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ight trapping using nanostructures offers one route to cost reduction in photovoltaics. Improved control of light
propagation into both localized resonant
modes and guided modes allows for enhanced absorption, and thereby photocurrent,
while simultaneously reducing the quantity of
material utilized.1 This reduction in solar cell
thickness has many potential beneﬁts depending on the semiconductor used, including decreased costs from materials availability,
increased manufacturing throughput, increased open circuit voltages, improved carrier collection, and improved stability.24
A variety of nanoscale methods for light
trapping are currently under investigation,
including photonic crystals, plasmonic nanostructures, nanowires, and gratings.519
The nanostructures themselves can be metallic, dielectric, or a part of the semiconductor itself.8,18,20 Likewise, a variety of
integration schemes exist, including incorporation of the nanostructures into the
contacts or anti-reﬂection coatings, deposition over existing layers, or embedding
within the active region.2123 To be eﬀective, the nanostructures must enhance
photocurrent across the entire spectral
range where the semiconductor is active
and be eﬀective at multiple angles of incidence. Additionally, the nanostructures
must be compatible with solar cell fabrication processes, low-cost, and oﬀer signiﬁcant improvements beyond that achievable
with existing technologies.
Electromagnetic modeling has become
an important tool for optimizing the shape
and arrangement of nanostructures for enhanced absorption, and a large number of
recent papers explore the enhancements
achievable in thin-ﬁlm Si and other materials systems. A wide variety of simulation
and computational techniques have been
utilized, including ﬁnite element methods,
rigorous coupled wave analysis, transfer
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ABSTRACT The integration of nanopho-

tonic and plasmonic structures with solar cells
oﬀers the ability to control and conﬁne light
in nanoscale dimensions. These nanostructures can be used to couple incident sunlight
into both localized and guided modes, enhancing absorption while reducing the quantity of
material. Here we use electromagnetic modeling to study the resonances in a solar cell
containing both plasmonic metal back contacts and nanostructured semiconductor top
contacts, identify the local and guided modes contributing to enhanced absorption, and
optimize the design. We then study the role of the diﬀerent interfaces and show that Al is a
viable plasmonic back contact material.
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matrix methods, the discrete dipole approximation, and semiemprical methods.2430
These methods diﬀer in the assumptions of
symmetry used in the calculations and have
varying ability to capture both localized resonances and guided modes. Of course, a complete model would include both optical and
electrical components and fully account for
carrier collection as well as other cell parameters under diﬀerent light trapping
scenarios.30 Nevertheless, we show here that
optical simulation can compare well to experimental measurements, particularly for extremely thin devices with good carrier collection.
In particular, we use simulation to understand the diﬀerences between localized and
guided modes in realistic, three-dimensional solar cells and to look at the role of
texturing on diﬀerent interfaces. We have
recently fabricated conformal amorphous Si
(a-Si:H) solar cells on plasmonic back contacts which show enhanced short-circuit
current densities and eﬃciencies relative
to both cells made on ﬂat back contacts
and those made on Ag-coated Asahi U-type
glass.9 Ultrathin absorbing layers are particularly important for a-Si:H solar cells for
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long-term stability and manufacturing throughput.
In the design discussed in this paper, we use the
conformal nature of the deposition to form an integrated device with both plasmonic back contact light
trapping and photonic front surface light trapping.
Through a combination of local and guided mode
resonances, we predict a broad-band response and
explore the roles of the diﬀerent interfaces.
Optical models take the geometry of the system and
the optical properties of each material into account, so
it is important to model each accurately to compare
well to experiment. Given realistic cell depositions, the
actual shape of the fabricated device is critical. Here we
discuss electromagnetic modeling and optimization of
cells using experimental cross sections and atomic
force microscopy (AFM) data as a guide to modeling
realistic cell architectures. We utilize the ﬁnite diﬀerence time domain (FDTD) method since ﬁnite diﬀerence models oﬀer more ﬂexibility than many other
simulation methods and do not require assumptions of
periodicity or regularity.31 We include modeling of all
necessary spacer layers and optically relevant contacts.
The excellent agreement between experimental devices and simulated absorption allows us to both
optimize nanostructure designs and understand the
mechanisms contributing to light trapping.
RESULTS AND DISCUSSION
We ﬁrst sought to validate the simulation method
against experimentally fabricated devices by using
FDTD simulation to directly calculate the generation
rate for a given solar cell design.25,32 The absorption
can be calculated from the divergence of the Poynting
vector
Pabs ¼

1
(ωε00 jEj2 þ ωμ00 jHj2 )
2

where ω is the frequency, ε00 the imaginary part of the
permittivity, E is the electric ﬁeld, μ00 is the imaginary
part of the permeability, and H is the magnetic ﬁeld. For
most materials, μ00 = 0 and the second term drops out.
The power absorbed can then be converted to photon
ﬂux at each wavelength.
Φ(λ) ¼

1 00 2
ε jEj
2p

Since the materials are deﬁned explicitly at every
gridpoint, it is straightforward to separate absorption
in parasitic materials from absorption in photocurrentgenerating materials, even over irregularly shaped
features. If the photon ﬂux is integrated over just the
photocurrent-generating region and we assume that
all power absorbed results in carrier excitation, then
this calculates the generation rate Gopt(λ) in the solar
cell at each wavelength. For a ﬁnal ﬁgure of merit,
the optical generation rate at each wavelength can
be weighted by the power in the solar spectrum in a
FERRY ET AL.

Figure 1. Comparison of simulated absorption to measured
external quantum eﬃciency (EQE). (a) Schematic of general
cell design. The ZnO:Al is 130 nm thick, the thickness of the
a-Si:H varies, and the ITO is 80 nm thick. Each layer deposits
conformally over the preceding layer. (b) Measured EQE
spectra for cells with approximately 100 nm i-layers with three
diﬀerent surface textures: ﬂat, Ag-coated Asahi glass, and
500 nm pitch nanoparticles as in (a). (c) Calculated absorption
in a-Si:H for cells with each of the patterns. The 4n2 light
trapping limit for this thickness is shown as a reference.

bin surrounding each point, giving a solar-spectrumweighted Gopt.
Our general cell design is illustrated in Figure 1a and
consists of a patterned metal back contact with 100 nm
tall hemiellipsoidal Ag particles on a continuous Ag
ﬁlm, a 130 nm thick layer of ZnO:Al overcoating the Ag,
a-Si:H of varying intrinsic layer thickness, and a conformal 80 nm thick layer of indium tin oxide (ITO). The
ZnO:Al layer is used in all substrate-type a-Si:H solar
cells to prevent diﬀusion of the Ag into the a-Si:H.
The optical properties of the ZnO:Al, a-Si:H, and ITO
were taken from spectroscopic ellipsometry measurements. Although the refractive index of a-Si:H can
vary throughout the layer and will be diﬀerent in the
doped layers from the intrinsic layer, we neglect those
diﬀerences and assume the refractive index of a-Si:H
is homogeneous. For Ag and the other metals discussed later, we use a Lorentz-Drude ﬁt to Palik's Ag
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measurements, following the method of Rakic.33,34
More details are provided in the Methods section. We
chose to use hemiellipsoidal metal nanostructures for a
few reasons. First, these hemiellipsoidal shapes avoid
the losses associated with nanostructures with high
spatial curvature, as discussed elsewhere.35 Second,
these hemiellipsoidal shapes are easily fabricated by
methods such as nanoimprint lithography, and the
morphology of the complete cells is well-known.9 By
studying details of the light trapping mechanism without varying the shape of the nanostructure, we can be
conﬁdent that the predictions described here will
agree closely with experimental devices.
Figure 1 compares the calculated absorption in
a-Si:H to the experimental external quantum eﬃciency
(EQE) for three diﬀerent geometries. Figure 1b shows
the experimental EQE for cells with three diﬀerent
types of nanostructured surfaces: a ﬂat cell, a cell made
on Ag-coated Asahi U-type glass, and a cell with
500 nm pitch hemiellipsoidal particles as depicted in
Figure 1a, fabricated using nanoimprint lithography.
The details of the cell fabrication have been discussed
elsewhere.9,35 The i-layer has a thickness of approximately 100 nm. In Figure 1c, we calculated the absorbance for the same set of structures using FDTD. The
geometry of each overcoated layer in the periodic case
was taken from cross sections of the fabricated devices.
For the Asahi textured cells, we imported the proﬁle of
the surface directly from AFM data. More details on the
simulation setup are given in the Methods section. As a
reference, we also show the 4n2 light trapping limit for
this thickness of a-Si:H.36 The limit is shown as a metric
for comparison of light trapping structures, not as a
realistically achievable upper limit for these devices. In
particular, this limit is derived for weak absorbers, not
for quasi-direct band gap materials such as a-Si:H.
Furthermore, in the three simulated cases, as discussed
later in the text, a signiﬁcant fraction of the initial
incident power is lost to direct absorption in ITO, which
is not captured in the 4n2 calculation.
The agreement between experiment and simulation
is generally good for all three cases: the leading and
falling edges on the blue and red side and the overall
spectral shape are very well reproduced by the model.
As the simulation technique is only optical and does
not account for carrier collection, some features may
be magniﬁed in simulation that are not observed as
strongly experimentally. Other diﬀerences between
the two may be due to the assumed geometries or
variations in the optical constants, particularly in the
a-Si:H layer which varies with the doping and hydrogen
content. The agreement between simulation and experiment is generally less accurate on the blue side of
the spectrum, which is reasonable considering that the
simulation assumes every photon produces one electron, which is collected. At the shorter wavelengths,
the collection process is ineﬃcient, and the number of

Figure 2. Calculated photon ﬂux and generation rate in the
solar cell, weighted by the solar spectrum. The 100 nm tall
Ag particles are 300 nm in diameter, the ITO particles are
400 nm in diameter, and the pitch is 500 nm. The i-layer
thickess is 115 nm. (a) Photon ﬂux showing both the useful
photon ﬂux in a-Si:H and the losses in the surrounding
materials. (b) Same as (a) but showing only the generation
rate in the a-Si:H on a diﬀerent color scale.

collected electrons will be a lower percentage of the
total generated carriers. Nevertheless, the agreement
between experiment and simulation in all three cases
indicates that simulations are a reasonable and useful
tool for optimization of absorption in these solar cells.
The eﬀect of the light trapping surface on the shape
of the EQE and generation rate spectrum is clearly
diﬀerent between these three diﬀerent cases. The ﬂat
cell has a smooth response, with the spectral features
determined by thin-ﬁlm interference. For the periodic
cell, sharp peaks are visible on the red side of the spectrum, which we attribute to coupling to waveguide
modes.9 In contrast, the Asahi-patterned cell has a very
smooth spectrum due to the randomness of the features. Pseudorandom arrangements of nanoparticles
and their eﬀect on the EQE spectrum are discussed
elsewhere; here we focus mainly on the design of periodic arrays and the roles of the interfaces.35
One of the advantages of this simulation technique
is that the ﬁelds are calculated explicitly everywhere
in the simulation volume. This allows us to visualize
the magnitude of the absorption in each of the layers
at each wavelength. Figure 2a shows a cross section
of the solar-spectrum-weighted generation rate made
through one of the simulated periodic cells over the
wavelength range from 350 to 800 nm where a-Si:H is
active. The color scale is logarithmic. It is evident from
the image that absorption is highest in the semiconductor a-Si:H layer, but that absorption in the ITO is also
a signiﬁcant source of loss. The ZnO:Al spacer layer on
the back has quite low loss, and the skin depth of the
Ag is also visible as absorption here is strongest within
the ﬁrst few nanometers.
We can also examine the proﬁles of the absorption
within the active a-Si:H region for information about
the mechanisms leading to enhanced absorption.
Figure 2b shows the same data as in Figure 2a, but here
the a-Si:H region is isolated and the color scale is modiﬁed to show the spatial inhomogeneity of the absorption.
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Figure 3. Calculated generation rate maps in a-Si:H at four
diﬀerent wavelengths across the solar spectrum. The pitch
and geometry is the same as in Figure 2.

The absorption is strongest in the curved region of
the cell directly above the scatterer and weaker in the
region between the scatterers, indicating that the local
absorption eﬀects in these conformal cells can be quite
strong.
Figure 3 show maps of the absorption in a-Si:H at
four individual wavelengths to investigate the mechanisms that contribute to absorption in diﬀerent regions of the solar spectrum. In the ﬁrst panel, the
incident wavelength is 400 nm, and it is evident that
the absorption is conﬁned to the top portion of the
semiconductor. Any enhanced absorption observed or
calculated in this spectral range thus cannot be due to
the back contact pattern, as the incident light is
strongly absorbed before reaching the back. It may,
however, result from the front-side curvature of the ITO
and a-Si:H. The second panel shows the absorption at
λ = 550 nm, an intermediate wavelength near the thinﬁlm FabryPerot resonance for 160 nm thick a-Si:H.
A clear standing-wave pattern is observed over the
depth of the layer. On the red side of the spectrum,
where the propagation lengths in a-Si:H are longer,
light couples to waveguide modes with a prominent
periodic intensity proﬁle due to scattering from the
periode pattern. At λ = 680 nm, where there is a peak in
the calculated photocurrent due to a waveguide mode
resonance, the absorption is very strong, whereas at
λ = 690 nm, the mode has been pushed into cutoﬀ and
the absorption is much weaker.
The losses in each material are shown quantitatively
in Figure 4 as a function of wavelength. As seen in
Figure 2, the majority of the absorption is beneﬁcial
and occurs in the a-Si:H. On the blue side of the spectrum, from 350 to 500 nm, the parasitic absorption
occurs entirely in the ITO layer. This conﬁrms the interpretation that on the blue side the a-Si:H layer is
optically thick, and the incident sunlight does not interact with the back metal contact. The non-absorbed
fraction is due to reﬂection. From 500 to 750 nm, the
majority of the parasitic absorption is due to the loss in
Ag. This loss may be due to the overlap of the waveguide modes with the metal and to the absorption
of the nanostructures. To reduce these metal losses,
particularly from 500 to 650 nm, we explore the use
of other plasmonic metals later in this paper. Finally, we
FERRY ET AL.

Figure 4. Calculated absorption in each of the layers of the
cell. The white area represents light that is lost to reﬂection.
Only absorption in the a-Si:H region contributes to photocurrent, while the absorption in ITO and Ag is parasitic.

note the sharp peaks in the spectrum attributed to
waveguide modes, particularly from 600 to 750 nm.
Modiﬁcation of the nanostructure pitch can tune the
spectral position of these modes.9
Design and Optimization of Light Trapping Structures. To
look in more detail at the role of the waveguide and
local modes, we simulated a full range of nanoparticle
pitches. Figure 5 shows calculations of the absorption
enhancement as a function of pitch for cells with a
periodic pattern of hemispherical particles, as in the
schematic of Figure 1a. The data are normalized to data
for similar cells with Asahi U-type texture. Data are
shown as a function of wavelength (a) and integrated
over the solar spectrum (b). Two different thicknesses
of the cells are used here: 250 nm i-layers, to compare
to standard a-Si:H solar cells, and ultrathin 115 nm
i-layers (with 160 nm total a-Si:H thickness). The diameter of the Ag particles and the overcoating parameters are kept fixed, but the pitch between the scatterers is changed; in these simulations, the diameter of
the Ag particle is 300 nm and the final ITO particle
400 nm, making 400 nm the closest packed position.
We focus on optimizing the arrangement of the particles and their diameter rather than their shape, as the
hemiellipsoidal structures used here are easily fabricated
by nanoimprint lithography and other methods.7,9,13
In Figure 5a, it is evident that scatterers with smaller
pitches are broadly more eﬃcient than those with the
larger spacings. For small pitch, a broad spectral region
of enhancement is observed from λ = 350 to 650 nm.
In the range of λ = 400500 nm, a strong onset of high
absorption occurs when the wavelength is equal to the
pitch, due to the periodicity of the top interface.37
Several bands of high enhancement are visible in the
red portion of the spectrum from 650 to 750 nm, for
which the peak enhancement moves to the blue with
shorter pitch. We identify these as the Bloch photonic
modes of the device, and their positions correspond to
the peaks shown in Figure 1. Given the unequal power
in the solar spectrum across wavelengths, the pitch
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could be designed to result in waveguide modes resonances in an optimal portion of the solar spectrum.38
Figure 5b shows the solar-spectrum-weighted absorption, calculated by integrating over each wavelength in Figure 5a. Again, the scale is relative to data
for simulated corresponding Asahi cells. Although
oscillations are present in Figure 5b, a notable trend
is observed: shorter pitches lead to higher integrated
absorption. At 400 nm pitch, where the nanostructures
are closely packed, a peak enhancement of 7.5% over
the randomly textured Asahi cell is observed. For the
thinner case shown in Figure 5b, a similar trend is
observed, with the largest absorption enhancement
also predicted at the closest packed position. For this
case, the predicted enhancements are higher, however, with a maximum absorption enhancement of
15% after weighting by the solar spectrum.
FERRY ET AL.
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Figure 5. Calculated generation rate enhancements as a
function of pitch. The Asahi pattern is a reference in all
cases. (a) Enhancement in generation rate as a function of
wavelength and pitch for 250 nm thick i-layers. (b) Solarspectrum-weighted generation rate enhancement for cells
with 250 nm thick i-layers and 115 nm thick i-layers. (c)
Optimization of pitch and diameter for cells with 115 nm
thick i-layers. Each pitch is at the closest packed position for
the Ag diameter, deﬁned as the point where the overcoated
ITO structures are touching without overlapping.

The predicted enhancement for closer pitches indicates that the eﬀect of increased absorption depends
strongly on the packing fraction of the scatterers. The
substantial increase on the blue side of the spectrum
must be due to the curvature on the top surface of the
cell, not to the structures on the back, as shown in
Figure 3. Since the propagation lengths in a-Si:H are
short at these wavelengths, increasing the packing
fraction for a local eﬀect of the top side curvature will
lead to more substantial gains in this region of the
spectrum. With careful design, this indicates that both
the front and back surfaces can be engineered for an
aggregate broad-band response, and that the conformal coating is essential to achieve large absorption
enhancements.
Using the packing fraction as a guide, we then
optimized the diameter and pitch of a square array
for the maximum absorption enhancement. We assume that the closest packed square lattice position
for any given Ag diameter produces the high absorption. This assumption has been veriﬁed by repeating
Figure 5b for other diameters besides the one shown.
In Figure 5c, we co-vary the diameter and pitch while
keeping maximum packing fraction and plot the enhancement compared to the randomly textured Asahi
reference cell. Using Ag as the back contact metal, we
predict a maximum absorption enhancement of 17%
at a diameter of 230 nm and a pitch of 330 nm.
Role of Front and Back Patterns. One of the issues in
understanding the observed light trapping effects is
the precise role of the nanostructured metal. The
discrete coupling to waveguide modes depends on
the periodicity of the metal pattern as is clear from
Figure 5a. These waveguide modes that increase
photocurrent in the a-Si:H layer are photonic waveguide modes with peak intensity in the a-Si:H layer
rather than surface plasmon polariton modes with
peak intensity at the Ag/ZnO:Al interface. The effect
of the ZnO:Al layer thickness on the waveguide mode
structure is shown in Supporting Information Figure 1.
The ZnO:Al layer acts as an efficient spacer layer that
effectively reduces the coupling to these SPP modes.39
The role of the metal nanostructures is thus to
provide eﬃcient scattering into waveguide modes,
the scattering being eﬃcient due to the high scattering cross section of localized surface plasmon modes
of the metal nanostructures. The preferential coupling of scattered light to waveguide modes is a
direct consequence of the increased local density of
optical states, as shown earlier in, for example, optical
microcavities.40 In addition to being a photonic buffer layer, the ZnO:Al layer serves as a diﬀusion barrier
between the Ag and the a-Si:H during the growth of
a-Si:H at elevated temperature, thus reducing unwanted contamination of the semiconductor with
Ag, which is known to create carrier recombination
traps in a-Si:H.
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Figure 6. (a) Calculated generation rate for cells with and without plasmonic Ag structures on the back contact. The geometry
of the ZnO:Al, a-Si:H, and ITO layers is identical. (b,c) Cross sections of the photon ﬂux at λ = 630 nm, the wavelength with the
greatest diﬀerence in the generation rate between the two cases (see a).

To examine the role of the metal, we ﬁrst analyzed
the somewhat unphysical structure shown in Figure 6,
where the ZnO:Al is patterned, but the Ag back reﬂector is assumed to be ﬂat. The volume of the a-Si:H and
the geometry of the nanostructures are identical between the two cases. From the calculated generation
rate plotted in Figure 6a, we see that many of the
spectral features which we attributed to the coupling
to waveguide modes occur at the same wavelengths in
both cases, but the amplitude of the generation rate
from λ = 550 to 800 nm is strongly reduced for the cells
without Ag patterning. This supports the idea that
scattering from the metal nanostructure is essential
to achieve high photocurrent enhancements. From
λ = 350 to 500 nm the absorption in the two structures
is nearly identical, as expected since the only modiﬁcation is on the back of the device, while light at these
wavelengths is fully absorbed in the near-surface
region. Figure 6(b) and (c) show cross sections of
the generation rate for the two cases at λ = 630 nm,
the wavelength with the largest diﬀerence in the two
generation rates. Clearly diﬀerent localized modes are
observed for these two structures, with a particularly
high absorption enhancement in the a-Si:H around
the scatterer for the patterned Ag case. This supports the idea that the high scattering cross section surface plasmon resonance of the metal particle
causes increased coupling to the a-Si:H. This example
shows the advantage of plasmonic nanostructures
over purely dielectric scatterers combined with a back
reﬂector: the presence of the metal leads to higher
photocurrent in the semiconductor due to the enhanced scattering cross section of the particle, while
parasitic losses in the metal are minimal.
As a second way to probe the role of the metal, we
investigated the use of other plasmonic metals as back
optical materials. In addition to Ag, we modeled Al,
which has a plasmonic resonance at shorter wavelengths, and Au and Cu, which have plasmonic resonances at longer wavelengths than Ag.25 Figure 7
shows the calculated generation rate spectra for identical structures where the back metal material is
FERRY ET AL.

Figure 7. Calculated generation rate for diﬀerent back
contact metals. Each pattern is composed or metal hemispheres of 300 nm diameter with 500 nm pitch, and the
overcoating parameters are identical. The a-Si:H i-layer is
115 nm thick.

Figure 8. Normalized absorption cross section spectrum for
a 350 nm diameter hemiellipsoidal a-Si:H particle with an
80 nm ITO coating on a semi-inﬁnite (nonabsorbing) a-Si:H
substrate.

changed. The structure is the same as discussed above:
300 nm diameter particles with 500 nm pitch. As
expected, the four metals show identical response
from 350 to 500 nm, where light is absorbed in the
near-surface region, but the absorption response is
quite diﬀerent from 500 to 700 nm. Interestingly, while
many of the spectral features occur at the same wavelengths, as expected because the waveguide modes
in the a-Si:H are identical, the absorption in the a-Si:H
is much higher when Al is used as the back contact
rather than Ag. We attribute this eﬀect to the reduced
absorption cross section of the Al nanoparticles relative
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Figure 9. Photon ﬂuxes at several wavelengths to look at the role of the top-side structures. (ae) Ellipsoidal a-Si:H particles
coated with ITO on a semi-inﬁnite a-Si:H substrate. (fj) Hemiellipsoidal a-Si:H particles coated with ITO, showing much
stronger interaction with the substrate. (ko) Thin-ﬁlm conﬁguration with a 90 nm a-Si:H i-layer.

to Ag when coupled to the metallic substrate. Particle
substrate coupling eﬀects are known to strongly inﬂuence the position of resonance for nanostructures.41
From calculations of the cross sections, we ﬁnd that the
absorption cross section for the Al particles is lower
across the spectral range from 520 to 720 nm than for
Ag, leading to fewer parasitic losses. The absorption
cross section is somewhat higher than Ag from λ =
350520 nm and from λ = 720800 nm, consistent
with the data shown in Figure 7. Since these particles
are on the back of cell, light in the λ = 350520 nm
range is primarily absorbed in the cell before interacting with the back contact. From λ = 720800 nm, the
absorption in a-Si:H is weak, resulting in minimal eﬀect
on the overall calculated photocurrent. The scattering
cross section for Al is also somewhat reduced relative
to Ag, but it is suﬃciently high to enable good coupling
to the waveguide modes.
We now turn our attention to the role of the top
interface. On the blue side of the spectrum, we predict
and experimentally observe a signiﬁcant enhancement
in absorption (see Figure 5).35 Since cells of 115 nm
i-layer thickness are optically thick at these wavelengths, this enhanced photocurrent can only be due
to the top-side a-Si:H/ITO nanostructuring. As each
successive layer deposits conformally over the back
Ag particles, the top interface can be described as a-Si:
H hemiellipsoids with an ITO coating.
Spherical (or hemispherical) scatterers can have
scattering and absorption cross sections several times
their geometrical cross section.20 The ﬁgure of merit for
these resonant absorbers is the normalized absorption
cross section Qabs, deﬁned as the ratio between absorption and geometrical cross section
Qabs ¼

σabs
σgeom

Figure 8 shows a calculation of Qabs for a 350 nm diameter a-Si:H hemiellipsoid with an 80 nm ITO coating,
which corresponds to the experimental parameters on
FERRY ET AL.

a semi-inﬁnite a-Si:H substrate. The absorption in
the substrate is set to zero to separate the eﬀect of
absorption in the particle from transmission into the
substrate. The ﬁgure shows two clear absorption resonances with a peak value of Qabs near 4. The resonance line width is larger for the lowest wavelength
resonance, which is due to the stronger absorption in
the a-Si:H at shorter wavelengths. Figure 8 shows that
incident light interacts strongly with these surface
nanoscatterers over a broad spectral range from λ =
350550 nm. This is consistent with the broad absorption enhancement in the blue observed in the simulations in Figure 5.
Hemiellipsoidal particles have similar resonances
to their ellipsoidal counterparts but interact more
strongly with the substrate. To illustrate this, Figure 9
shows calculations of the calculated photon ﬂux for
three diﬀerent structures across the spectral range
from λ = 350550 nm. The top row shows the photon
ﬂux proﬁle for an ITO-coated array of a-Si:H ellipsoids
on a semi-inﬁnite a-Si:H substrate, the middle row
shows the hemiellipsoidal structure on a semi-inﬁnite
a-Si:H substrate, and the third row shows the full cell
layout including the Ag and ZnO:Al layers and an a-Si:H
i-layer thickness of 90 nm. The substrate is absorbing in
these simulations, the Ag particle diameter is 300 nm,
and the array pitch is 400 nm. Comparing the ﬁrst and
second rows, it is evident that the ellipsoid (ae) has
stronger resonant absorption inside the particle than
the hemiellipsoid (fj), with weaker coupling into the
substrate for the ellipsoid. At λ = 550 nm, on the
absorption resonance in Figure 8, the ellipsoid has a
weak scattering intensity proﬁle into the substrate,
whereas the hemiellipsoid shows a more intense intensity proﬁle extending into the substrate. This is the
wavelength of the narrow resonance seen in Figure 8.
For solar cell applications, the coupling of power into
the substrate is more advantageous for enhancing
photocurrent. Absorption conﬁned within the ellipsoids will be diﬃcult to collect, but with hemiellipsoidal
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Figure 10. Solar-spectrum-weighted photon ﬂux for several diﬀerent permutations of the cell geometry. The highest overall
absorption occurs for a structure with patterned front and back surfaces.

particles, the resonant absorption can be redirected
into the substrate. Similar resonances are observed in
the realistic thin-ﬁlm cases (ko).
The strong resonant absorption of these semiconductordielectric nanostructures demonstrates that
front and back-side textures can be utilized in combination with plasmonic nanostructures to enable broadband photocurrent enhancement. The semiconductor
resonances could be tuned to the blue side of the
spectrum, while the back-side metal patterns are designed for coupling into waveguide modes on the red
side of the spectrum. The semiconductor structures
could also be used alone for enhancing light absorption in structures where the back metal surface cannot
be easily structured.
Figure 10 shows the distinctive absorption proﬁles
from a series of diﬀerent permutations on the original
structure, with front and/or back interfaces patterned
with arrays of hemiellipsoids.42 Figure 10a shows the
generation rate proﬁles weighted over the solar spectrum for an unpatterned cell for reference. Figure 10b,c
shows top-side patterns of either exclusively ITO or
a-Si:H/ITO. The absorption in both of these cases is
predominantly localized underneath the scatterers,
as discussed above. The purely dielectric, ITO-only
case (Figure 10b) shows somewhat lower absorption
but is promising as it does not involve structuring the
semiconductor, which could be used in cases where
the properties of the semiconductor prohibit direct
texturing. Figure 10d,e shows back-side only patterns,
where either only the Ag or the Ag and ZnO:Al are
patterned. Here the absorption proﬁle is more spread
out, reﬂecting the coupling to waveguide modes.
Finally, Figure 10f shows the same structure discussed

in Figure 7, where the Ag is ﬂat but all of the other
interfaces are patterned. This shows clearly stronger
absorption than any of the preceding cases. Including
both the front and back surface patterns thus allows for
a combination of localized and waveguide modes in
the device, leading to the strongest broad-band absorption enhancement.

METHODS

For the nanopatterned cells, the overcoating parameters
were taken from cross sections through the fabricated cells.
For Ag particles of 300 nm diameter, we assumed that the ZnO:
Al broadened to 325 nm, the a-Si:H particle to 375 nm, and the
ITO to 400 nm. For the Asahi cells, we imported AFM data
measured on Ag-coated Asahi substrates. Rather than making
assumptions about broadening after deposition, the same
texture was used through each layer. The Asahi patterns were

All simulations were performed using Lumerical FDTD simulation software. The optical data for ITO, a-Si:H, and ZnO:Al were
taken from spectroscopic ellipsometry measurements. For Ag,
we used a LorentzDrude ﬁt to data from Palik, using tabulated
literature values for the LorentzDrude parameters.34 We imported the data to the software with very ﬁne wavelength steps
to avoid ﬁtting errors from the simulation package.

FERRY ET AL.

CONCLUSIONS
In the drive to reduce the cost of photovoltaics, light
trapping has emerged as a method to employ ultrathin
semiconductor volumes while maintaining high eﬃciencies. With the implementation of techniques such
as nanoimprint lithography, these patterns can be
fabricated over large areas inexpensively. Likewise,
electromagnetic simulation has emerged as a critical
and viable tool for optimizing the design of structures,
with the capability to model periodic, quasi-periodic,
and randomly textured surfaces with good ﬁdelity.
Our design takes advantage of realistic conformal
deposition conditions to design a device with broadband absorption enhancement based on several different resonances. Localized resonances within the
semiconductor play a key role in enhancing absorption
on the blue side of the spectrum. The metal patterns on
the back contact are then used to couple red light into
waveguide modes of the cell. Through simulation of
the diﬀerent permutations, we identify the roles of
each of the interfaces in light trapping. An ideal light
trapping geometry is composed of separately optimized front and back nanopatterns. Finally, we show
that Al is a viable back contact material in these
designs, with the potential for higher photocurrents
than Ag.
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