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ABSTRACT: It is well established that plasmonic nanoparticles
embedded in a semiconductor can, under certain conditions,
increase the rate of charge carrier collection in electrocatalysts
bound to the semiconductor surface by changing the depth at
which photons are absorbed in the semiconductor. One
mechanism that leads to this effect is the injection of photon
energy into the semiconductor by near-field and scattering effects
induced by plasmonic metal nanoparticles. It is also well-known
that these metallic plasmonic materials are also photon absorbers
that can dissipate the incident electromagnetic energy into heat,
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which can make them into relatively efficient parasitic absorbers. Therefore, it is not clear under what circumstances plasmonic
nanostructures should enhance the quantum efficiencies of semiconductors. We have developed a physically transparent model
to demonstrate when introducing buried plasmonic metal nanoparticles into semiconductors is beneficial to improving the
photon conversion efficiency. The model captures the influence of the thickness, optical, and charge carrier transport properties
of the semiconductor as well as the depth of the buried plasmonic metal nanoparticles. We demonstrate the utility of the model
by probing the impact of buried metal plasmonic nanoparticles on the efficiency of three vastly different semiconductors: TiO,,
BiVO,, and Si. Using this model, we recommend strategies for improving the efficiency of available semiconducting materials by

introducing buried plasmonic antennas.

B INTRODUCTION

The development of efficient ways to store solar energy in the
form of chemical bonds is crucial for a sustainable future. A
promising family of materials for this application is semi-
conductor light absorbers coupled with metal electrocatalysts
at the surface of the semiconductor.'™** The generation of
charge carriers through photon absorption in the semi-
conductor and the transport of these carriers to the reaction
sites on the electrocatalysts are processes that must be efficient
to achieve acceptable external quantum efficiencies (EQE).
In general, different semiconductors possess very diverse
optical and charge transport properties that have a significant
impact on the EQE. The reflectance of the semiconductor
dictates the fraction of incoming light that enters the
semiconductor, while the photon absorption depth dictates
the fraction of photons absorbed by the semiconductor at a
given depth. Once a photon is absorbed in the bulk of the
semiconductor, the resulting charge carriers (electrons and
holes) must be separated and transported to the reactive
centers at the surface of semiconductor. Each semiconductor
has a unique charge carrier diffusion length that corresponds to
the distance a charge carrier can travel in the bulk before
recombining. If a photon is absorbed at a depth away from the
semiconductor surface that is greater than the charge carrier
diffusion length, the charge carriers are likely to recombine
before arriving at the reaction site. If the photon absorption
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depth is large relative to the electrode thickness, the EQE is
limited by inefficient absorption. Both of these scenarios could
be improved if photon absorption is enabled closer to the
reaction centers (i.e., electrocatalysts at the semiconductor
surface).

Metal nanoparticles can interact strongly with light of certain
wavelengths as a result of localized surface plasmon resonance
(LSPR). This excitation of LSPR results in strong electric fields
near the surface of the particle. These electric fields can lead to
the scattering of light by the particle to the far field or the
absorption of light in the nanoparticle. The resonant
wavelengths depend on the composition, size, and shape of
the nanoparticles, as well as their local environment. Au and Ag
nanoparticles can achieve these optical responses across the
visible light spectrum.’>™ There have been a number of
examples demonstrating that these plasmonic, noble metal
nanoparticles can be coupled with some semiconductors to
enhance the EQE, particularly at the LSPR wavelengths.*' ¢
It has been demonstrated that these enhancements are the
result of a transfer of energy from the excited metal
nanoparticles to the semiconductor, which leads to high rates
of charge carrier generation in the semiconductor close to the
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plasmonic nanoparticle.****”*° These plasmon-induced
enhancements of the EQE have, so far, been experimentally
demonstrated mainly for semiconductors that have very short
minority charge carrier diffusion lengths (such as Fe,O; and
doped TiO,) and that, in general, exhibit relatively low EQEs.

While there are many reports of the positive impact of the
plasmonic metal nanoparticles on the measured EQE, there are
no clear, physically transparent guidelines about when these
EQE enhancements should be expected and what their
magnitude should be. We note that metallic nanoparticles
are characterized by various pathways that lead to the parasitic
loss of the light energy (i.e., heating of the nanoparticles). In
light of these complexities, it is important to determine when
and how plasmonic metal nanoparticles should be used in
particular systems to improve the EQE of different families of
semiconductors.'>*****" In this contribution, we present a
simple, physically transparent photon conversion (PC) model
that sheds light on the impact of plasmonic nanoparticles on
the EQE of different families of planar semiconductor
photoelectrodes. In our analysis we have focused on three
different semiconductors (TiO,, BiVO,, and Si), which
represent three different families of light absorbers in terms
of the charge carrier diffusion and photon absorption lengths.
The photon conversion (PC) model captures the optical
(absorption, emission, and reflection) and bulk recombination
properties of the semiconductor and evaluates the effect of
placing idealized plasmonic metal nanoparticles at a specific
depth in the planar semiconductor electrode.

B THEORETICAL METHODS

The PC model, described in detail in the Supporting
Information, is built upon compounding the probabilities of
several processes that occur in series. For an incoming photon
to be useful, it must enter the semiconductor, be absorbed at a
specific depth, and generate electrons and holes that reach the
active centers before recombining. For a pure semiconductor,
these probabilities are respectively related to the wavelength-
dependent reflectance of the semiconductor, photon absorp-
tion depth (inverse of the absorption coefficient), and effective
charge carrier diffusion length. We describe the impact of
plasmonic nanostructures embedded in a semiconductor by
modeling them as “light concentrators”, where these structures
interact strongly with light. We assume that these materials can
either efliciently transfer the energy of light to the nearby
semiconductor, causing enhanced absorption in the semi-
conductor at the location of the nanoparticles, or alternatively
convert the light energy into a parasitic heat loss in the
nanoparticle. Our model essentially captures the action of the
electromagnetic field around the nanoparticles, which can lead
to either the enhanced absorption in the semiconductor or a
parasitic heat loss in the nanoparticle. We neglect the potential
of the energetic charge carrier that is created in the
nanoparticle being transferred to the semiconductor. This is
a reasonable assumption since a large fraction of charge carriers
formed in the nanoparticle lose their energy rapidly through
the collisions with electrons or by exciting phonon modes
(heating the nanoparticle).

To describe the optical behavior of a semiconductor, we use
its complex refractive index (n + i-k). Figure S1 shows the
wavelength-dependent values of x and n for the TiO,, BiVO,,
and Si semiconductors used in this work. We estimate the
reflectance, R, using a simplified version of the Fresnel
equation (eq S2) or experimentally published reflectance

data (Figure S2) for a number of flat semiconductors. The
Fresnel equation is most appropriate for flat and smooth
surfaces (monocrystalline Si wafers) while experimental data
are more appropriate for rough, particle-based surfaces (for
example, films of TiO, and BiVO, nanoparticles). We use the
Beer—Lambert Law, shown in eq 1, to compute the probability
of photon absorption in the semiconductor as a function of the
semiconductor depth.

ﬂ@} (1)

The probability of absorption in the semiconductor, A, at a
given wavelength, A, is exponentially dependent on the
quotient of the depth into the semiconductor, x, and the
photon absorption depth, d. The photon absorption depth is
defined as the distance at which the number of incident
photons has been attenuated to 1/e of its initial number. This
is equivalent to the reciprocal of the absorption coefficient and
is dependent on the wavelength and the imaginary component
of the refractive index (see the Supporting Information). In our
PC model, none of the photons that traverse the entire
semiconductor (i.e., are not absorbed) are reflected back into
the semiconductor (i.e. they are transmitted) unless stated
otherwise.

To account for the inclusion of plasmonic metal nano-
particles at a depth x, in the semiconductor, we modify the
semiconductor absorption probability calculation using eq 2. In
this calculation, we assume that the photon energy that reaches
the particle is either transferred into the SC at x, (e.g., via
LSPR-mediated near-field effect), producing energetic charge
carriers in the SC at this depth, or it is dissipated as heat in the
particle.*>*

A, x) =1 - exp[

1—exp[ d(/l)] (0<x<w,)

A(d, x) =
I—U—Q@Ukw{

(x > x,)
)

f11s the probability of absorption in the semiconductor through
the LSPR-mediated energy transfer process The sum of this
probability (f;) and the probability for the parasitic absorption
in the metal (f,) is assumed equal to 1. When f; is 1, all the
energy is injected into the SC. When f is 0, all the energy is
dissipated as heat in the nanoparticle. An energy transfer
parameter (f,;) is included to allow the plasmonic particle-
induced transfer of energy to the semiconductor only when the
incident photon energy is greater than the semiconductor band
gap energy. It takes a value of 1 when the extinction coefhicient
(k) of the semiconductor is >107° and a value of 0 when the
extinction coefficient is <107°. This parameter essentially
accounts for the fact that there will be no energy transfer if the
semiconductor band gap energy is larger than the energy
provided by the LSPR electric field; i.e., if the band gap in the
semiconductor is too large, then there should be no energy
transfer to the semiconductor. We use the value of 107° as a
threshold since for this value of the extinction coeflicient, even
in the presence of large plasmonic field there would be
relatively insignificant energy transfer to the semiconductor.
Photons are absorbed and generate charge carriers at various
depths in the semiconductor in both the bare semiconductor
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and composite semiconductor/metal cases. The probability of
a charge carrier excited at a given semiconductor depth to
recombine in the bulk of the semiconductor, before being
collected by the catalyst at the electrode surface, is computed
using eq 3

X

i

d

BR(x) =1 — exp

()

where x is the distance from the reactive surface in the
semiconductor and Ly is the effective charge carrier diffusion
length. The charge carrier diffusion length is a quantity used to
account for the joint action of various recombination pathways
including radiative, Auger, and Shockley—Read—Hall mecha-
nisms.>* This recombination probability depends on the type
of band gap (e.g, direct or indirect), the doping concentration,
and the magnitude of irradiance. For the particular materials
analyzed in this work, we selected the typical charge carrier
diffusion length from various published sources. In this simple
approach to quantify the bulk recombination probability, the
thickness of the depletion layer is assumed to be insignificant.

To simplify the model further and make it more physically
tractable, we solve it in one dimension, i.e., for a slab of
semiconductor where a plasmon “sheet” is introduced at a
particular depth in the semiconductor. We use a 1-D grid to
calculate the compounded probability of absorbing a photon at
a given depth and successfully transporting the minority charge
carrier to the reactive surface. This compounded probability
for a given grid point (a slice of the semiconductor), C, is
calculated using eq 4.

Ci(4, x[o]) = [AQ4, x[o]) — A(4, x[6 — 1])]-

[1 — BR(x[o])] (4)

Here, ¢ designates the specific grid point. C; which is
incremental photon conversion probability, is the product of
the incremental absorption probability at a given depth and the
probability of the minority charge carrier successfully traveling
back to the semiconductor surface from this depth. The
cumulative photon conversion efficiency is calculated as the
sum of each Ci over the entire semiconductor thickness and is
equivalent to the EQE when multiplied by the probability of a
photon not initially reflecting off the semiconductor surface
(eq S). The grid point at the front of the semiconductor
surface is ¢ = 1, and the back of the semiconductor is at grid
point ¢ = 6;. We note that we assume that a charge carrier that
reaches the reactive site will cause a reaction, i.e. the EQE
does not account for a reaction-specific energy requirements
for charge carriers.
o=0y,
EQE(2) = [1 - RW)I- ) C(4, alo])

o=1

©)

Similarly, the absorptance by the semiconductor (i.e.,
ignoring the wasteful absorption by the metal nanoparticle),
Agc, is calculated with eq 6. It is the product of the fraction of
photons that are not initially reflected and the probability of
absorption over the entire semiconductor thickness, L.

Agc(4) = [1 = R(DT-A(4, x = L) (6)

Figure 1 provides a graphical demonstration of the PC
model and the associated physical processes. The representa-
tive data in Figure la show the amount of absorption gained
incrementally between each grid point. The processes shown in
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Figure 1. Graphical description of the PC model. (a) Illustration of
the physical processes in the semiconductor. Light can be transmitted
through the semiconductor or absorbed by the semiconductor due to
the direct absorption or due to the energy transfer from a plasmonic
nanoparticle. The energetic charge carriers can either reach the
catalysts at the surface or recombine in the semiconductor. (b) The
absorption gained incrementally between each grid point for a
semiconductor with and without a buried plasmonic nanosheet is
shown on the left axis. The probability of successful charge carrier
transport (1 — recombination) is plotted relative to the right axis. The
product of the incremental absorption and (1 — recombination) is
equivalent to the incremental photon conversion probability (eq 4).

Figure 1b are drawn to directly correlate to the data in Figure
la. In a bare semiconductor, the incremental absorption is
greatest near the surface and decreases with increased depth.
The remaining photons are transmitted through the semi-
conductor. In a semiconductor with a buried plasmonic sheet,
the incremental absorption follows the same trajectory until
the light reaches the nanoparticle at x,,. At this depth, the near-
field effect (plasmonic energy transfer) completely redirects
the photon energy to absorb in the semiconductor, or the
energy is dissipated in the nanoparticle as heat. Beyond this
depth, there is no additional absorption because we assume
that the plasmonic sheet interacts with every photon. Once the
photon energy is absorbed in the semiconductor, the resulting
charge carrier will either diffuse to the catalytic site or
recombine. The probability that the charge carrier reaches the
catalytic site is quantified by 1 — the recombination probability
and decreases as the depth into the semiconductor increases.

B RESULTS AND DISCUSSION

Three classes of metal nanoparticles were investigated to study
how the presence of the metal nanoparticles impacts the EQE:
(1) parasitic, (2) ideal plasmonic, and (3) 50/50 plasmonic. In
the parasitic case, f| is set to zero, indicating that all photons
reaching the metal nanoparticle are absorbed in the nano-
particle and dissipated as heat. In the ideal plasmonic case, f; is
set to 1, specifying that all photons interacting with the metal
nanoparticle are absorbed in the semiconductor at that depth.
This is essentially a perfect antenna that concentrates the
energy and transfers it efficiently to the nearby semiconductor.
The parasitic and ideal plasmonic classes represent lower and
upper limits on the influence of metal nanoparticles on the
EQE, respectively. In the 50/50 case, f; is set to 0.5 to
characterize a situation intermediate of the two limiting cases.
This case is intended to represent a realistic plasmonic
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nanoparticle that experiences LSPR at a given wavelength,
dissipating half of the interacting photon energy as heat and
injecting the other half into the semiconductor to excite charge
carriers. We assume that these nanoparticles behave identically
at all wavelengths; ie, we assume that we can design
plasmonic resonators across the UV—vis—NIR range.

In our analysis, we focus on three semiconductors (TiO,,
BiVO,, and Si), which have different optical and charge
transport properties. Figure S1 shows the optical characteristics
of these semiconductors. In short, TiO, has a ~3.2 eV direct
band gap with a charge carrier diffusion length of ~10 nm.***°
Monocrystalline Si has an indirect band gap of 1.12 eV, and it
experiences direct electronic transitions for photon energies
above ~3.3 €V (i.e, an increase in the imaginary part of the
refractive index). It has a charge carrier diffusion length
between 100 and 400 um.*****” BiVO, has a 2.4-2.5 eV
indirect band gap, and it has direct electronic transitions that
increase the imaginary part of the refractive index above ~2.7
eV.Z;;S;? It has a charge carrier diffusion length of ~100
nm.

Case Study 1: Plasmonic Metal Nanoparticles
Embedded in TiO,. The data in Figure 2 show the effect
of incorporating the three classes of metal nanoparticle sheets
(parasitic, plasmonic, and 50/50) in a SO0 um thick TiO,
photoelectrode. The charge carrier diffusion length of TiO, is
set at 10 nm, and the plasmonic sheet is buried 10 nm into the
TiO,, matching the diffusion length. Introducing plasmonic
nanoparticles farther from the surface and into the semi-
conductor would have no significant effect because a large
fraction of the energetic charge carriers formed at these depths
would recombine before reaching the surface.

The data in Figure 2a show that the parasitic and 50/50
metal nanoparticles hinder the absorptance in the semi-
conductor for short wavelengths (below ~370 nm), and the
ideal plasmonic case has no effect on the absorptance relative
to bare TiO, at these wavelengths. The reason for this is that at
these wavelengths, TiO, is a very good absorber (large
imaginary part of the refractive index, k) and the introduction
of “lossy” metal nanoparticles can only have a negative effect.
The absorptance of TiO, becomes weak above 370 nm as the
band gap is approached (kx becomes smaller). At these
wavelengths, the ideal plasmonic and 50/50 particles enhance
the absorptance because light that would otherwise be
absorbed far away from the surface is absorbed by the
nanoparticles and a fraction of it is transferred to TiO,. Here, a
strong electric field around plasmonic materials would induce
absorption in TiO, even when the extinction coefficient, k; is
very low. This enhancement disappears at wavelengths beyond
the band gap due to the inability of the semiconductor to
absorb light at these wavelengths (k ~ 0), even with a strong
near-field effect. The data in Figure 2b show how the resonant
nanoparticles, positioned 10 nm below the TiO, surface,
change the depth at which the photons are absorbed at the 360
nm wavelength. The data show that the ideal plasmonic and
50/50 cases shift the absorption of photons toward the regions
that are closer to the surface of the semiconductor, where the
probability of bulk recombination is much smaller. The
parasitic case causes all photons remaining at the particle
depth to be recombined.

Figure 2c¢ shows the EQEs for the TiO, with the three
different classes of metal nanoparticles embedded at a depth of
10 nm for wavelengths below the TiO, band gap (~370 nm).
The data show that the parasitic nanoparticle reduces the
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Figure 2. PC model calculations for S00 pm thick TiO, with
plasmonic sheet buried 10 nm below the surface. (a) Absorptance in
the TiO, part of the composite electrode. The bare and plasmonic
results are identical for wavelengths below 370 nm. (b) Cumulative
semiconductor absorption profile in the TiO, for a resonant
wavelength of 360 nm. (c) Calculated EQEs for the different TiO,
systems. The dashed green plot corresponds to the 50/50 particle
buried 5 nm below the surface.

efficiency at all wavelengths, while the ideal plasmonic case
enhances the EQE, regardless of the wavelength. At very short
resonant wavelengths (less than ~320 nm), the 50/50
nanoparticle hinders the efliciency. At these wavelengths, the
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photon absorption depth in TiO, is very short (TiO, is an
excellent absorber); therefore, the majority of photons are
absorbed close to the surface, minimizing the role of bulk
recombination. At longer wavelengths, where the absorption
probability in TiO, starts to drop, the 50/50 particle improves
the EQE, despite the fact that it reduces the total absorptance
in the TiO, for most of these wavelengths (Figure 2a). Under
these conditions, the 50/50 and ideal plasmonic particles
induce the absorption process close to the surface, therefore
limiting the role of bulk recombination. When the 50/50
particle is buried 5 nm below the surface, the EQE at short
wavelengths decreases and the EQE at the long wavelengths
increases, relative to the 10 nm deep 50/50 particle. These
changes demonstrate that the particle should be buried close to
the surface when the absorption depth is long relative to the
diffusion length and short relative to the semiconductor
thickness.

The data in Figure 2 show that plasmonic nanostructures
can improve the performance of TiO, when positioned within
one charge carrier diffusion length from the TiO, surface only
at the wavelengths where the absorption rates in TiO, are
relatively low. At the wavelengths where TiO, absorbs very
well, it is difficult to envision that plasmonic nanostructures
can be beneficial. We note that there have been experimental
reports of plasmonic nanostructures improving the perform-
ance of TiO, or N-doped TiO, at wavelengths near the band
gap.>"?****! The data shown in Figure 2 are in agreement with
those experimental observations.

Case Study 2: Metal Nanoparticles Embedded in
BiVO,. BiVO, is characterized by a relatively large k below
~480 nm which gradually decreases to 0 around 700 nm. The
data in Figure 3 show the absorptance and EQE results for a
500 um thick BiVO, photoelectrode. The metal nanoparticle
depth and charge carrier diffusion length are both set to 100

m.**7* In BiVO,, the surface reflectance is the dominant
source of optical loss at this thickness. Therefore, it is not
surprising that the data in Figure 3a show that the plasmonic
case accomplishes no absorptance enhancement at any
wavelength and that the 50/50 and parasitic nanoparticles
reduce the absorptance in BiVO, for every resonant wave-
length. The reason for this is that at the thickness of 500 ym
BiVO, will absorb all the light that is not reflected.

The data in Figure 3b show that the EQEs for the three
metal nanoparticle cases at short wavelengths (below ~480
nm) show very little deviation from the EQE of the bare
BiVO,. The reason for this is that the photon absorption depth
is short relative to the charge carrier diffusion length. At longer
resonant wavelengths, the 50/50 case and, to a greater degree,
the plasmonic case show moderate EQE enhancements. The
reason for these EQE enhancements is that at these
wavelengths the rate of absorption in BiVO, starts dropping
(the photon absorption length increases), and the plasmonic
nanostructures serve to ensure that the process of absorption
takes place closer to the surface, therefore combating the
recombination losses. These results suggest that realistic
plasmonic metal nanoparticles, consisting of Ag or Au, that
resonate above ~480 nm are expected to improve the EQE of
BiVO, when these nanoparticles are buried within one
diffusion length of the surface.

Case Study 3: Metal Nanoparticles Embedded in Si.
The calculated absorptance and EQE for 500 pm thick Si
photoelectrodes are shown in Figure 4a and Figure 4b,
respectively. The metal nanoparticle depth and charge carrier
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Figure 3. PC model calculations for 500 gm thick BiVO, with metal
nanoparticles buried 100 nm below the surface. (a) Absorptance in
the BiVO, part of the composite electrode. (b) Calculated EQEs for
the different BiVO, systems.

diffusion length are both set to 100 ym. We note that charge
carrier diffusion length of different types of crystalline Si
electrodes can vary from 100 to 400 pm. At the 500 um
thickness, Si is a very efficient absorber across the visible
spectrum and well into the infrared. Therefore, the
introduction of a plasmonic structure can only improve the
absorptance for photons above 1000 nm as shown in Figure 4a.
These trends are preserved in the EQE results, with the
plasmonic and 50/50 particles enhancing the EQE only at
resonant wavelengths above 950 and 1000 nm, respectively. If
the AM 1.5 solar spectrum (Figure SS) is the photon source,
the enhancements achieved by the 50/50 particle in 500 ym
thick Si are small due to the low intensities at these infrared
wavelengths. Based on the data in Figure 4, we predict that that
plasmonic metal nanostructure should have minimal utility
when used with relatively thick Si samples. In these materials, it
is much more beneficial to focus on reducing the surface
reflection rates, which can be achieved by texturing the Si
surface to direct the reflecting photons into the Si.'%***~*
While thick Si electrodes are very efficient absorbers that
experience very little bulk recombination, thin Si electrodes are
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Figure 4. PC model calculations for 500 ym thick Si with metal
nanoparticles buried 100 ym below the surface. (a) Absorptance in
the Si part of the composite electrode. (b) Calculated EQEs for the
different Si systems. The dashed plots correspond to a bare Si
electrode with its reflectance reduced by 70%.

poor absorbers that maintain this low bulk recombination
probability. Figure Sa and Figure Sb show the effect of placing
metal nanoparticles at the back of a 100 nm thick Si
photoelectrode on the Si absorptance and the EQE,
respectively.

In this case, bulk recombination is negligible because the
thickness of the electrode is 1000 times shorter than the
diffusion length. As a result, the EQE changes are tied directly
to how the metal nanoparticles change the absorptance in the
Si. There are no optical efficiency losses that result from the
inclusion of the parasitic and 50/50 particles because they are
placed at the back of the electrode (ie., they are only
interacting with light that would otherwise be transmitted). At
resonant wavelengths longer than 350 nm (where Si behaves as
an indirect band gap semiconductor), the plasmonic and 50/
50 cases strongly enhance the absorptance in the Si. The
reason for this is that a large fraction of photons is absorbed at
the back of the electrode rather than being transmitted.

Si is a fundamentally different type of semiconductor than
TiO, and BiVO, in which bulk recombination losses are not
the dominant loss mechanism, except at very long wavelengths.

SC Absorptance
o

0 - T —_ ” T . 1
300 500 700 900 1100
Resonant Wavelength [nm]

1

Bare SC
— = = Parasitic
Plasmonic
~——50/50

0 —— e ————
300 500 700 900 1100
Resonant Wavelength [nm]

Figure 5. PC model calculations for 100 nm thick Si with metal
nanoparticles buried 100 nm below the surface. (a) Absorptance in
the Si part of the composite electrode. (b) Calculated EQEs for the
different Si systems.

Instead, when the Si is thin, and therefore, a very poor
absorber, realistic plasmonic metal nanoparticles are expected
to improve the EQE through absorptance enhancements.
Generic Semiconductor. To further shed light on the
impact of plasmonic nanostructures on various semiconduc-
tors, we have analyzed the behavior of a generic semiconductor
in terms of reduced optical and geometric properties. The data
in Figure 6 show the changes in EQE, induced by embedding a
50/50 plasmonic sheet, as a function of the reduced
semiconductor thickness, particle depth, and charge carrier
diffusion length. The reduced quantities are obtained by
dividing these by the photon absorption depth. When the
semiconductor is very thin relative to the photon absorption
depth (Figure 6a, L = 0.1), the 50/50 particle improves the
EQE for all realistic particle depths and diffusion lengths
because the system is light absorption-limited. When the
photon absorption depth and the semiconductor thickness are
equal to each other (Figure 6b, L = 1), the 50/50 particle
improves the EQE, except when the charge carrier diffusion
length is very long (reduced diffusion length larger than 1) and
the particle depth is short (i.e., plasmonic nanostructure at or
close to the surface of the semiconductor). In the case of a very
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show where the enhancement factor equals 1 (i.e.,, zero EQE change).

thick semiconductor (Figure 6¢c, L = 10) with a long diffusion
length, there is negligible opportunity for EQE enhancement
using a 50/50 particle; the system is already optimized. For
these systems, the plasmonic nanoparticles can benefit the
system only when the charge carrier diffusion length is
relatively short (reduced diffusion length less than 1). For each
of the semiconductor thicknesses shown, the particle depth
should be minimized when the diffusion length is less than the
absorption depth to maximize the EQE. When the diffusion
length is greater than the absorption depth, the particle should
be on the back side of the semiconductor to maximize the EQE
by limiting parasitic losses.

B CONCLUSIONS

We have developed a simple, physically tractable model to
analyze the impact of plasmonic metal nanoparticles on the
photon conversion efficiencies of semiconductors. The model
captures the potentially positive impact of light harvesting by
the nanostructures as well as the negative impact of the
particle-induced parasitic dissipation of the incident electro-
magnetic energy into heat. The model provides us with a few
guiding principles that should be followed when introducing
plasmonic absorbers in a semiconductor. We find that the EQE
of a semiconductor photoelectrode can be improved by buried
plasmonic nanoparticles when there is at least one source of
inefliciency derived from either poor absorption or high bulk
recombination rates. The EQE of poorly absorbing semi-
conductors with low bulk recombination losses, such as thin Si,
can be improved by placing plasmonic nanoparticles on the
back of the electrode by reducing transmission losses. On the
other hand when the charge carrier diffusion length is less than
the photon absorption depth, the EQE can be improved by
placing plasmonic nanostructures close to the surface of the
semiconductor (i.e., where light is penetrating the semi-
conductor).
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