of the imaginary parts
of the dielectric function. Alternatives such as aluminum,
copper, and indium tin oxide also have the potential for low
loss in specific spectral ranges. New strategies that take
advantage of these materials could include spatially integrating
ITO nanoparticles at the base of a tandem device to enhance
infrared absorption or using aluminum nanoparticles for
ultraviolet absorption enhancement in thin absorbing active
layers. Additionally, alloying different metals to achieve
“averaging” of the spectral properties for broadband enhance-
ment is an attractive potential strategy.
The second path of interest is pursuing electronic coupling to

make true hybrid plasmonic-excitonic materials. Instead of
considering only the optical properties of plasmonic enhancers
in forming an effective medium, full treatment of the electronic
effects of these materials could make plasmonic materials of
interest for multiple classes of solution-processed solar cells.
The goal would be to use coherent electronic coupling of
plasmonic particles to semiconducting media in order to
engineer the excitonic structure. This material hybridization
strategy could be used to extend the spectral sensitivity of
organic materials to infrared wavelengths, for example, or could
be used to modify the band structure CQD films to increase
absorption near the exciton wavelengths while aiding in
transport.
In conclusion, as the field of plasmonically enhanced solar

cells matures, focusing on strategies with the highest potential
for enabling real performance advances is of increasing interest.
We believe this entails adjusting nanoparticle concentration as
the most crucial tuning knob in embedded plasmonically
enhanced photovoltaic devices, working on the specific silver-
based strategy outlined for OPV and pursuing the advanced
methods described above that go beyond the traditional
gold/silver optical enhancement paradigm.
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Hirscher, M.; Sönnichsen, C.; Giessen, H. Planar Metamaterial
Analogue of Electromagnetically Induced Transparency for Plasmonic
Sensing. Nano Lett. 2010, 10, 1103−1107.
(73) Kwon, M.-K.; Kim, J.-Y.; Kim, B.-H.; Park, I.-K.; Cho, C.-Y.;
Byeon, C. C.; Park, S.-J. Surface-Plasmon-Enhanced Light-Emitting
Diodes. Adv. Mater. 2008, 20, 1253−1257.
(74) Okamoto, K.; Niki, I.; Shvartser, A.; Narukawa, Y.; Mukai, T.;
Scherer, A. Surface-Plasmon-Enhanced Light Emitters Based on
InGaN Quantum Wells. Nat. Mater. 2004, 3, 601−605.
(75) Vuckovic, J.; Loncar, M.; Scherer, A. Surface Plasmon Enhanced
Light-Emitting Diode. IEEE J. Quantum Electron. 2000, 36, 1131−
1144.
(76) Oulton, R. F.; Sorger, V. J.; Zentgraf, T.; Ma, R.-M.; Gladden,
C.; Dai, L.; Bartal, G.; Zhang, X. Plasmon Lasers at Deep
Subwavelength Scale. Nature 2009, 461, 629−632.
(77) Ma, R.-M.; Oulton, R. F.; Sorger, V. J.; Bartal, G.; Zhang, X.
Room-Temperature Sub-Diffraction-Limited Plasmon Laser by Total
Internal Reflection. Nat. Mater. 2011, 10, 110−113.
(78) Gather, M. C. A Rocky Road to Plasmonic Lasers. Nat. Photonics
2012, 6, 708−708.
(79) Konstantatos, G.; Sargent, E. H. Nanostructured Materials for
Photon Detection. Nat. Nanotechnol. 2010, 5, 391−400.

(80) Zia, R.; Schuller, J. A.; Chandran, A.; Brongersma, M. L.
Plasmonics: The next Chip-Scale Technology. Mater. Today 2006, 9,
20−27.
(81) Atwater, H. A.; Polman, A. Plasmonics for Improved
Photovoltaic Devices. Nat. Mater. 2010, 9, 205−213.
(82) Pillai, S.; Green, M. A. Plasmonics for Photovoltaic Applications.
Sol. Energy Mater. Sol. Cells 2010, 94, 1481−1486.
(83) Santbergen, R.; Temple, T. L.; Liang, R.; Smets, A. H. M.; van
Swaaij, R. A. C. M. M.; Zeman, M. Application of Plasmonic Silver
Island Films in Thin-Film Silicon Solar Cells. J. Opt. 2012, 14, 024010.
(84) Ferry, V. E.; Munday, J. N.; Atwater, H. A. Design
Considerations for Plasmonic Photovoltaics. Adv. Mater. 2010, 22,
4794−4808.
(85) Nakayama, K.; Tanabe, K.; Atwater, H. A. Plasmonic
Nanoparticle Enhanced Light Absorption in GaAs Solar Cells. Appl.
Phys. Lett. 2008, 93, 121904.
(86) Green, M. A.; Pillai, S. Harnessing Plasmonics for Solar Cells.
Nat. Photonics 2012, 6, 130−132.
(87) Ferry, V. E.; Sweatlock, L. A.; Pacifici, D.; Atwater, H. A.
Plasmonic Nanostructure Design for Efficient Light Coupling into
Solar Cells. Nano Lett. 2008, 8, 4391−4397.
(88) Ferry, V. E.; Verschuuren, M. A.; Li, H. B. T.; Schropp, R. E. I.;
Atwater, H. A.; Polman, A. Improved Red-Response in Thin Film a-
Si:H Solar Cells with Soft-Imprinted Plasmonic Back Reflectors. Appl.
Phys. Lett. 2009, 95, 183503.
(89) Giannini, V.; Zhang, Y.; Forcales, M.; Goḿez Rivas, J. Long-
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