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T
he experimental conversion efficiency
of around 10% attained, so far, for
hydrogenated amorphous silicon (a-

Si:H) thin film solar cells,1 ismuch lower than
the theoretical Shockley�Queisser detailed
balance limit2 of about 27% for the a-Si:H
optical band gap of 1.7 eV.3 This difference
arises primarily from an inherently high
density of tail and defect states in the a-Si:
H band gap, which in turn leads to recom-
bination losses, curtailed carrier transport,
and lowering of the open circuit voltage.4

The problem is more severe in doped a-Si:H
due to its even higher concentration of
recombination centers. In solar cell devices,
this situation is normally handled through
the use of p-i-n or n-i-p architectures com-
prising extremely thin (20�30 nm) p- and
n-doped layers and a thicker (up to 1000 nm)
intrinsic region where most of the light
absorption takes place.4,5 The layer thick-
ness of the device is a compromise between
the requirements to maximize optical ab-
sorption (benefitting from thicker films)
and minimizing recombination and trans-
port losses (benefitting from thinner films),
respectively.
Nanoparticle plasmons offer an opportu-

nity to improve this situation, as they allow
for the use of much thinner layers with
comparably small losses of optical absorp-
tion. For instance, recent theoretical work
suggests an ideal conversion efficiency of
18% for a combined Ag/a-Si:H nanocompo-
site layer thickness of only 20 nm when
backed up by a reflective support.6 Thanks
to the shorter carrier collection lengths in
such ultrathin absorber layers, recombina-
tion and transport losses may be sup-
pressed, and an ideal efficiency may be
easier to approach. For instance, the effect
of Staebler�Wronski degradation of a-Si:H
has been observed to be reduced in thinner
films.7 There is even some experimental
support for the possibility to go beyond

the Shockley�Queisser limit by exploitation
of ballistic (hot) carrier transport in such thin
films.8,9

Plasmonic solar cells combining metal
nanoparticles with a-Si:H have attracted in-
creasing attention during the past few
years.10�16 Most work has focused on the
exploitation of far-field effects induced by
light scattering of the plasmonic nanoparti-
cles. The resulting increase of optical path
length leads to enhanced light absorption
in the a-Si:H layer.11�14,16 For this approach,
the nanoparticles are typically located at the
front or rear of the a-Si:H film with a trans-
parent conductive oxide spacer/contact
layer separating the metal nanoparticles
from the a-Si:H. Nanoparticles of Al, Au,
and Ag have been explored, among which
Ag has the highest quality factor17 over the
relevant wavelength range and therefore
the smallest internal dissipation losses. Re-
sults have primarily been evaluated in terms
of photocurrent or absorption enhance-
ment factors, calculated as ratios for sam-
ples with and without plasmonic particles.
Typical a-Si:H film thicknesses in the range
of 130 to 280 nm have been studied, with
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ABSTRACT Nanocomposite layers of Ag nanoparticles and a-Si:H film constitute attractive

candidates for the realization of ultrathin “two-dimensional” plasmonic solar cells, with an ideal

18% efficiency predicted for an average layer thickness of only 20 nm. By combining optical

spectroscopy with photoconductivity measurements, we here characterize different contributions to

the light absorption and charge carrier generation in such nanocomposites. We focus in particular on

the important role of the absorber layer thickness for these processes, by studying a range of a-Si:H

thicknesses from 9 to 67 nm. Through detailed comparison with numerical calculations by the finite

element method, observed experimental features are connected to specific resonance modes and

charge carrier generation mechanisms. The influence of dipolar and quadrupolar near-field

distributions are evaluated with respect to different figures of merit for plasmonic solar cells. We

briefly discuss how the present findings may be implemented in practical solar cell configurations.

KEYWORDS: ultrathin plasmonic solar cells . nanocomposites . 2D photovoltaics .
amorphous hydrogenated silicon . figure of merit

A
RTIC

LE



GUSAK ET AL. VOL. 5 ’ NO. 8 ’ 6218–6225 ’ 2011

www.acsnano.org

6219

wavelength integrated enhancement factors of up to
about 1.5 demonstrated.
Plasmon near-field induced light absorption begins

to dominate over far-field effects below a length scale
given by (λ/n)/2π, where λ/n is the wavelength in
the nanostructured semiconductor with n being its
(effective) refractive index. This less explored absorp-
tion and enhancement route has its physical origin in
the locally amplified, nonpropagating part of the “scat-
tered” electric field. Moulin et al.10 studied the influ-
ence of a Agmetal island film on the performance of an
ultrathin a-Si:H solar cell with an a-Si:H thickness of
40 nm. They found a substantial increase of the
quantum efficiency in the presence of Ag nanoparti-
cles for wavelengths exceeding the optical band gap
threshold and attributed this effect to either photo-
emission of hot electrons from themetal nanoparticles,
as a result of plasmon decay to electron�hole pairs
within the nanoparticle, or to a near-field effect coupled
to states at the metal/semiconductor interface.10

In the present work, we study the experimentally
measured optical and opto-electronic properties of
quasi-random, nanofabricated Ag nanoparticle distri-
butions (Figure 1d�g), covered by ultrathin a-Si:H
layers (Figure 1a) with thicknesses t in the range of 9
to 67 nm. We investigate the dependence on a-Si:H
thickness in detail, as this is a key parameter to optimize
for (plasmonic) solar cells.18 Although the influence of
spacers between plasmonic nanoparticles and ultra-
thin absorbing material has been studied to some
extent,19 surprisingly few works address the role of
the absorber layer thickness itself. The thinnest com-
posites considered here are well within the near-field
dominated regime according to the criterium given
above, whereas the thicker films give rise to significant
finite size (retardation/interference) effects. Using cal-
culations by the finite element method (FEM), we
identify maxima associated with the different plasmon
modes dominating for different thicknesses/wave-
lengths (see further Figure 1b,c). The results are ana-
lyzed in light of two alternative figures of merit used in
the literature for quantifying the benefits of plasmonic
components in solar cells.

RESULTS AND DISCUSSION

Plasmon-Enhanced Optical Absorption and Charge Carrier
Generation in a-Si:H. Photoconductivity measurements
were used to quantify Ag nanoparticle plasmonic
contributions to the charge carrier generation rate in
the a-Si:H layer. The a-Si:H layer provides a continuous
conduction path between the probing electrodes, as
illustrated in Figure 1a. Upon light absorption, free charge
carriers are created in the a-Si:H layer and contribute to
measurable conductivity, or potentially a photocurrent
if in a solar cell configuration. The advantage of the
simplified geometry used in thiswork is that the charge
separation does not depend on built-in fields associated

with a solar cell junction. The strength of a built-in
field depends on the thicknesses of the doped and
intrinsic regions of the device and leads to variations
of the charge separation efficiency.9 When the
photoconductivity is probed laterally across the film
by means of an external voltage instead, the situa-
tion remains more equivalent for different thick-
nesses of the a-Si:H film. We found that the
measured photoconductivity had a linear dependence
on photon flux (to within (2%) throughout the range
used (up to about 1.5 mW/cm2), which is crucial for its
validity as a measure of the charge carrier generation
efficiency.

The photoconductance wasmeasured as a function
of wavelength both with and without Ag nanodisks as

Figure 1. (a) Sample and electrode configuration used for
the photoconductivity measurements. The sample consists
of nanofabricated Ag nanoparticles of height h covered by
an a-Si:H film of thickness t, in an area flanked by Au finger
electrodes. In (b) and (c), calculations by the finite element
method of the scattered electric field are presented. The
a-Si:H thickness was 45 nm in both cases, and light is
incident from the bottom along the x-axis, that is, perpen-
dicular to the a-Si:H film plane. Thewavelengths are 670 nm
in (b) and 570 nm in (c). The scattered field components just
outside the Ag particle surface are indicated by white
arrows. In (b), at 670 nm wavelength, the response is of
mainly dipolar character as seen by the fairly uniform
direction of the scattered near-field. At the shorter 570 nm
wavelength in (c), more of a quadrupolar character is
demonstrated by the opposing scattered field vectors
(mainly positive in y in the lower part and negative in the
upper part of the a-Si:H/particle structure). The SEM images
in (d) and (e) show typical quasi-random distributions of Ag
disks used in this work. In all cases, the disks had a nominal
diameter of 60 nm and height of 40 nm. The imaged
samples are covered by a 9 nm a-Si:H layer. The histograms
in (f) and (g) show typical distributions of particle diameters
and nearest neighbor distances, respectively.
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detailed in Methods and Supporting Information. The
presence of the Ag particles did not alter themeasured
dark conductivity significantly. This suggests that the
Ag did not add much to the conduction in these
samples, and that the nanoscale Schottky junctions20

formed at the Ag/a-Si:H interfaces were not associated
with a substantial depletion of free charge carriers in
the a-Si:H films in the dark.

The photoconductance typically displayed a slow
decrease over the course of a measurement, likely
because of the photoinduced Staebler�Wronski de-
gradation of a-Si:H.21 To compensate for this effect as
well as for any a-Si:H thickness variations of different
samples, the photoconductance spectra were aver-
aged over at least two samples and normalized by
the value at 420 nm wavelength. Figure 2a�c shows
the normalized photoconductance data averaged for
samples of the same kind (either with or without Ag)
for varying thickness. The reference photoconduc-
tance spectra follow the corresponding absorbance

(see further below) quite closely. The latter is included
in the same graphs for comparison.

In the context of light trapping structures for solar
cells, the absorbance or photocurrent enhancement
factor vis-à-vis a reference sample is conventionally
used as a quantitative measure of the benefit.22,23 In
our measurements, the corresponding figure of merit
is the photoconductivity enhancement factor E = Æσæ/
Æσrefæ, where Æσæ is the averaged photoconductance
spectrum for samples with Ag nanodisks and Æσrefæ is
the corresponding spectrum for samples with the
same thickness of a-Si:H but without the Ag nanodisks.
This enhancement factor is shown in Figure 2d�f for
the samples presented in Figure 2a�c, respectively.
The enhancement factor exhibits a peak (somewhat
noisy for the 12 nm film) located approximately at the
plasmon resonance position of the Ag nanodisks. The
peak value of the plasmon enhancement varies be-
tween 1.4 and 3.2 for the a-Si:H thicknesses studied in
this work.

Figure 2. Thickness dependences illustrated by Ag particles covered by 12, 32, and 67 nm a-Si:H layers (left, middle, and right
columns, respectively). The top figure row (a�c) shows an average of normalized photoconductance spectra (Æσæ and Æσrefæ)
and the measured absorbance of the corresponding flat a-Si:H films (Aref). The middle row (d�f) displays the photo-
conductivity enhancement associated with the plasmons. The points in panels (e) and (f) represent values of E obtained from
combinations of photoconductances of two a-Si:H/Ag and two reference samples, which led to four values of the
enhancement factor at eachwavelengthmeasured. For the 12nm film frompanel (d), two a-Si:H/Agandone reference sample
weremeasured, which led to two values of E at eachwavelength. The bottom row (g�i) shows the photoconductance derived
estimates ASi and AAg of the different contributions to the absorbance from the a-Si:H and Ag constituents, respectively. The
measured total absorbance Atot of the Ag/a-Si:H nanocomposite and Aref are also included.
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As a complement to the photoconductivity mea-
surements, integrating sphere light absorbance mea-
surements were carried out for a-Si:H films of varying
thicknesses, with and without Ag nanodisks under-
neath. Examples are presented in Figure 2g�i. The a-Si:
H absorption coefficient, and therefore the flat refer-
ence film absorbance, decreases monotonically with
wavelength, as can also be observed in Figure 2g,h. For
the thicker 67 nm film, Fabry�Perot interference re-
sults in a plateau in the range of 400�500 nm, as
further detailed in Supporting Information. Compared
to this flat film “reference absorption”, the Ag/a-Si:H
systems always display an enhanced response asso-
ciatedwith the localized plasmon resonances of the Ag
nanoparticles. It is not possible to calculate the frac-
tions absorbed in the a-Si:H and Ag based on the
absorbance data alone since the strong near-field
coupling between these components will redistribute
their isolated responses. To estimate the absorbance
occurring in the a-Si:H part of the nanocomposite, we
therefore exploit the measured photoconductivity en-
hancement data to obtain ASi ≈ E � Aref, where Aref is
the absorbance of the corresponding flat a-Si:H film.
The basis for this estimate is the observed linearity
between photoconductance and light absorption rate/
photon flux. The result is plotted in Figure 2g�i. The
absorbance of the Ag nanodisks AAg in the Ag/a-Si:H
systemmay finally be obtained by use of themeasured
total absorbance, as AAg = Atot � ASi. As can be seen
from Figure 2g�i, the plasmon resonance shifts with
the a-Si:H thickness, for the studied system, from about
480 nm for the Ag nanodisks on glass (not shown) to
about 600 and 680 nm for the same nanodisks covered
with a 12 nm and a 32 nm a-Si:H films, respectively
(Figure 2g,h). Such high sensitivity on the dielectric
constant of the surrounding medium is well-known24

and exploited, for instance, in sensing applications.25 In
the case of the 67 nm a-Si:H film, the higher order
(quadrupolar) plasmon resonance mode becomes visi-
ble (see Figure 2i), an interpretation supported by the
calculations discussed next.

Spatial Distribution, Thickness Dependence, and Mechanism
of Enhancement. To clarify the nature of the observed
plasmon-induced absorption and charge carrier gen-
eration, the experimental measurements were com-
plemented by finite element calculations, as detailed in
Methods and Supporting Information. The Helmholtz
vector wave equation was solved for the scattered
electric field, from which the total field within and
around the plasmonic nanoparticles was obtained by
superposition. This allowed us to calculate the total
absorbance of the Ag/a-Si:H system and to resolve
absorption occurring in the Ag and a-Si:H constituents,
respectively. The results are compared with the mea-
sured data in Figures 3�5.

Figure 3 shows the measured and calculated total
absorbance as a function of a-Si:H film thickness and

photon wavelength. The calculations qualitatively re-
produce the experimental results and allow for an
interpretation of these observations. For a-Si:H thicknesses

Figure 3. Experimental (a,b) and calculated (c,d) total ab-
sorbance of Ag/a-Si:H films. The data in (a) and (c) show the
absorbance at the positions indicated by the crosses in (b)
and (d), respectively. These locations correspond tomaxima
associatedwith the dipolar plasmon resonance for different
film thicknesses. Interpolated curves were added as guides
to the eye. The contour plots are smoothed surfaces
approximating the data, with absorption ranging from high
on the red side to low on the blue side of the color scale,
respectively. The actual peak values are more accurately
shown in (a) and (c). The minimum a-Si:H thickness studied
experimentally is marked by dashed lines in (c) and (d).

Figure 4. Experimental (a,b) and simulated (c,d) enhance-
ment factors for a-Si:H films of different thicknesses. In (a)
and (c), the values at local maxima for the enhancement
factor are shown as a function of thickness. These maxima
correspond to the positions marked in the contour plots (b)
and (d), respectively; the maxima associated with the di-
polar mode are marked by crosses, and the quadrupolar
maxima are marked by circles. The contour plots are
smoothed surfaces approximating the data.
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of up to 40 nm, the mentioned shift of the Ag plasmon
peak with a-Si:H thickness is clear in both the experi-
ments and the simulations. This effect saturates some-
what for film thicknesses above 40 nm, at which point
an additional absorption peak appears at shorter wa-
velengths. The field distribution associated with the
latter has a quadrupolar character, as shown in
Figure 1c, while the peak at longer wavelengths is
mainly dipolar (see Figure 1b). The quadrupolar plas-
mon mode overlaps spectrally with strong absorption
of the a-Si:H and is in the total absorbance only visible
in the calculated data as a shoulder for the thickest
films (at about 550�600 nm in Figure 3d). In the
experimental data, the quadrupolar mode is however
seen clearly in the Ag absorbance, for instance, for the
67 nm films of Figure 2i.

The appearance of the quadrupolar mode for thick-
er a-Si:H layers may qualitatively be understood since
the high refractive index of the a-Si:H film (Figure S3 of
Supporting Information) reduces the wavelength of
light such that the Ag particle height becomes sig-
nificant in comparison. Appreciable phase shifts occur
from the top to the bottom of the absorbing layer and
thereby stronger coupling to quadrupolar mode plas-
mon resonances.

While the total absorption of the quadrupolarmode
increases with thickness up to some limit beyond the
investigated range here, the experimental and simu-
lated data show that the total absorbance associated
with the dipolar mode has a maximum for very thin
films (∼10 nm) and that it thereafter mainly decreases
with increasing a-Si:H thicknesses (Figure 3a,c). Such a
maximum is suggested by theoretical considerations
of the light absorption in close to two-dimensional

nanocomposites, predicting further a maximum dipo-
lar mode absorbance of 67% from the refractive index
contrast between the glass and air in front and behind
of the absorbing film, respectively.18,26

Although the experimental and calculated peak
positions and thickness dependences agree well,
peaks are both sharper and higher in the simulations.
In the latter, the maximum dipolar absorbance (60%,
Figure 3c) is in fact not very far from the theoretical
maximum for this system, whereas the experimental
maximum is somewhat lower (47%, Figure 3a). This
relatively modest difference may have several origins,
an obvious one being that the calculations were for a
square array of particles, whereas the experiments
were performed on significantly less ordered particle
distributions (Figure 1e,g). This disorder creates vary-
ing environments of individual Ag nanoparticles and
associated inhomogeneous peak broadening and low-
ering of the ensemble peak response.27 Similar effects
result fromparticle size and shape variations (Figure 1d,f).
Although surface scattering was accounted for in the
simulations, additional damping and broadening may
exist in the experiments due to scattering at internal
grain boundaries and by defects and impurities in the
Ag disks. Differences in the coupling strength between
the plasmonic disks and the a-Si:H layer (for instance,
due to presence of oxide or other interfacial layers; see
further Methods) could also have an influence. In light
of these differences between the measured system
and the simulated one, we regard the agreement be-
tween simulations and experiments to be quite good.

In Figure 4, experimental and calculated enhance-
ment factors are compared. For film thicknesses up to
about 30 nm, the dipolar peak dominates, while for
thicker films, the quadrupolar mode gives rise to a
ridge in the calculated contour map (Figure 4d) and a
shoulder in the experimental map (Figure 4b). The
positions of the enhancement peaks are well repro-
duced by the calculations, but the inhomogeneous
peak broadening/lowering just mentioned above leads
to peak amplitudes that are a factor 2�3 lower in the
experimental data. For the thinnest films, part of this
broadening may also be due to a lower signal-to-noise
ratio.

The quadrupolar enhancement is visible only for
the two thickest films in the experiments but fit the
calculated trend for these points (Figure 4a,c).

The maximum dipolar enhancement observed in
the experiments for the investigated range of a-Si:H
thicknesses occurs for a thickness of 20 nm and agrees
reasonably well with the calculated broad peak cen-
tered around 30 nm (Figure 4a,c). The value of the
experimental dipolar enhancement factor decreases
for thicker films, while the simulations, however, pre-
dict an increase for films thicker than 55 nm. Note,
however, that the absorbance is very low under these
conditions (see Figure 3d).

Figure 5. Plasmon-induced absorbance in the a-Si:H films
from (a,b) experiments and (c,d) simulations. Crosses cor-
respond to maxima of the dipolar part of ΔA, and circles
represent maxima of the quadrupolar contribution. The
contour plots are smoothed surfaces approximating the
data.
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While the enhancement factor is the conventional
way to represent light trapping benefits in solar cells,22

it can be argued that the plasmon-induced absorbance
in the a-Si:H films is a more interesting figure of merit
for applicatons.18 This is an absolute measure of the
a-Si:H absorption caused by the Ag nanoparticles,
defined as a difference ΔA t ASi � Aref rather than as
a ratio. Its dependence on thickness and wavelength is
shown in Figure 5 and displays dipolar and quadrupo-
lar ridges in both experiments and calculations.

Because of the strong increase of the a-Si:H absor-
bance toward shorter wavelengths, the maxima of ΔA
associated with both dipolar and quadrupolar modes
are shifted to somewhat shorter wavelengths and
thinner a-Si:H films compared to the enhancement
factor maxima. The overall effect is a stronger peak
absorbance in the a-Si:H in absolute terms. The experi-
mental ΔA peaks are in addition blue-shifted com-
pared to the calculated peaks, which we believe is a
secondary effect of their broader spectral range and
the increasing a-Si:H absorption coefficient toward the
blue (Figure S3 of Supporting Information). The experi-
mental dipolar peak dependence on film thickness
demonstrates a maximum for the thinnest, 9 nm a-Si:
H film, and a mainly declining trend with thickness
(Figure 5a). The extended calculated response (Figure 5c)
indeed confirms a maximum at 9 nm thickness and
displays an initially sharp decline ofΔAwith increasing
thickness. The maximum observed for these very thin
films is closely related to the maximum of the total
absorbance (Figure 2a,c), which in turn can be under-
stood from the general properties of this virtually two-
dimensional system.26 It is a near-field dominated
effect, with the FEM calculated absorption concen-
trated to the vicinity of the Ag nanoparticles; a far-field
enhancement bymeans of waveguidedmodes23 is not
possible here, as the fundamentalmode is cut off for an
a-Si:H thickness of 35 nm at the peak wavelength of
about 580 nm.28 We note that the calculated depen-
dence of the dipolarΔA peak shows a knee-like decline
near 30 nm a-Si:H thickness, which appears to be
connected to the onset of the quadrupolar mode.

The quadrupolar mode observed in the calculation
of the a-Si:H absorption for the thinner films (<50 nm)
was weak and not clearly resolved in the experiments.
Additional simulations (not shown here) suggest that
the effect of the quadrupolar mode on the a-Si:H
absorbance is quite sensitive to the a-Si:H coverage
on top of the particles, which is in line with previous
results demonstrating the predominant localization of
this mode toward the “air” side of the structure29 (see
also Figure 1c). The quite substantial difference in peak
values of the experimental and calculated quadrupolar
ΔAmay therefore be due to deviations in how the a-Si:
H cover the particles from the way it was assumed in
the simulations (see Methods). Compared to dipolar
resonances, the spatially less extended near-field of

quadrupolar resonances outside the particles may also
imply a more significant rate of charge carrier recom-
bination at the metal/semiconductor interface, which
is not taken into account in the calculations.

Calculationswere extended into the range from1 to
9 nm, the latter being the thinnest film studied experi-
mentally. The total absorbance remains high over this
range due to internal dissipation in theAg,while for the
thinnest films, the enhancement factor actually starts
to increase again; it diverges in the limit of zero
thickness, as was previously observed.15 In contrast,
the plasmon-induced absorbance in the a-Si:H layer
decreases to zero in this limit, although in remarkably
slow fashion owing to the exceptionally high damping
of a-Si:H for short wavelengths (<500 nm).

The envisioned implementation of these plasmonic
nanocomposites in solar cells requires a dedicateddevice
architecture to be developed. Given a total absorber
layer thickness around 10�20 nm, p-n- and p-i-n-type
homojunctions are unlikely to sustain a sufficiently
sharp potential drop for efficient charge separation,
leaving heterojunctions or metal/semiconductor-type
junctions as the preferred option. To allow for themost
optically efficient design with a reflective support,6

transparent conducting oxides (TCOs) or their equiva-
lents are further required for contacting the absorber
layer on both the front- and backside. Thus in the
simplest case, the TCO-1/[Ag/a-Si:H]/TCO-2/metal con-
figuration shown in Figure 6 is envisaged, where the
two TCOs must be carefully chosen for optimal driving
force (work function difference),30 band edge align-
ments, and conductivity/transparency trade-offs. Since
the charge carriers will be generated in close proximity
to the metal nanoparticles, the latter may beneficially
be integrated with the circuit rather than isolated. An
intelligent use of very thin selective ohmic contacts31 is
an option to reduce recombination via the noblemetal
surfaces and to improve charge separation further. The

Figure 6. Photovoltaic configurationwhere the broad-band
plasmon near-field induced absorption in an a-Si:H coated
array ofAgnanoparticles canbemaximized. The a-Si:H layer
is about 20 nm thick, and the spacer layer (TCO-2) is around
100 nm. The metallic back reflector also serves as an
electrode.

A
RTIC

LE



GUSAK ET AL. VOL. 5 ’ NO. 8 ’ 6218–6225 ’ 2011

www.acsnano.org

6224

growth of ultrathin (∼1 nm), pinhole-free selective
barrier films for this purpose is one of the many
challenges requiring further investigation. In light of
the unique opportunities that these systems provide in
terms of resource efficiency and cost reductions, such a
prospect nevertheless appears worthwhile.

CONCLUSIONS

We have investigated the plasmon near-field in-
duced light absorption in a-Si:H films and its depen-
dence on film thickness, by means of optical and
photoconductivity measurements and numerical cal-
culations. The linear response of the measured photo-
conductivity allows for a straightforward quantification
of the useful charge carrier generation rate when
combined with optical spectroscopy.
Numerical calculations by FEM match the experi-

mental results well and allow different features to be
associated with plasmon resonances of predominantly
dipolar and quadrupolar character. The wavelength
positions and thickness dependences of the plasmon
enhancement peaks arewell reproduced, while there is
less agreement for peak widths and absolute ampli-
tudes. The latter is understood tentatively in terms of
inhomogeneous broadening due to individual varia-
tions of the experimental Ag particle geometries (sizes,
shapes, andmicrostructure) and their varying coupling
with the a-Si:H layer as well as with neighboring particles.
We evaluated the photoconductivity response in

terms of different figures of merit: the peak plasmon-
induced a-Si:H absorbance and the more commonly

used absorption enhancement factor. These different
evaluation criteria are shown to lead to different
optima for the a-Si:H thickness; the plasmon-induced
absorbance is maximized close to a local maximum for
the total absorbance, whereas the enhancement factor
favors thicker a-Si:H films with lower absolute rate of
useful charge carrier generation.
The results of our combined experimental and nu-

merical study show promise for the development of
ultrathin (∼10 nm) “two-dimensional” plasmonic solar
cells, with up to 15% plasmon-induced absorbance
measured in a-Si:H films as thin as 9 nm for a wave-
length close to the plasmon peak position. The plas-
mon contribution increases the a-Si:H absorbance from
22 to 37% at this optimum. We anticipate that, with
increased control of the geometry to reduce inhomo-
geneous effects, the maximum plasmon-induced ab-
sorbance (25% at the plasmon peak wavelength)
calculated for the same thickness may be approached.
Additional optimization of the geometrical para-
meters, in particular, the particle volumes and separa-
tions, will further help approach the theoretical limit for
absorption in two-dimensional systems. If the latter
optimization is performed with a spacer and reflector
added behind the nanocomposite absorber layer, the
theoretical peak absorbance approaches 100%, mak-
ing it feasible to bring the useful wavelength inte-
grated absorption of this system to levels of high
interest for real solar cell applications. A photovoltaic
configuration devoted to such purposes was briefly
discussed.

METHODS
The model system employed in this work comprises Ag

nanodisks of diameter 60 nm and height 40 nm, nominally,
covered with an a-Si:H film of thickness between 9 and 67 nm.
As a reference system, a flat a-Si:H film without the nanoparti-
cles was used. The Ag nanodisks were fabricated by hole-mask
colloidal lithography (see further Supporting Information),32

which provides nanodisks with a rather uniform size distribu-
tion (up to 10% dispersion;32 see Figure 1d) quasi-randomly
positioned on the surface with a coverage of about 6%
(Figure 1b,c). The a-Si:H films were deposited on top of the
nanodisks and on bare glass for reference using plasma-en-
hanced chemical vapor deposition (PECVD). The deposition
recipe differed from the classical recipe of “device quality”
a-Si:H films for solar cells33 in that the substrate was not heated
during the deposition; instead, the chip was post-annealed at
200 �C in H2/Ar atmosphere (see Supporting Information for
details). Spectroscopic ellipsometry was used to obtain the
optical constants and thicknesses of the a-Si:H films to use in
the simulations. The optical constants anddark conductivities of
our films were found to be close to the literature values for
standard a-Si:H films.
Photoconductivity measurements were combined with mea-

surements of the light absorption to deduce the nanoparticle
plasmon-induced absorption in the a-Si:H films (see Supporting
Information). The photoconductivity was measured on chips
with lithographically fabricated electrode patterns, on which
the Ag nanodisks and a-Si:H films were deposited. Light absor-
bance was deduced from integrating sphere measurements on

a-Si:H and Ag/a-Si:H samples equivalent to those used for the
photoconductivity measurements.
The system was numerically simulated by solving the

Helmholtz equation for the scattered electric field, using
Comsol Multiphysics and procedures previously outlined in
detail.29 The quasi-random Ag distribution (Figure 1) was
represented as a periodic square array, with all nanoparticles
having the same size and shape (see Supporting Information).
The particles had the nominal dimensions and average
spacing of the experiments. A slight cone shape was assumed
(16� half angle32), and the edges were rounded with a 2.2 nm
radii to match the plasmon resonance for the uncoated Ag
particles. Presence of native oxide and/or organic contam-
ination on the surface of the Ag nanoparticles was quite
likely, as the samples were exposed to air between deposi-
tions. Such layers spatially separate the a-Si:H coating from
the Ag nanodisks slightly, leading to a reduced near-field
intensity in the a-Si:H. A 3 nm spacer with a real refractive
index of 1.5 was assumed to represent this situation in an
effective sense in the calculations, which resulted in a fair
agreement with the observed dipolar peak position as a
function of a-Si:H thickness.
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