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ABSTRACT Here for the first time, we demonstrate novel nanodome solar cells, which have periodic nanoscale modulation for all
layers from the bottom substrate, through the active absorber to the top transparent contact. These devices combine many
nanophotonic effects to both efficiently reduce reflection and enhance absorption over a broad spectral range. Nanodome solar cells
with only a 280 nm thick hydrogenated amorphous silicon (a-Si:H) layer can absorb 94 % of the light with wavelengths of 400—800
nm, significantly higher than the 65% absorption of flat film devices. Because of the nearly complete absorption, a very large short-
circuit current of 17.5 mA/cm? is achieved in our nanodome devices. Excitingly, the light management effects remain efficient over
a wide range of incident angles, favorable for real environments with significant diffuse sunlight. We demonstrate nanodome devices
with a power efficiency of 5.9 %, which is 25% higher than the flat film control. The nanodome structure is not in principle limited
to any specific material system and its fabrication is compatible with most solar manufacturing; hence it opens up exciting opportunities
for a variety of photovoltaic devices to further improve performance, reduce materials usage, and relieve elemental abundance
limitations. Lastly, our nanodome devices when modified with hydrophobic molecules present a nearly superhydrophobic surface

and thus enable self-cleaning solar cells.
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olar cells of nanostructures such as nanocrystals and

nanowires have attracted much attention due to their

potential for improving charge collection efficiency,
fabricating small-scale power sources, enabling novel con-
version mechanisms, and using low-cost processes.' ~° Ef-
ficient light management by reducing incident light reflec-
tion while enhancing optical absorption is important for all
photovoltaic devices for performance improvement and cost
reduction.”® Even though nanostructure-based graded re-
fractive index”~'> and plasmonic”'®"?' layers offer great
potential for antireflection coating and absorption enhance-
ment, respectively, they are mostly limited to use as an
additional coating on active solar absorber surfaces.

We have chosen p-i-n a-Si:H solar cells to demonstrate
the nanodome concept. a-Si:H is one of the most important
photovoltaic systems, as it is based on abundant, nontoxic
materials, and low temperature processes.?*”?* a-Si:H can
absorb light very efficiently, with an absorption depth of only
1 um (at around 1.8 eV), several hundred times thinner than
that of crystalline silicon. Previously we have demonstrated
that a-Si:H nanocones with lengths close to the absorption
depth have antireflection properties for a wide range of
wavelengths and angles of incidence without any extra
antireflection coating.'> However, carriers of a-Si:H have
very poor transport properties, especially their short carrier
diffusion length of around 300 nm or less. In addition, the
10—30% efficiency degradation under light soaking, known
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FIGURE 1. Nanodome a-Si:H solar cell structure. SEM images taken
at 45° on (a) nanocone quartz substrate and (b) a-Si:H nanodome
solar cells after deposition of multilayers of materials on nanocones.
Scale bar 500 nm. (c) Schematic showing the cross-sectional struc-
ture of nanodome solar cells.

as the Stabler—Wronski effect, is found to be less severe with
thinner films (below 300 nm).>*~%* Hence efficient light
harvesting within a much thinner layer (<300 nm) is es-
sential to the device performance of this type of solar cell.

Our typical single p-i-n junction nanodome a-Si:H solar
cells consist of 100 nm thick Ag as a back reflector, 80 nm
thick transparent conducting oxide (TCO) as both bottom
and top electrode, and a thin a-Si:H active layer of 280 nm
(from top to bottom: p-i-n, 10—250—20 nm) (Figure 1c).
Nanodome solar cells were fabricated on nanocone sub-
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strates (Figure 1a). Nanocone glass or quartz substrates were
first fabricated by Langmuir—Blodgett assembly of close
packed monodisperse SiO, nanoparticles followed by reac-
tive ion etching developed in our group (see Methods).'??>
The base diameters and spacings of nanocones can be
controlled in the range of 100—1000 nm, which is relevant
to the sunlight wavelengths. Nanocones with a base diam-
eter of 100 nm, spacing of 450 nm and height of 150 nm
are reported in this study (Figure 1a). The solar cell layers
were conformally deposited on top of the nanocone sub-
strate as well as on a flat substrate for comparison. After
deposition, the nanocone pattern is largely transferred to the
top layer although nanocones become nanodomes, as shown
in scanning electron microscopy (SEM) images (Figure 1b).

To characterize the effect of antireflection and light
trapping on these nanodome solar cells, we have conducted
standard hemispherical absorption measurements with an
integrating sphere. The absorption measurement was car-
ried out over a broad wavelength range (400—800 nm),
which covers most of the spectrum that is useful for a-Si:H
with a band gap of 1.75 eV (or ~710 nm), although a-Si:H
has a long band tail. For comparison, flat a-Si:H film solar
cells with the same layer thickness were also measured.
Since TCO has a lower refractive index (2.2) than that of
a-Si:H (~4.23), measurements were also carried out with
and without the top TCO layer for both types of solar cells.
The absorption data in the wavelength range of 400—800
nm under normal incidence are summarized in Figure 2a.
Green and black curves are from nanodome devices with
and without the top TCO layers while blue and red ones are
from flat film devices with and without the top TCO layers,
respectively. The weighted absorption, integrated over the
whole spectrum under the 1 Sun AM 1.5 illumination condi-
tion, is plotted in Figure 2f.

There are several important observations from these
data. First, nanodome devices show significantly larger
absorption than flat film devices over the whole spectrum.
Nanodomes with a top TCO layer show extremely high total
weighted absorption of 94 % while flat films with a top TCO
layer only show 65 % (Figure 2f).

Second, the absorption of nanodome and flat film devices
with a top TCO layer is better than those without a top TCO
layer, respectively. This is because TCO has a lower refrac-
tive index than a-Si:H so that light reflection is lower for the
samples with the top TCO layers. However, this TCO en-
hancement effect is much less for nanodome devices (from
87 % to 94 %) than for flat film devices (from 48 % to 65%),
which indicates that the nanodome geometry without TCO
already has very good antireflection property compared to
the flat film geometry.

Third, for the short wavelength region (below 500 nm),
all the light loss can be attributed to the light reflection since
its absorption depth (~100 nm) is smaller than the a-Si:H
layer thickness of 280 nm. As seen in Figure 2a, without the
top TCO coating, the absorption of nanodomes is always
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above 85 %, while the flat one is below 60 % . Adding the TCO
coating will improve the absorption above 88% and 65 %
correspondingly.

Fourth, for the long wavelength above 550 nm, significant
interference oscillations appear in flat film devices while
nanodome devices still show relatively flat broad band
adsorption. The observed oscillations in flat film devices are
basically Fabry—Perot interference, arising from the long
wavelength light not absorbed by the a-Si:H layer interfering
with the reflected light from the top layer of the device. For
flat films without the top TCO layer, it causes a significant
absorption valley at the region around 570, 640, and 750
nm. About 80 % of light escapes at the wavelength of 640
nm. While addition of the TCO layer reduces the reflection
loss, it also shifts the absorption valleys to the shorter
wavelengths, consistent with the light interference. The
interference oscillations are greatly reduced for the nan-
odome devices, suggesting that very little light escapes after
reflection by the Ag and thus their absence suggests signifi-
cant light trapping effects.

Fifth, the most significant absorption improvement using
the nanodome geometry versus the flat film one is in the
wavelength range of 700—800 nm. a-Si:H has a band gap
~710 nm and a long band tail. The absorption coefficient
drops quickly when the light wavelength is above ~700 nm.
For flat film devices with the top TCO layer, there is a
significant reduction of absorption down to 50% while
nanodome devices with the top TCO layer maintain absorp-
tion of ~90% . The relative improvement is ~80 % . These
data suggest that nanodomes can enhance light trapping
significantly even for the absorption of photons below the
band gap. However, it is hard to conclude at this moment
whether all the absorption in this sub-band-gap wavelength
range contributed to short-circuit current.

The exciting light absorption data of nanodomes result
from their unique geometry, effective for antireflection and
absorption enhancement. The antireflection effect is due to
the tapered shape of nanodome structures with better
effective refractive index matching with air. Previously,
nanocone-shaped structures have been shown to have a
refractive index matching with air that suppresses light
reflection significantly.'°~'* Our nanodomes also offer such
a mechanism to couple light into the a-Si:H layer with
suppressed reflection. More excitingly, nanodomes can
scatter light along the in-plane dimension, which enhances
the light traveling path for absorption, providing a light
trapping mechanism. Compared with the Lambertian scat-
tering, which is based on well-understood surface texturing
using features much larger than light wavelengths for ef-
ficient absorption enhancement effects,*®” our devices use
subwavelength nanodome structures, which are more fea-
sible for solar cells with only submicrometer thick absorber
layers.'® In addition, Ag reflectors have nanoscale modula-
tions, which cause strong light scattering. Ag nanoparticles
arrays have been widely incorporated for absorption en-
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FIGURE 2. Light absorption measurement and simulation. (a—c) Integrating sphere measurement results of absorption under normal incidence
(a): 30° angle of incidence (b), 60° angle of incidence (c). The samples are flat substrates without ITO coating (red), flat substrates with ITO
coating (blue), nanodomes without ITO coating (black), nanodomes with ITO coating (green). (d) FTDT simulation of light absorption for flat
and nanodome devices with and without ITO. (e) Simulation of absorption spectra for the case with (green) and without (dashed gray) Ag
absorption loss. (f) The weighted absorption integrated over the wavelengths of 400—800 nm by experiment (solid symbols) and simulation
(hollow symbols). (g) Snapshots of simulated electric fields in the structure for different wavelengths.

hancement in the region close to band gap edge in a variety
of devices.'”"*° In those studies, the main mechanisms have
been believed to be the large resonant scattering cross
section of these particles. However, since these nanopar-
ticles are put on top of the surface, part of the short
wavelength light around resonant frequency is wasted by
either scattering or absorption. In our nanodome devices,
the nanostructured Ag back-reflector as bottom contact is a
better choice: while long wavelength lights are strongly
scattered by the modulated Ag back-reflector, the perfor-
mance of short wavelength absorption is not compromised
since significant absorption occurs through single path of the
absorber before reaching the Ag films.
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To elucidate the physical mechanisms involved in the
efficiency enhancement, we have performed simulations by
solving the Maxwell equations with three-dimensional finite-
difference time-domain simulation®® on the experimental
device geometry. The cross section of the structure is shown
in Figure 2g (left) with incident plane waves polarized in the
x direction. The period of the nanodome array is 450 nm.
The dielectric constants of silver and silicon are taken from
tabulated experimental data modeled by complex-conjugate
pole-residue method.*? The simulated nanodome structure,
can absorb 93% of normally incident sunlight for the
spectral range from 400 to 800 nm (Figure 2d green curve
and 2f green triangle), which matches well with experimen-
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tal data (Figure 2a and f). The broad band absorption comes
from two contributions. First, the reflection is greatly sup-
pressed by the nanodomes. Such shape forms a graded
refractive index profile, creating a broad band antireflection
layer. For short wavelength around 400—500 nm (Figure 2g,
E, simulation for 400 and 500 nm), a-Si:H silicon is highly
absorptive. Thus, with efficient antireflection effects, all the
incident lights are absorbed in a single path through the
silicon layer. Second, the nanodome shape can also ef-
ficiently couple the incident light into modes that are guided
in the a-Si:H layer. (We note that the dispersion relation of
such modes can be strongly influenced by the presence of
plasmonic response of the Ag film.) This is particularly
important for the long wavelength regime (Figure 2g, E,
simulation for 600 and 700 nm) where a-Si:H is less absorp-
tive and a single path cannot absorb all the incident light.
Figure 2g E, simulation for 700 nm shows the z component
of the electric field, indicating strong guided modes confined
inside the nanodome structure. To evaluate the absorption
loss by silver, we perform a separate simulation using a
lossless silver model. Figure 2e shows the absorption spectra
with (green line) and without (gray line) metal loss. For the
lossless silver case, the weighted absorption for normal
incident sunlight is 92 % as compared to 93 % for the realistic
silver case. Therefore, the metal loss contributes only about
1 % of absorption.

For solar cells in a practical environment where sun-
light can be quite diffuse, it is important to evaluate the
absorption efficiency over a wide range of incident angles.
Parts b and c of Figure 2 show the absorption measure-
ment at incident angles of 30° and 60°, respectively. As
the incident angle increases from 0 to 60°, the absorption
over the whole spectrum for nanodome devices decreases
only by 5% while flat devices decrease by 13%. These
data suggest that nanodome devices have an advantage
over flat film devices in the real environment. Indeed,
nanodome and flat film devices look very different even
to the eyes. Figure 3a shows photographs of nanodomes
(left) and flat films (right) without the top TCO layers in
diffuse light conditions, respectively. The flat film devices
are mirror-like, highly reflective, and look red because of
inefficient light absorption at the long wavelength while
nanodome devices look black, due to efficient antireflec-
tion and light trapping.

To prove how effectively antireflection and light trapping
can improve the power conversion efficiency of solar cells,
we have tested nanodome and flat film solar cell devices in
a solar simulator with 1 sun AM1.5G illumination. Excitingly,
the nanodome devices show power conversion efficiencies
that are 25% higher than the flat film devices, made under
otherwise identical conditions. An example is shown in
Figure 3b, in which the nanodome device exhibits a power
efficiency of 5.9 % (open circuit voltage, V,. = 0.75 V; short
circuit current, J. = 17.5 mA/cm?; fill factor, FF = 0.45) while
the flat device exhibits an efficiency of 4.7% (Vo =0.76 V,
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FIGURE 3. Power conversion of a-Si:H nanodome solar cells. (a)
Photographs of nanodome solar cells (left) and flat film solar cells
(right). (b) Dark and light I-V curve of solar cell devices for
nanodomes (left) and flat substrates (right).

Jse=11.4 mA/cm?, FF = 0.54). The significant improvement
of power efficiency comes from a large short-circuit current
of nanodome devices (17.5 mA/cm?) which is higher than
that (15.6 mA/cm?) of the world record single junction a-Si:H
solar cells with substrate configuration®* with initial power
efficiency of 10.6 % . The short-circuit current of nanodome
devices is only slightly lower than the theoretical value (20.5
mA/cm?)?? limited by the band gap. We believe that we can
improve the efficiency of nanodome devices in the future
by improving the open circuit voltage and fill factor via better
materials deposition.

When solar cells are operated in real environments, dust
particles accumulate on the solar cell surface over time,
blocking the sunlight and thus reducing the power efficiency.
To avoid the problem, integrating a self-cleaning function
into the solar cells is desirable. Surface superhydrophobicity
is known to offer such a self-cleaning capability.’® Surfaces
with very high water contact angles, larger than ~150° in
particular, are called superhydrophobic surfaces. Although
a flat surface can be modified to become hydrophobic with
contact angles typically <120°, it is necessary to have
nanoscale roughness to generate superhydrophobicity, which
has been observed in nature on lotus leaves. Here we show
that our nanodome solar cells possess the self-cleaning
capability via superhydrophobicity due to the nanodome
morphology. We have modified the surface of nanodome
solar cells with hydrophobic molecules: perfluoroocty! trichlo-
rosilane (PFOS). After modification, nanodomes are nearly
superhydrophobic with high water contact angles (141° £
2°) (Figure 4a). We found that such a high contact angle is
adequate to realize a self-cleaning function. Nanodome solar
cells accumulating a large amount of dust (Figure 4b) with
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FIGURE 4. Self-cleaning of a-Si:H nanodome solar cells. (a) Optical micrograph of a drop of water on the nanodome solar cell surface after
PFOS modification showing a large contact angle of 141°. (b) SEM of nanodome solar cells with dust particles, Scale bar 10 um. (c) SEM of
nanodome solar cells after water cleaning. Scale bar 10 um. (d) Schematic showing the self-cleaning mechanism. (e) Change of FF, Ji, Voc and

power efficiency during a cycle of the self-cleaning process.

different sizes and shapes can be cleaned up by simply
rolling a water droplet across the surface (Figure 4d). After
cleaning, nanodome solar cells were inspected under SEM
and the dust particles were found to be removed Figure 4c.
Figure 4e shows the device performance measured on the
same nanodome device during each of the four step pro-
cesses: step 1 before PFOS surface modification, step 2 after
PFOS surface modification, step 3 adding dust particles, step
4 after water self-cleaning. The vertical axis refers to normal-
ized data for the solar cell device performance parameters.
From step 1 to 2, even though the FF and Ji., show some
changes due to mechanisms which are not yet clear, the
power efficiency remain nearly the same. From step 2 to 3,
the power efficiency drops significantly by 20 % due to the
low Ji. caused by light blocking of dust particles. From step
3 to 4, the self-cleaning process removes the dust particles
and recovers the value of power efficiency. V,. remains the
same during the whole process.

In conclusion, we have demonstrated novel nanodome
solar cell devices with effective antireflection and light
trapping over a broad spectral range and a wide set of
incidence angles, which leads to much higher power ef-
ficiency than that of the flat film devices. The nanoscale
morphology of such solar cells also enables a self-cleaning
function although the strategy on how to utilize it in practical
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environment requires future study. Our results open up
exciting opportunities for improving the efficiency, reducing
the materials usage and maintenance for a variety of solar
cell technologies.

Materials and Methods. Particle Synthesis and
Assembly. Monodisperse SiO, nanoparticles with diameters

from 50 to 800 nm were produced by a modified Stober
synthesis. These nanoparticles were then modified with
aminopropyl methyldiethoxysilane so that they can be
terminated with positively charged amine groups to prevent
aggregation. Finally, they were assembled into closed-
packed layers on substrates via the Langmuir—Blodgett
method. More details can be found in our previous paper.'>=°

Substrate Fabrication. Fluorine-based reactive ion etch-
ing was performed in an Applied Materials Technologies
8100 Hexode plasma etcher, operating with maximal rf
power 1600 W and dc bias —530 V. Nanoscale cone-shape
structures were made with a mixture of O, and CHFj5, flow
rates ranging from 6 to 30 sccm and from 50 to 85 sccm,
respectively. The etching rate can be tuned by power,
chamber pressure, and reactive gases ratio with approxi-
mately 35 nm/min (£30% deviation). Aspect ratios and
spacings between nanodomes can be determined by adjust-
ing original particle sizes and etching conditions. In our
study, nanoparticles with diameter about 450 nm were used,
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which produced periodicity with similar scale. The etching
corresponding to the shown device was performed with gas
flow rates of O, at 6 sccm and CHF;5 at 85 sccm, respectively.
The base pressure remained at 0.8 mTorr during the entire
process.

Optical Measurements. Standard hemispherical mea-
surements were carried out with an integrating sphere
(Newport). A xenon lamp coupled to a monochromator was
used for both wavelength-dependent and incident-angle-
dependent measurements. The sample was mounted at the
center of the sphere. The reflected light and transmitted light
from the sample were uniformly scattered by the integrating
sphere and collected by a photodetector. In this study, all
light reflected from and transmitted through the sample was
accounted, so this can be considered a measurement of the
absolute absorption.

Hydrogenated Amorphous Silicon Deposition. The amor-
phous silicon doped and undoped layers were deposited by
plasma enhanced chemical vapor deposition (PECVD) at 250
°C. A SiH4 and H, gas mixture was used for intrinsic layer
growth. CH4 and B,H, were added in for p-layer growth,
while PH; was used as the dopant gas for n-layer growth.
All the films contain a bonded hydrogen concentration
around 10 atom %, to reduce the broadening of the conduc-
tion and valence band tails as well as the occurrence of
dangling bonds.

Surface Modification. Perfluorooctyltrichlorosilane (PFOS)
purchased from VWR International LLC was dissolved in
hexane with a concentration of 10 mM. The a-Si:H device
was immersed in the solution for 30 min followed by rinsing
with hexane and blown dry with N,. The contact angle was
measured with the 3° camera look down method to help
find baselines. We performed nonspherical mode to fit the
droplet shape with £1° uncertainty.
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