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Thin and ultrathin film solar cells are attractive candidates
for low-cost replacement of thick, wafer-based devices.

To achieve full absorption of the solar spectrum with ultrathin
semiconductor volumes, light trapping is required over a broad
spectral and angular range. To date, several light trapping geo-
metries based on nanowires, nanocones, photonic crystals,
nanoparticles, gratings, and random textures have been demon-
strated.1�18 While many researchers have demonstrated in-
creased photocurrent due to scattering-mediated light trapping,
the role of spatial correlations and surface topography of random
or periodic arrangements of the scattering nanostructures has
remained unclear. Here we identify the relation between these
key parameters and the photocurrent spectrum for high effi-
ciency, ultrathin (<100 nm thick absorber) film a-Si:H solar cells
containing both integrated plasmonic and Mie scattering nanos-
tructures. The nanostructure arrays described here are defined by
their spatial coherence spectral density and are designed for
broadband and isotropic response in ultrathin semiconductor
volumes.

Ultrathin film solar cells possess a number of advantages
over their thicker counterparts. Ultrathin films are less expensive
due to the reduced cost of raw materials. For technologies
based on scarce elements, such as CdTe andCuInxGa1-xSe2, a thick-
ness reduction could expand scalability to the terawatt range.7,19 For
thin film Si cells, the use of ultrathin layers translates into faster
manufacturing throughput, as overall cell production times are often
limited by the chemical vapor deposition rate of the semiconductor

film. For hydrogenated amorphous Si (a-Si:H) the use of ultrathin
layers in addition strongly reduces the photodegradation that is
commonly observed in thick cells due to the increased electric field
across the ultrathin p-i-n junction.20,21 Moreover, for semiconduc-
tors that are not surface recombination limited, a reduction in semi-
conductor thickness leads to higher open-circuit voltages due to
decreased bulk recombination.22 While all of the above factors
indicate that reducing semiconductor layer thickness is advanta-
geous for the fabrication of inexpensive, stable, thin-film solar cells
with high open circuit voltage, themajor opposing requirement that
limits the thickness is light absorption: to harvest the full solar
spectrum the cell needs to be “optically thick” for wavelengths up to
the semiconductor bandgap.

Light-trapping nanostructures allow for nanoscale control of
the direction and absorption of light in ultrathin film solar cells,
enabling new designs in which light is absorbed in semiconductor
volumes much thinner than the optical absorption length.
Indeed, an ultrathin film solar cell can be considered as an optical
integrated circuit in which light is received, guided, localized, and
collected at the nanoscale. Inspired by optoelectronics, plasmo-
nic nanostructures have recently attracted attention for light
trapping in solar cells due to their large resonant scattering cross
sections. Here we use plasmonic metal nanostructures integrated
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ABSTRACT:Nanophotonic structures have attracted attention for light trapping
in solar cells with the potential to manage and direct light absorption on the
nanoscale. While both randomly textured and nanophotonic structures have been
investigated, the relationship between photocurrent and the spatial correlations of
random or designed surfaces has been unclear. Here we systematically design
pseudorandom arrays of nanostructures based on their power spectral density,
and correlate the spatial frequencies with measured and simulated photocurrent.
The integrated cell design consists of a patterned plasmonic back reflector and a
nanostructured semiconductor top interface, which gives broadband and isotropic
photocurrent enhancement.
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into the back contact of the solar cell to couple light into in-
plane waveguide modes of the thin semiconductor layer, there-
by increasing the path length and the short circuit current density
(Jsc).

7,18,19 The additional layers of the solar cell conformally
coat the Ag back contact, producing a three-dimensional solar
cell with a nanostructured top interface composed of Mie scat-
terers, leading to light trapping into localized modes near the
surface as well.

Most light-trapping geometries studied, particularly for
a-Si:H, are based on random scattering structures with the geo-
metry determined by the random nature of a deposition, growth,
or etch process rather than by design. This is due to the fact that
no suitable techniques were available that enable the controlled
fabrication of engineered random scattering arrays at low cost.
Recently, soft imprint lithography has been introduced as a tech-
nique that enables large-area, inexpensive fabrication of arrays
of nanoscatterers.23�26 We have shown that periodic arrays
made using this technique show enhanced photocurrents in
ultrathin film a-Si:H solar cells over a narrow spectral range.8

This new technique now also enables the design and fabrication
of engineered random arrays with the spatial frequencies in the
array pattern optimized for trapping a broad solar spectral band
that is otherwise poorly absorbed. In this paper, we systematically
design and fabricate periodic and random arrays of nanoscat-
terers integrated in the back contact of an a-Si:H solar cell.
By tailoring the spatial frequencies and obtaining an integrated
understanding of both the localized and propagating modes
resulting from plasmonic and Mie scattering in the three-dimen-
sional structure, we are able to demonstrate an extremely thin cell
with broadband photocurrent enhancement in both the blue and
the red portions of the spectrum.

The fabrication process utilizes Substrate Conformal Imprint
Lithography (SCIL), a wafer-scale nanoimprint lithography pro-
cess to inexpensively replicate high fidelity, large area nanopat-
terns into silica sol�gel resist, which has been described in detail
elsewhere.8,23�26 An initial large-area master substrate was
patterned using electron-beam lithography on a Si wafer. The
master substrate consists of 84 patterned regions containing one
of 12 nanopatterns, tiled with repetition and rotation to control
for deposition inhomogeneities, where each pattern covers a
6 mm� 6 mm area and the total master area is 10 cm� 3.6 cm.
A bilayer stamp was molded from the master, consisting of a thin
high-modulus polydimethylsiloxane (PDMS) layer holding the
nanopatterns and a low-modulus PDMS layer to bond the rubber
to a 200 μm thick glass support for in-plane stiffness. The stamp
was used to emboss a 100 nm thick layer of silica sol�gel on
AF45 glass substrates using SCIL. The sol�gel layer solidifies at
room temperature by forming a silica network, while reaction
products diffuse into the rubber stamp. After stamp release the
sol�gel was post cured at 200 �C.

A thirteenth nanopattern is a reference pattern replicated
from Asahi U-type texture. The texture is formed via a second
stamp molded from an Asahi U-type reference substrate, and the
texture transferred into sol�gel resist for use as a reference.25,26

Atomic force microscopy (AFM) comparison of the original and
replica Asahi textures are in good agreement. We use a stamp
transferred random texture rather than the original Asahi U-type
glass substrate as both the reference and the designed nano-
patterns are later coated in Ag to form the back contact, and
it is more appropriate to coat identical materials. Although there
are examples of other highly performing, randomly deposited
growth substrates available in the literature, we use Asahi U-type

texture as a reference not because it is the optimal texture but
because it is a commercially available and state of the art labo-
ratory standard.14

The 13 nanopatterns chosen fall into a few categories: flat,
periodic (square lattices of 400 and 500 nm pitch), pseudoran-
dom (with controlled nanoparticle size), quasicrystal (penrose
pattern), and randomly textured (Asahi replica). Both the Asahi
reference and the designed nanopattern imprinted silica sol�gel
surfaces are overcoated with Ag via sputtering to form the
metallic back contact. The designed individual nanostructures
consist of rounded plasmonic hemiellipsoidal nanostructures
after Ag coating. Figure 1 shows AFM images of representatives
of the Ag-coated patterns, along with their two-dimensional
Fourier transforms. The nanoparticle sizes and shape are seen
to be uniform across the substrate. Three sizes of nanoparticles
were used in separate patterns, denoted small, medium, and large,
corresponding to 200, 290, and 310 nm diameter, respectively.
For the pseudorandom patterns, each pattern was uniquely
generated with the constraints that the Ag particles do not touch
after overcoating, and that the packing fraction is the same as for
the 400 nm periodic pattern. The three different pseudorandom
patterns differ in the diameter of the nanoparticles, which in turn
sets a minimum separation between particles due to the non-
overlapping constraint. A more detailed discussion of the pat-
tern-generation procedure is included in the Supporting Infor-
mation. As discussed later, the rounded metal nanostructures are
advantageous, as they avoid the high parasitic absorption associated

Figure 1. Metal nanopatterns used as light trapping surfaces. Four
general classes of nanopatterns were fabricated on the substrate: (a�c)
periodic arrays of nanoparticles with different diameters, (b�g) pseu-
dorandom lattices of nanoparticles with controlled shape and packing
density, (h) penrose lattice of nanoparticles, and (i) nanoimprint
replicated Asahi U-type glass. AFM images are taken of the Ag-coated
silica sol�gel imprints; the corresponding Fourier transforms are
shown below.
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with sharp metallic features and they allow for conformal growth of
the a-Si:H to produce both front and back textures. The diameters
and pitch of the periodic nanopatterns were chosen based on
electromagnetic simulations that account for the conformal deposi-
tion of all the cell layers over the patterns. The top indium tin oxide
(ITO) surface of the cell shows a pattern of nanodomes as a result
of the conformal depositions over the Ag back contact, and the
best performance is predicted for Ag diameters and pitches such that
the ITO nanostructures are at maximum packing density without
overlap, as illustrated schematically in Figure 2a.

Cells were deposited over identical substrates with three
different intrinsic layer thicknesses: 90, 115, and 150 nm. The
cells consist of 100 nm of Ag coating the patterned silica sol�gel,
130 nm of ZnO:Al deposited by sputtering, n-i-p a-Si:H of
varying i-layer thickness, 80 nm of ITO, and evaporated Au
finger contacts. Device cross sections were made by a CO2 laser
along the backside of the cells, which lead to controlled splitting
of the samples leading to clean cross sections. The cut samples
were then imaged with scanning electron microscopy. Figure 2b
shows a cross section through the cell illustrating the conformal
nature of the growth. The top surface structure was also verified
using AFM.

Figure 2c shows current�voltage measurements on the
cells with 90 nm intrinsic layers for some selected cell patterns.
Device characterization was performed using a dual source
WACOM solar simulator under one sun illumination (AM1.5,
100 mW/cm2). A table summarizing the results for each pattern
for this thickness is shown in Figure 2d with the additional
thicknesses and patterns described in Supporting Information
Tables 1�3. Over 1000 cells were measured in total for this
study, and the tabulated data reports the highest efficiency
measured for each pattern at each deposition run, with the
average value of three cells on the substrate shown in parenth-
eses. We estimate the error in the solar simulator to be(3%, the
variation in Jsc at 7%, the Voc 3%, and the fill factor 5%.

Several important trends are observed from comparison of the
nanopatterns. The cells of 400 nm pitch have higher Jsc than those
with 500 nm pitch. Cells with large and medium diameter
nanoparticles show higher currents than those with small nano-
particles. The highest efficiency (9.4�9.6%) for the thinnest
ultrathin layers is observed for the 400 nm pitch pattern with
medium particles and the random pattern with large particles.
These two patterns consistently perform well at other intrinsic
layer thicknesses. These efficiencies are among the highestmeasured

Figure 2. Current�voltage characteristics of nanopatterned cells. The cells are conformally deposited over the patterned substrate, as shown
schematically in (a) and in SEM cross section (5� angle) in (b). The maximum particle diameter in the backpattern was chosen so that nanostructures in
the ITO top layer would touch without overlap. (c) Current density�voltage measurements for the best-efficiency cells on the substrate with 90 nm
intrinsic layers. The optimized periodic pattern and the pseudorandom pattern have efficiencies of 9.6 and 9.4%, respectively. (d) Electrical
characteristics of highest-efficiency cells with average values shown in parentheses.
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for nanostructured a-Si:H solar cells and are especially notable given
the very small (90 nm) intrinsic layer thickness.

External quantum efficiency (EQE) measurements for repre-
sentative cells with a 90 nm intrinsic a-Si/H layer are shown in
Figure 3a, and results for full-field three-dimensional electro-
magnetic simulations for similar structures in Figure 3b. EQE
measurements were performed using monochromatic light
from a Xenon lamp with one sun light bias applied. All of the
textured and nanopatterned devices show enhanced photocur-
rent on the red side of the spectrum. Notably the photocurrent
of the 400 nm pitch cell is also enhanced on the blue side of
the spectrum.4,10,11,27 On the red side of the band, there are
several sharp peaks in the periodic nanopatterns that are corre-
lated with pitch.We have previously shown these features are due
to waveguide modes with high overlap with the a-Si:H.8 In these
cells, the ZnO:Al layer acts not only as a diffusion buffer layer
between a-Si:H and Ag but also optically separates the a-Si:H
waveguide modes from the lossy surface plasmon polariton
modes on the metallic interface.8,28

We also note that the value of Jsc obtained from integrating
the EQE spectra against the AM1.5 solar spectrum is lower than
the values reported in Figure 2d. This is a well-known issue in

measuring solar cells and may be due to many different effects.
In general, spectral mismatch between the EQE source and the
solar simulator can cause a discrepancy between the two
measurements, underestimating the current from the EQE
spectra. Also, the EQE spectra shown are representative of the
different patterns rather than the best devices and were measured
before additional annealing steps that improved the cell perfor-
mance. Furthermore, these cells are sensitive to the angle of
incidence of illumination, and perform better at off-normal
incidence (discussed later in the text). The EQE measurements
use a tightly focused source, while the solar simulator has a slight
angular distribution, whichwill give different values for the current.

The experimental trends correspond well with those predicted
from simulation, including the strong enhancement in the blue
portion of the spectrum. The simulation details are given in the
Supporting Information. Given that the electromagnetic simula-
tion technique accounts only for optical absorption and not
carrier collection, the observed increase on the blue side is likely
due to light trapping and not differences in the p-layer thickness
or deposition. Figure 3c shows the calculated absorption en-
hancement as a function of pitch from 400�700 nm for periodic
arrays with dAg= 300 nm and dITO= 400 nm (thus limiting the

Figure 3. External quantum efficiencymeasurements and simulations. (a) External quantum efficiency measurements for several different patterns with
90 nm intrinsic layer thickness. (b) Simulated absorption for the same nanopatterns as in (a). (c) Electromagnetic simulations of absorption
enhancement as a function of pitch for cells with 115 nm intrinsic layer thickness. The color scale indicates the absorption enhancement compared to a
simulated Asahi cell of the same thickness.

Figure 4. Pseudorandom and randomly textured patterns. (a) Photon flux in all layers of the solar cell calculated from electromagnetic simulation for
cells with a 400 nm pitch periodic array, (b) simulation for pseudorandom particle array, (c) simulation for Asahi U-type texture. (d) One-dimensional
power spectral density calculations based on AFMdata fromFigure 1. The 400 nm pitch and pseudorandom patterns with large particles have the highest
power through the range of spatial frequencies required for coupling to waveguide modes in the a-Si/H in the 600�700 nm spectral band.
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pitch to 400 nm to avoid overlapping nanodomes). The color
scale shows the absorption enhancement relative to a simulated
Asahi cell. On the red side of the spectrum, we observe branches
due to coupling to waveguide modes as discussed previously with
the resonant peaks shifting with pitch. On the blue side of the
spectrum, there is a broad range of absorption enhancement that
cuts off sharply at wavelengths shorter than the pitch.

At wavelengths where the absorption length in a-Si:H is
shorter than the scatterer separation, the absorption is mostly
due to localized modes. Figure 4a�c shows photon flux cross
sections from simulation for the periodic and pseudorandom
patterns at λ = 500 nm. The absorption is largely confined over
each scatterer, as can be seen by the similarities in the absorption
over the a-Si/H. Of course only the absorption in the a-Si/H
contributes to photocurrent, but the images in Figure 4a�c also
show the losses in the other layers, indicating that the ITO is a
significant source of parasitic absorption. Figure 4a�c also
illustrates the importance of nanostructure curvature. Plasmonic
nanostructures with high frequency shapes (i.e., sharp points) are
highly absorbing, leading to parasitic absorption in the metal
layer (Figure 4c). In contrast, both the periodic and pseudoran-
dom designed nanoarrays control the nanoparticle shape to
include only rounded, curved scatterers (Figure 4a,b).

When the absorption length in a-Si:H is longer than the
separation between particles (for λ > 600 nm) the arrangement
of the nanoparticles becomes more important and the incident
sunlight will couple to propagating modes of the device. In the
periodic case coupling only occurs for wavelengths where the
pattern bridges the wavevector mismatch between incoming light
and waveguide modes, leading to the photocurrent peaks in the

EQE spectrum of Figure 3a. Similarly, the designed pseudoran-
dom nanopatterns result in efficient coupling to waveguide
modes, but now over a broader spectral range, leading to a
smooth EQE spectrum.

To quantitatively understand the connection between the
nanopatterns and the observed strong photocurrent enhance-
ment, in particular for the pseudorandom patterns, we calculated
the power spectral density (PSD)29 of the patterned back
contacts from the AFM data shown in Figure 1. The results are
shown in Figure 4d. The periodic, 400 nm pitch pattern,
unsurprisingly, has a very sharp band centered at 2.5 μm�1 with
a bandwidth due to the finite size of the AFM scan. The Asahi and
pseudorandom nanopatterns are much broader and flatter in
spatial frequency.

To realize coupling to waveguide modes over the broadest
possible solar spectral range requires a pattern with flat PSD
through the range of spatial frequencies required to couple to the
waveguide modes of the a-Si:H and at the same time minimal
scattering power in the nondesirable spectral ranges. Within this
framework, we can now explain the observed trends in photo-
current and deduce essential design rules. First, we observe that
the pseudorandom patterns have higher scattering power than
the Asahi texture through the range of optical frequencies
required (Figure 4d). Indeed, the cells with engineered random
patterns show much better cell performance than the Asahi cells
(Figures 2, 3). Second, the large nanoparticles have higher
scattering power than the smaller nanoparticles, consistent with
the better light trapping observed for larger particles in both the
periodic and pseudorandom arrays. Third, the periodic array is
too narrowband to act as an isotropic light trapping surface.

Figure 5. Experimental measurements of angle-resolved photocurrent on red side of spectrum. (a) A 400 nm pitch pattern on 90 nm cell.
(b) Pseudorandom pattern with varying particle sizes on 90 nm thick cell. (c) A 400 nm pitch pattern on cell with 150 nm thickness. (d) Pseudorandom
pattern with large particles on 150 nm thick cell. The periodically patterned cells show signatures of coupling to waveguide modes, while the
pseudorandom nanopatterns show isotropic angular response.
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While the PSD argument explains many of the observations of
light trapping on the red side of the spectrum, it does not explain
the strong photocurrent enhancement on the blue side of the
spectrum. Since the absorption length of a-Si/H is under 100 nm
in the λ= 400�500 nm range, the enhanced photocurrent on the
blue sidemust be due to the nanostructuring on the top interface.
From simulation, we attribute this to the ITO/a-Si:H hemisphe-
rical nanostructures acting as weakly coupled Mie reson-
ators, such that incident sunlight is resonantly absorbed in the
hemisphere30 and forward scattered into the a-Si:H region. The
effective interaction cross section of these scatterers is 3�4 times
their geometrical area over a broad UV/blue spectral range and
thus leads to enhanced incoupling of light at these wavelengths,
for which light would otherwise be strongly reflected. This
enhancement in the UV/blue is consistent with the simulation
results shows in Figure 3c and the 400 nm pitch was chosen a
priori from these simulations at it showed the highest solar
spectrum integrated absorption.

Finally, we measured the angle-resolved EQE for the nano-
patterned cells. Data are shown for 400 nm pitch and pseudor-
andom cells with a 90 nm (Figure 5a,b) and 150 nm (Figure 5c,d)
intrinsic a-Si:H layer. The periodic cells show signatures of
waveguide modes in the semiconductor, which shift with chang-
ing angle of incidence. We observe a higher number of mode
branches in Figure 5c than in Figure 5a, due to the higher mode
density in the thicker a-Si:H layer. In contrast, the engineered
random nanopatterns show an isotropic response with angle
(Figure 5b,d). To achieve isotropic light trapping, a range of spatial
frequencies must be present in the pattern to efficiently couple all
angles into the localized and waveguide modes of the cell.

In summary, systematic study and design of pseudorandom
arrays of resonantly scattering nanoparticles allow for both an
understanding of the ideal random patterns for broadband,
isotropic angular response, and the realization of high efficiency
devices in extraordinarily thin semiconductor regions. Key to the
design is an integrated understanding of spatial frequencies and
curvature of nanoscale scatterers that form plasmonic backreflec-
tors coupling to waveguidemodes andweakly coupled surfaceMie
scatterers coupling to localized surfacemodes.While the diameters
and pitch of the front and back surface patterns in this study were
designed with a one-step, conformal deposition process in mind, it
is possible that decoupling the pattern formation at the two
interfaces will lead to higher overall efficiencies, extending the
applicability to nonconformal semiconductor depositions. While
focused here on a-Si:H, the principles presented here are poten-
tially applicable to other solar cell materials systems.
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