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ABSTRACT: We demonstrate an effective light trapping geometry for thin-film solar cells that is
composed of dielectric light scattering nanocavities at the interface between the metal back contact
and the semiconductor absorber layer. The geometry is based on resonant Mie scattering. It avoids
the Ohmic losses found in metallic (plasmonic) nanopatterns, and the dielectric scatterers are well
compatible with nearly all types of thin-film solar cells, including cells produced using high
temperature processes. The external quantum efficiency of thin-film a-Si:H solar cells grown on top

of a nanopatterned Al-doped ZnO, made using soft imprint lithography, is strongly enhanced in the

550—800 nm spectral band by the dielectric nanoscatterers. Numerical simulations are in good agreement with experimental data
and show that resonant light scattering from both the AZO nanostructures and the embedded Si nanostructures are important.
The results are generic and can be applied on nearly all thin-film solar cells.
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hin-film solar cells combine the advantages of low material
consumption and the possibility of mechanically flexible
devices. A major problem in all thin-film solar cells is the
incomplete absorption of the near-bandgap light. In order to let
a device satisfy the opposing requirements of being optically
thick and electrically thin, efficient light trapping is required."”
Many different light trapping geometries have been studied,
including randomly textured transparent conductive oxide
layers, and random and periodic arrays of nanocones,
nanodomes, nanorods, and nanoparticles.3_13
Metal nanoparticles have been studied extensively in light
trapping geometries since they exhibit plasmon resonances,
which leads to large scattering cross sections.'* Recently,
wavelength-sized dielectric nanoparticles have gained interest
for applications in light trapping. Dielectric particles exhibit
geometrical (Mie) resonances in which the light is confined
inside the nanoparticle.15 Similar to metallic nanoparticles,
these particles have large scattering cross sections on resonance,
exceeding their geometrical cross sections. However, a key
advantage of dielectric nanoparticles is that they do not suffer
from Ohmic losses that occur in metallic nanoparticles. As has
been shown before, arrays of dielectric nanoparticles at the
surface of a solar cell can serve to enhance the coupling of light
in the cell, leading to an enhanced blue response.lé_19 The
physical mechanism of this antireflection effect by nanoparticles
is similar to that of light trapping, the light is coupled to a
higher mode-density. However, the antireflection effect mostly
depends on single-particle resonances, whereas in light trapping
both the single-particle resonances and the array periodicity
play an important role. Dielectric nanostructures composed of
narrow cones at the rear of the cell have been studied by
numerical simulations, and showed enhanced light trapping.*’
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So far, the use of engineered dielectric scattering patterns at
the rear side of a thin-film solar cell has not been studied
experimentally. Backscattering structures in thin-film solar cells
are required to couple the poorly absorbed red and near-
infrared light to waveguide modes of the thin active
layer."**'™> The blue light does not interact with these
structures as it is absorbed in the top of the device. To
simultaneously optimize the red- and blue response front- and
back patterning could be combined.”* Typical backscattering
backreflectors are composed of corrugated metallic nanostruc-
tures.”>">® In these geometries the light trapping efficiency is
limited by Ohmic dissipation in the metal by the generation of
localized surface plasmons and surface plasmon polaritons.
Here, we experimentally and numerically study dielectric
backscattering patterns integrated at the interface between a
flat metallic back contact and the active layer of the cell. Using
soft-imprint lithography, we fabricate SiO nanoparticles on a
flat Ag back contact that is first deposited on a glass substrate,
followed by overcoating with aluminum-doped zincoxide
(AZO), an hydrogenated amorphous Si (a-Si:H) active layer
(consisting of p-doped, intrinsic, and n-doped a-Si:H), and an
indium—tin-oxide (ITO) transparent front contact. Figure la
shows the geometry, together with the “conventional” nano-
structured metallic back contact.**">® The AZO layer is present
in all cell types, since it acts as a buffer layer to prevent diffusion
of the metal into the absorber layer. For reference, measure-
ments were also made on flat cells and conventional thin-film a-
Si:H cell geometry, with a Ag/AZO/a-Si:H/ITO layer stack
grown onto an Asahi U-type textured glass substrate. In the
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Figure 1. (a) Schematic of the studied dielectric backpattern geometry, together with the “conventional” nanostructured metallic backpattern. (b)
Top-view SEM image (angle: 30) of AZO scattering pattern (thickness 300 nm) deposited onto SiO, nanoparticles. (c) Cross section of the full

device made using FIB milling. Scale bars: 500 nm.
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Figure 2. (a) Current—voltage characteristics for cells with flat back contact (black), periodic dielectric back pattern (red), and Asahi-nanopatterned
metallic back contact (green). The inset shows the measured cell parameters for each type. (b) External quantum efficiency spectra for the same

cells.

schematic drawing in Figure 1a we left out the small amount of
corrugation at the top surface, since the roughness left at the
top is only small. External quantum efliciency measurements
shown in this paper demonstrate no antireflection effect caused
by the corrugation at the front interface.

We demonstrate, both experimentally and through numerical
simulations, that resonant light scattering from the dielectric
nanostructures integrated between the active layer and the flat
metal contact leads to enhanced light trapping, more efficient
than nanostructured metallic back contacts. The dielectric
nanoparticles used in this geometry are very compatible with
nearly all types of thin-film solar cells, including cells that
require high-temperature processing, such as Cu(In,Ga)Se,,
whereas integration of plasmonic particles is challenging in
high-temperature cell processes due to diffusion of the metals
into the absorber layer.”” Furthermore, the dielectric light
scattering insights presented here are generic, and can be
applied to nearly all thin-film geometries, provided that the
ingredients, like the AZO layer and the highly reflective Ag

layer are compatible with the cell process. The enhanced light
trapping results in increased solar energy conversion efliciencies
and can be used to reduce the active layer thickness, leading to
lower fabrication costs while maintaining high efficiencies.

Figure 1b shows a scanning electron microscopy (SEM)
image of the dielectric scattering pattern, consisting of a
periodic array of AZO scatterers, fabricated using substrate
conformal imprint lithography (SCIL). A cross section of the
completed device, made using focused ion-beam milling, is
shown in Figure lc. The refractive index contrast between the
SiO particles and the AZO is very small; n = 1.7 for SiO and n =
1.9 for AZO.

Results. Figure 2a shows current—voltage measurements for
the dielectric nanopatterned cell (red), as well as for the Asahi
(green) and flat (black) reference cells. As can be seen, all three
types show similar open circuit voltage (V,. = 890—900 mV).
The patterned cell shows only a slight reduction in fill factor
compared to the other cells, indicating that the tall AZO
particles do not significantly deteriorate the electrical quality of
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the device. Figure 2b shows the external quantum efficiency
(EQE) measurements on the same cells as in Figure 2a. All
three types of cells show a similar blue response, indicating that
small roughness at the front side of the device, caused by
conformal growth, does not affect light absorption in the blue.
Thinner cells did show an antireflection effect caused by the
corrugation,”® but the deposition of the 350 nm thick absorber
layer has led to flattening of the corrugation at the front
interface. At wavelengths above 570 nm the EQE of the flat cell
(black) decreases rapidly due to poor absorption of these
wavelengths in the thin absorber layers. The Asahi cell (green)
shows a significant enhancement in this spectral region, due to
light trapping. The cell with purely dielectric periodic scattering
patterns (red) shows a red response that is substantially higher
than that for the Asahi cell. Patterning the cell using dielectric
scatterers results in a current generated in the 600—800 nm
spectral range of 5.3 mA/cm? compared to 2.9 mA/cm” and
4.8 mA/cm” for the flat and Asahi cells, respectively. In our
previous work on the same cell type and thickness with
plasmonic patterns' we found that Ag nanoparticles on top of
the cell enhanced the current in the 600—800 nm spectral range
from 2.9 mA/cm? to 4.3 mA/cm> The enhancement obtained
with the dielectric back scattering pattern is substantially larger
than for the previously studied plasmonic front pattern. This
demonstrates thus that cells with dielectric light scattering
patterns on a flat metal back contact shows efficient light
trapping in the infrared.

Three-dimensional finite-difference-in-time-domain (FDTD)
simulations were performed to study the light trapping in more
detail. Figure 3a shows the simulated spectra of light absorption
in the active layer of the dielectrically patterned (red) and flat
(black) cells. Similar to the EQE measurements, the simulation
shows a substantial absorption enhancement for the patterned
cell compared to the flat cell. Additionally, the simulation shows
sharp peaks in the absorption of the patterned cell at
wavelengths between 650 and 750 nm. These peaks are not a
simulation artifact and are independent of mesh size and
number of perfectly matched layers (PMLs) at the boundaries
of the simulation volume. We find that the wavelength of these
peaks depend on the array pitch and attribute them to
waveguide mode coupling, which occurs at wavelengths where
the parallel momentum provided by the periodic array matches
the wavevector of one of the waveguide modes.”>***' The fact
that these sharp peaks are not observed in the EQE
measurements is attributed to the fact that a 10 nm bandwidth
was used in the measurement. Since the trends observed in the
simulations are in good agreement with the experiments,
simulations can be used to study geometries to which small
modifications are made as well. Figure 3a also shows the
simulated absorption spectra for cells with a thinner (200 nm)
AZO layer (purple). In this case a further enhanced red
response is observed. In previous experiments we found that
varying the AZO layer thickness from 80—500 nm does not
significantly affect the FF and V. of the cells.*°

Next, we compare the light trapping in the dielectric
nanopatterns with previously studied metallic nanopatterned
back contacts.”®** Figure 3b shows the simulated spectrum of
light absorption in the a-Si:H layer for a previously used Ag
nanoparticle shape, composed of a hemiellipsoid with an
optimized diameter of 300 nm and a height of 100 nm. The
data for the geometry with a dielectric SiO particle from Figure
3a are repeated in the figure. For reference, data are also shown
for a geometry with a Ag cylinder of the same diameter
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Figure 3. FDTD simulations of light absorption. (a) Absorption in a-
Si:H layer for flat cell (black), periodic dielectric scattering pattern as
in the experiment of Figures 1 and 2 (red) and for geometries with a
thinner AZO layer (200 nm, purple). (b) Absorption in a-Si:H layer
for a flat cell (black), periodic dielectric scattering pattern (purple;
same data as in (a), and metallic scattering pattern with Ag
hemispheres (cyan) and cylinders (blue). The inset shows a schematic
of the geometries. (c) Simulated absorption in the nanoparticle for the
geometries with SiO cylinders (purple) and Ag cylinders (blue).

replacing the SiO particle. In the simulations these Ag particles
were covered with a patterned AZO layer such to create the
same AZO outer boundaries as in Figure 3a. Note that in an
experimental configuration where the AZO is conformally
grown on top of the Ag particles the height of the AZO particle
is determined by the height of the Ag particle. As can be seen,
the metallic nanopattern performs significantly worse than the
purely dielectric scattering pattern. This trend is different from
the trend observed in simulations by Ferry at al,;** there the Ag
particle array is optimized (similar to the size shown here) to
maximize light trapping, and the AZO array geometry is solely
determined by the Ag geometry and including conformal
growth. This resulted in the use of AZO particles that are much
smaller than the size required to have geometrical resonances
and hence efficient scattering by the dielectric particles. In the
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Figure 4. Simulated normalized scattering cross section of (a) single AZO particles at the AZO a-Si:H interface with radius 175 nm (red), 200 nm
(green), and 225 nm (blue) and (b) single Si cross enclosed by AZO extended into the PML boundaries in a square array geometry with S00 nm
pitch. Insets in (a) and (b) show left: schematic xz-view, right: schematic top view. (c) XY cross sections of the electric field intensity at two resonant
peaks in (b) for the 225 nm radius AZO geometries: 465 nm (left) and 740 nm (right). The white circles indicate the positions of the AZO particles.
(d) Absolute scattering cross section for the Si cross (continuous) and AZO particle (dashed). (e) Scattering cross sections for a geometry consisting
of four AZO particles and one Si cross, for three different AZO particle radii. Left inset: schematic xz-view, right inset: schematic top view. (f) XY-
cross sections of the electric field intensity at wavelengths of 440, 560, 920, and 960 nm.

present work the AZO particles are significantly larger than in
the paper by Ferry et al,** which also reduces the spacing
between the particles; this is an important parameter
determining efficient scattering as we will show further on.
To make a fair comparison with an optimized plasmonic
geometry, we use the same Ag particle size as in the work by

Ferry et al. Using the optimized Ag particle size, we show that if
the AZO array geometry is optimized the Ag particle is not
required for light trapping and leads to additional losses by
Ohmic dissipation. Data for the flat cell and the dielectrically
patterned cells from Figure 3a are repeated in Figure 3b. Figure
3c shows the simulated absorption in the nanoparticle in the
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geometry with a SiO cylinder (purple) and Ag cylinder (blue).
As can be seen, absorption in the SiO particle is negligible,
while absorption in the Ag particle is significant, in particular in
the wavelengths range above 570 nm. The absorption losses in
the 600—700 nm spectral range, in which the a-Si absorption
still peaks to 90% of the incident light for the dielectric
scattering geometry, are up to 30% in the Ag particle. This
shows that, regardless of the scattering and field enhancement
by the metal particles, the plasmonic geometry is too lossy to
outperform the low-loss dielectric geometry. Whereas wave-
length-sized metallic and dielectric nanoparticles can have
comparable scattering cross sections, metal nanoparticles have
substantially higher absorption cross sections than low-index
dielectric materials.>> This explains why in this spectral range
the purely dielectric scattering pattern outperforms the
geometry with patterned metal. Finally we note that we expect
an experimental comparison between the purely dielectric
scattering geometry and the geometry with patterned Ag to give
similar trends in photocurrent to the trends in optical
absorption shown. Because the AZO particle shapes are equal
in both geometries both geometries are expected to have
similar FF and V.. Therefore, in terms of overall cell efficiency
we predict that the dielectric geometry will outperform the
plasmonic geometry. A con of the dielectric light scattering
pattern is that it will not work well on cells made of low-
refractive index materials such as polymers because of the low
index contrast.

To understand the physical mechanism of light scattering
from the dielectric nanopatterns we simulate the scattering
cross section for a single scatterer at the AZO/a-Si:H interface.
Figure 4a shows the normalized scattering cross section,
defined as the scattering cross section normalized to the
geometrical cross section, for AZO hemiellipsoids with a height
of 200 nm and radii of 175, 200, and 225 nm. Large spectral
widths are observed which we attribute to radiation losses into
the AZO and a-Si:H layers. The normalized scattering cross
section is larger than 1 over the full 400—1000 nm spectral
range indicating strong interaction with the incident light. For
increasing particle radius the peak shifts to slightly larger
wavelengths, consistent with the resonant (Mie) nature of the
scatterer.

For the larger simulated particles, the particle diameter is
close to the array pitch (500 nm). This causes the AZO
particles to enclose a “Si cross” which potentially also acts as a
resonant scatter. To investigate this, Figure 4b shows the
normalized scattering cross section for a single Si cross
enclosed by four AZO particles for AZO particle radii of 175,
200, and 225 nm and a constant array pitch of 500 nm. A
smaller AZO particle radius thus corresponds to a larger Si
cross. To exclude the contribution of the AZO particles to the
scattering cross section, the AZO particles are connected at the
point of minimum spacing between them and then extended
into the PML boundaries of the simulation volume (see
schematic in Figure 4b). Note that the sharp corners present in
the simulated geometry would lead to poor absorber layer
quality.***> However, simulating this geometry allows us to
understand the physical mechanism of the scattering by
studying the scattering cross section of a single Si cross
without having contributions from AZO particles. In the
experimental configuration, the particles are not connected, and
hence the sharp corners are not present. The normalized
scattering cross section shows three distinct peaks. The peaks
redshift with decreasing radius of the AZO particle correspond-

ing to increasing size of the Si cross, which is consistent with a
geometrical resonance in the Si cross. Figure 4c shows xy-cross
sections of the electric field intensity 1 nm above the interface
between the AZO substrate and the a-Si:H layer for the
geometry with r = 225 nm. The field distributions correspond
to the peaks in the scattering spectrum at 465 and 740 nm.
They both show that the field is resonantly confined in the Si
cross, further confirming the presence of geometrical
resonances inside the Si cross.

To compare the relative contributions of the Si cross and the
AZ0 hemiellipsoid to the total scattering in the array geometry,
absolute scattering cross sections must be compared. Figure 4d
compares the absolute scattering cross section for the AZO
particle and the Si cross for an array geometry with S00 nm
pitch and 225 nm AZO particle radius. Both scatterers have
scattering cross sections in the same order of magnitude, but
the scattering cross section of the Si cross (continuous line)
exceeds that for the AZO particle (dashed line) over the entire
spectral range. This indicates that both resonant scattering by
the AZO particles and the Si crosses will play an important role
in the light trapping process.

In the geometry of Figure 4d, we extended the AZO
scatterers into the PML boundaries, so that the only object that
could resonantly scatter the light was the Si cross. Figure 4e
shows the scattering cross section for a geometry in which the
Si cross as well as four finite-size AZO particles are present. In
the simulations PMLs were used at all boundaries. The
scattering cross section shows no distinct peaks. Figure 4f
shows cross sections of the electric field 1 nm above the a-Si:H/
AZ0 interface for four different wavelengths for the geometry
with AZO particles with r = 225 nm. Complex field
distributions are observed and, depending on the wavelength,
the field is enhanced inside the nanoparticles or inside the Si
cross. This further confirms that both types of resonant
scatterers contribute to the light trapping process. The coupling
to the in-plane waveguide modes will depend on the scatterin%
cross section of the single particles, the array configuration,”
and the coupling stren§th to the waveguide-modes supported
by the thin-film stack.>

Conclusion. Dielectric light scattering patterns integrated at
the interface between the active semiconductor layer and the
metallic back contact of thin-films solar cells cause efficient light
trapping in the red/infrared spectral band. Light is resonantly
scattered into the active layer though the excitation of Mie
resonances in the dielectric nanocavities. External quantum
efficiency measurements on nanopatterned AZO/a-Si:H solar
cells show enhanced light trapping and outperform reference
cells grown on Asahi-U type texture. Numerical simulations are
in good agreement with EQE measurements and show that the
purely dielectric scattering pattern outperforms a combined
metal—dielectric scattering pattern used in earlier work. The
dielectric geometry avoids the Ohmic dissipation losses found
in metallic nanopatterns. In contrast to plasmonic light trapping
patterns, the dielectric scattering pattern presented here is well
compatible with practically all types of thin-film solar cells,
including types grown in high-temperature processes. Fur-
thermore, the insights in light trapping presented in this paper
are generic and can be applied to nearly all thin-film solar cells.

Methods. Sample Fabrication. Flat glass substrates were
sputter-coated with 600 nm Ag, followed by 20 nm AZO, to
protect the Ag back contact during fabrication of the
nanoparticles. Substrate conformal imprint lithography
(SCIL) was used to make the nanoparticle array, since it
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facilitates high-fidelity, large-area patterning. A bilayer PDMS
stamp was first molded from a master pattern that was made in
a silicon wafer using electron-beam lithography. The glass/Ag/
AZO stack was first spin-coated with a 500 nm PMMA layer
followed by a 70 nm thick silica sol—gel layer. The SCIL stamp
was then applied into the sol—gel to form a periodic array of
holes in the sol—gel. Reactive ion etching was used to transfer
the holes to the PMMA layer. Subsequently, a 200 nm thick
SiO layer was thermally evaporated onto the samples. The
PMMA/sol—gel mask was then removed by dissolving the
PMMA layer in acetone. Next, the array of SiO particles was
conformally coated by a 200 or 300 nm thick AZO layer by
sputter deposition, leading to a periodically patterned AZO
back contact. On top of the patterned AZO layer, the a-Si:-H
layer (350 nm i-layer) was then grown in an n—i—p
configuration using plasma-enhanced chemical vapor deposi-
tion as described by Soppe et al.*” To define electrically isolated
solar cells, 4 X 4 mm”* pads of ITO were sputtered on top of the
a-Si:H layer using a contact mask. Finally U-shaped Ag contacts
were sputtered on top through a contact mask. In parallel,
reference samples without nanoparticles were fabricated on flat
glass and Asahi-U type glass; depositions of the Ag, AZO, a-
Si:H, and ITO layers on these samples were done in the same
runs as the periodically patterned samples.

Device Characterization. I-V curves were measured under
one-sun illumination using a WACOM solar simulator. EQE
measurements were performed on a commercial spectral
response setup (Optosolar SR300) using a 250 W xenon
lamp equipped with a monochromator (Jobin Yvon iHR320).
The setup was calibrated with a crystalline silicon reference
solar cell, and the measurements were carried out with a
spectral resolution of 10 nm. Current densities were normalized
by the values obtained from external quantum efficiency (EQE)
measurements to exclude inaccuracies in the determination of
the surface area.

Numerical Simulations. Simulations of the light intensity
inside the nanopatterned structures were carried out using
Lumerical FDTD software.® Optical constants for the a-Si:H
and ITO layers were extracted from reflection and transmission
measurements on thin films on glass on materials deposited
using the same deposition equipment and parameters, and
optical constants for AZO and Ag were taken from literature.*
The full thin-film stack was simulated in a unit cell with a single
dielectric nanoparticle, using periodic boundary conditions in x
and y directions. Perfectly matched layers were used at the top
and bottom of the simulation box to absorb the light leaving the
simulation volume. A mesh size of 5 nm was used for the entire
layer stack. Convergence tests were done for mesh size and
number of PMLs.

Scattering cross sections for a single scatterer at a AZO/a-
Si:H interface were determined using refractive indices of the a-
Si:H layer and the AZO layer of n = 40 and n = 2.0
respectively, with no imaginary parts. In this case, the a-Si:H
and AZO layers were made infinitely thick by extending them
into the PMLs.
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