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High-Efficiency Amorphous Silicon Solar Cell on a Periodic

Nanocone Back Reflector

Ching-Mei Hsu, Corsin Battaglia,* Celine Pahud, Zhichao Ruan, Franz-Josef Haug,

Shanhui Fan, Christophe Ballif, and Yi Cui*

Thin-film silicon solar cells, including hydrogenated amorphous
silicon (a-Si:H) single-junction and amorphous/microcrystal-
line silicon (a-Si:H/pc-Si:H) tandem-junction solar cells, are
promising candidates for the global terawatt-scale deployment
of photovoltaics thanks to the abundance and non-toxicity of
their raw materials, and mature fabrication processes.!"?l Com-
pared to their traditional wafer-based crystalline counterparts,
thin-film silicon technologies, with typical silicon absorber
thicknesses of only a few hundred nanometers, require much
less active material, which can be deposited on a variety of
low-cost substrates, such as glass, stainless steel, and plastic.
Thinner absorber layers not only contribute to cost reduction
but are also beneficial in terms of energy-payback time.

However, as light absorption in silicon becomes small near
the bandgap, advanced light-trapping schemes must be imple-
mented to achieve high efficiencies with such thin silicon
layers.* According to Yablonovitch's theoryl’l a maximum
absorption enhancement of up to 4n?> may be reached, where
n is the refractive index of the active absorber material. Experi-
mentally, light trapping is realized by introducing scattering at
interfaces between neighboring layers that have different refrac-
tive indices. In the substrate configuration (or n-i-p configura-
tion, describing the deposition sequence of n-type, intrinsic,
and p-type silicon layers onto the substrate), this is achieved
by texturing of the back reflector. Thermally roughened silver
films, [ silver-covered randomly oriented SnO, and ZnO pyra-
mids grown by chemical vapor deposition,[1®13] and silver-cov-
ered vertically aligned ZnO nanorods grown by hydrothermal
synthesis" have already been successfully used to enhance
light absorption in n-i-p solar cells. Naughton et al.l'” fabricated
arrays of silver-covered 1.6 um-high tapered Si nanopillars and
used those as a back reflector for coaxial n-i-p nanopillar solar
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cells. Also plasmonic back reflectors based on silver nanoparti-
cles have been investigated in the n-i-p configuration.['1]

An alternative, highly promising strategy is to utilize periodic
nanostructured back reflectors (photonic crystal-based designs)
to couple incident light into guided modes, propagating in the
plane of the absorber.'®-] By carefully selecting the periodici-
ties, this approach is capable of providing significant enhance-
ment of the optical path length within the thin absorber layer.
Theory predicts that grating structures may even surpass the
fundamental 4n? limit.?6~28] In the n-i-p configuration, the inte-
gration of one-dimensional (1D) gratings was realized experi-
mentally.?>3% Sgderstrém et al.B! used 2D sinusoidal square
gratings. Similarly, Ferry et al.3%%3 investigated equally sized
silver hole and dot arrays arranged in a square lattice fabricated
by laser interference lithography and electron beam lithog-
raphy, respectively, and replicated them by nanoimprint lithog-
raphy. Sai et al.?¥ used anodically textured aluminum covered
by silver to fabricate back reflectors with hexagonal dimple pat-
terns. A back reflector with a similar structure fabricated by
photolithography was presented by Biswas et al.’*! Using nano-
sphere lithography, Hsu et al.’® fabricated hexagonal arrays
of nanocones and used them as a back reflector in n-i-p solar
cells.’”) Similar work was carried out later by Tu et al.*®!

Although such advanced light-trapping schemes success-
fully lead to the desired gain in short-circuit current density
(Jsc), the conversion efficiency of the solar cell often improves
only marginally as the electrical cell properties characterized
by the open-circuit voltage (V,) and fill factor (FF) suffer on
textured substrates. Consequently, several studies focused on
optimizing the morphology of randomly textured substrates
to improve light trapping without compromising the electrical
performance.[10:13:39-43]

In this Communication, we investigate the influence of the
morphology of the back reflector on both the optical and elec-
trical cell performance. Periodic arrays of nanostructures fab-
ricated by nanosphere lithography are ideally suited to such a
study as they allow the fabrication of features with precisely
defined shape.?®** Here we focus on three representative fea-
ture shapes: vertical nanopillars, convex nanodomes, and con-
cave nanocones. We demonstrate that a careful optimization
of the nanocone shape allows us to achieve an electrical cell
performance comparable to what we obtain on flat reference
samples, while benefiting fully from a powerful light-trapping
enhancement, resulting in solar cells with an excellent initial
power conversion efficiency of 9.7%.

Figure 1a shows a sketch of the device geometry. A corre-
sponding cross section imaged by scanning electron micro-
scopy (SEM) is shown in Figure 1b. Periodic nanostructured
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Figure 1. a) Schematic structure of an n-i-p solar cell on a nanostructured substrate and b) a corresponding cross section milled by a focused ion
beam and imaged by SEM. c—e) lllustrations of the dimensions and the shapes of nanostructured back reflectors along with SEM cross sections after
silicon deposition: c) vertical nanopillars, d) convex nanodomes, and e) concave nanocones.

substrates were fabricated via Langmuir-Blodgett assembly
of monodisperse SiO, nanospheres used as a mask for subse-
quent reactive ion etching (RIE) of quartz substrates developed
and reported previously®® (for experimental details see the
Experimental Section). A 150 nm thick silver layer was depos-
ited as a back reflector electrode on the nanostructured quartz
substrates, followed by a 70 nm thick ZnO layer to reduce
undesired parasitic absorption of light due to excitations of
plasmons in the silver.>*¢l Subsequently, a-Si:H solar cells of
size 5 X 5 mm? consisting of a stack of n-i-p amorphous sil-
icon layers with nominal thicknesses of 20 nm, 250 nm, and
20 nm,respectively, were deposited by plasma-enhanced chem-
ical vapor deposition (PE-CVD).*”] Boron-doped ZnO with a
thickness of 2 um was deposited as a front electrode by low-
pressure chemical vapor deposition (LP-CVD).*¥l Compared
to a sputtered front electrode, ZnO deposited by LP-CVD has
the advantage of eliminating problems with sputter-induced
damage of the silicon layers and interfaces!*) and provides
excellent antireflection properties but also additional light scat-
tering at the air/ZnO interface.3!

To understand the influence of the back reflector mor-
phology on the light-trapping and electrical performance of the
solar cell, the three representative morphologies depicted in
Figure 1c—e were investigated in the work presented here. Note
that the morphology of the substrate was optimized such that
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the Ag back reflector exhibited the desired characteristic pillar,
dome, or cone shape. After silver and ZnO deposition, the
nanopillars and nanodomes had heights of 220 and 270 nm,
respectively, whereas the nanocones presented a smoother mor-
phology with a height of 120 nm. These heights were selected
to achieve comparable optical cell performance (see below). The
pillars exhibit flat tops and vertical side walls. The area between
the pillars is flat. The domes have a convex rounded shape. The
valleys between the domes are sharp and V-shaped, whereas the
valleys between the concave cones are smooth and U-shaped.
The reference cell is a planar cell with a flat back reflector.

Figure 2a presents current density—voltage (J-V) character-
istics of the cells on the different back reflector morphologies
measured at one-sun illumination (global air mass 1.5 spec-
trum). V,. and FF values extracted from these J-V curves are
given in Table 1. When comparing the electrical properties, we
see that only the nanocone substrate achieves V,. and FF values
comparable to the flat reference cell; V. and FF for the nanopil-
lars and nanodomes are substantially deteriorated.

To understand the reduction in V,. and FF for the nanopillar
morphology, we focus on the cell cross section shown in Figure 1c.
Careful inspection reveals that the vertical nanopillar mor-
phology leads to pronounced deviations from conformality of
the silicon layers: while the total silicon layer thickness on top
of the pillar exceeds 250 nm, the thickness on the side walls
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The concave nanocone morphology avoids
all these problems. Figure le confirms the
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excellent conformality obtained on the nano-
cones. The total thickness of the silicon layers
is 290 nm, as on the flat substrate. Shadowing
is not an issue as long as the aspect ratio of
the nanocones is relatively low, enabling V..
and FF values comparable to those of the flat
reference (see Table 1).

Despite the lower height of the nanocones
compared to the nanopillars and the nano-
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Figure 2. a) Current density-voltage characteristics of the nanostructured cells and the flat
reference cell under one-sun illumination. b) External quantum efficiencies and reflectance

measurements of the nanostructured cells and the flat reference cell.

of the pillar is only about 100 nm. These thickness variations
can be explained by shadowing of the areas at the bottom of
the nanopillars by the top of the nanopillars when an almost
isotropic distribution of incidence angles of the silicon radicals
from the plasma phase is assumed.’*4 Thickness variations
in the intrinsic silicon layer are responsible for local variations
in current generation, but more importantly, we must expect
that the thin doped layers do not cover the structure sufficiently
in areas of steepest slope, causing additional carrier recombina-
tion and collection problems, which are reflected in a lower FF.

While non-conformality is not a problem for the convex
nanodome morphology, a different kind of problem becomes
apparent in Figure 1d. During the deposition of the silicon layers
a region of porous, low-density material (marked by an ellipse
in Figure 1d) forms in the V-shaped valleys between the domes
as the silicon layers growing on neighboring nanodomes col-
lide. Such areas, also called cracks in the literature, were shown
to be responsible for a reduction in both V,. and FF.13%40:5]
Note that the fine structure in the silicon layer observed in
the SEM images is an artifact arising from ion beam milling
and should not be identified with such growth-induced porous
regions. In contrast to the nanopillar morphology, no problems
with a continuous coverage of the structure by the doped layers
are to be expected for the nanodome morphology. However, on
the nanodome morphology, we further observe a roughening of
the silver back reflector. The roughening most likely occurred
during milling by the focused ion beam, as the ZnO barrier
layer still exhibits a perfect dome shape.

Table 1. Summary of performance characteristics for the solar cells on
the nanostructured back reflector and the flat reference.

Morphology (back Period Voc FF Jse Efficiency
electrode) [nm] [mV] [%] [mA cm™] [%6]
Flat reference - 957 68.1 12.4 8.1
Nanopillars 500 554 54.9 13.0 3.9
Nanodomes 500 582 58.1 14.0 4.7
Nanocones 500 947 64.5 14.9 9.1
Nanocones 350 955 68.1 14.9 9.7

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

domes, the nanocone morphology yields the
highest short-circuit current. Compared to
the flat reference cell, there is a massive gain
in J, of 2.5 mA cm™2 when nanocones are
introduced. Although carrier collection prob-
lems on the nanopillar and nanodome mor-
phology certainly contribute to the lower ],
we can see from the reflectance (R) measurements (shown as
1-R in Figure 2b), that all morphologies behave similarly opti-
cally up to a wavelength of 600 nm. Between 600 and 700 nm,
the nanocone morphology leads to the highest optical absorp-
tion (equivalent to lowest reflectance). Between 700 nm and
800 nm, the nanocones exhibit a slightly higher cell reflectance
than the nanodomes, while the nanopillar morphology with its
flat pillar tops leads to the highest reflection of light out of the
cell above 600 nm.

The external quantum efficiency (EQE) measurements also
presented in Figure 2b show that most of the current gain real-
ized when nanostructures are introduced is achieved in the
long-wavelength range above 600 nm, where the incoming light
is coupling to guided modes with the help of the periodic back
reflector.’”] The EQEs do not allow a direct comparison of the
light-trapping properties of the different morphologies because
variations in EQE may be caused by morphology-determined
light-scattering properties, morphology-induced changes in
the reflectivity of the silver back reflector,38] and carrier-col-
lection losses, expected for both the nanopillar and nanodome
morphologies.

Finally, we also investigated the influence of the perio-
dicity on the optical and electrical solar cell performance by
reducing the periodicity of the nanocones from 500 nm to
350 nm. Surprisingly, we only observe minor changes in the
EQE (and consequently J ) and reflectance measurements, as
shown in Figure 3a (for ease of comparison the data for the
nanocones with 500 nm periodicity and the flat reference
are shown again). The insensitivity of the EQE with respect to
the period can be qualitatively understood when considering
the dense photonic band structure resulting after back-folding
of guided mode bands into the first Brillouin zone upon intro-
duction of the hexagonal symmetry. In the 1D periodic casel*”!
and the 2D square lattice,**! where back-folding leads to a less
dense band structure, relatively sharp dispersing spectral fea-
tures, identified as excited guided mode resonances, could be
clearly distinguished in angle-resolved EQE measurements. For
our hexagonal case we do not observe such features. Sai et al.**
attributed the absence of individual resonances to the insuffi-
cient long-range order of their hexagonal back reflector. In our
case, where the long-range order is expected to be sufficient,

700 800
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deterioration of V,. and FF. We demonstrated

that the nanocone morphology can maintain
simultaneously high V. and FF values, while
providing excellent [, values through effi-
cient light trapping. We also showed that the
periodicity of the nanocones does not have a
strong influence on J,, which we explain by
the presence of a high density of back-folded

guided modes into the first Brillouin zone of
the hexagonal lattice. Finally, we presented a
nanocone solar cell with an excellent initial
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efficiency of 9.7% for an absorber layer thick-
ness of only 250 nm.

Figure 3. a) External quantum efficiencies and reflectance measurements of the nanocone

cells with 350 nm and 500 nm periodicity and the flat reference cell. b) Current density—voltage
characteristics of the nanocone cells with 350 nm and 500 nm periodicity and the flat refer-

ence cell.

the initial randomization of the incoming light at the rough air/
ZnO interface is likely responsible for exciting guided mode
resonances over a broad spectral range of the dense hexagonal
band structure, precluding the observation of sharp spectral
features.

Although we did not observe any significant changes in the
light trapping (and consequently J;) when changing the peri-
odicity, improved V,. and FF were obtained on the nanocone
substrate with 350 nm periodicity, demonstrating that, within
the experimental error bars, values as high as for the flat ref-
erence cell may be achieved through careful design of the
back reflector. We attribute this improvement in electrical cell
performance to a slightly better optimized back reflector mor-
phology for silicon layer deposition. Morphological details of
the optimized 350 nm nanocone substrate are given in the Sup-
porting Information. The improvements in V,. and FF result in
an initial conversion efficiency of 9.7%, to our knowledge the
highest efficiency ever achieved for an n-i-p a-Si:H solar cell on
a periodic back reflector.

Our case study of the three back reflector morphologies
underlines the importance of maintaining high electrical cell
performance when maximizing light trapping. Adapting the
substrate morphology to achieve both goals is a first important
step. Nanosphere lithography is the ideal tool for designing opti-
mized morphologies as it allows for fully independent control
over all relevant structural parameters such as feature shape,
size, aspect ratio, distance, and periodicity. Furthermore, the
nanoimprinting process developed recently by some of us!®>¢->%!
represents a promising technological bridge to transfer nano-
cone arrays from academic research to industrial large-area
module production as the mechanically robust and chemically
inert quartz substrate used to fabricate the nanocone arrays is
ideally suited as a master stamp. Future efforts to enhance light
trapping in thin-film silicon solar cells should not only focus on
substrate morphology but also target a better understanding of
the silicon layer deposition regimes in order to further improve
material quality and the control over layer conformality.>”!

In conclusion, we have investigated the influence of the
morphology of nanostructured back reflectors on the optical
and electrical performance of n-i-p amorphous silicon solar
cells. Both vertical nanopillars and convex nanodomes lead to a
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Experimental Section

Nanosphere  Synthesis:  Monodisperse  silica

nanospheres were prepared by the modified Stober
process.®%81 The typical preparation procedure consisted in rapidly
mixing two solutions at room temperature. The first solution was a
mixture of tetraethyl orthosilicate (1.3 mL, 99.999% trace metal basis,
Sigma-Aldrich) and absolute ethanol (10 mL, 200 proof, USA system).
The second solution was a mixture of ammonia (13 mL, 30 wt%) and
absolute ethanol (10 mL). Under stirring, the second solution was
added to the first solution, so that the total volume of the solution
was approximately 35 mL. This yielded 500 nm monodisperse SiO,
nanospheres. The final mixture was stirred for 4 h to ensure homogeneity,
followed by solvent exchange to remove residual precursors (3 times
ethanol, 2 times distilled water, 2 times ethanol). Surface modification
of the as-made nanospheres was achieved by terminating particles with
positively charged amine groups. The solution was mixed with distilled
water (1 mL), as-made nanosphere solution (2 mL), and absolute
ethanol (15 mL). Then aminopropyl methyl-diethoxysilane (100 uL) was
added while the solution was vigorously stirred. The final solution was
stirred overnight and then heated to 100 °C for 1 h to strengthen the
bonding between the SiO, surface and the surfactant. The final mixture
was cleaned by solvent exchange (2 times ethanol, 1 time methanol) and
dispersed in methanol for monolayer deposition.

Mornolayer Self-Assembly: A Langmuir-Blodgett trough (KSV 2000) was
used to fabricate monolayers of nanospheres on 4 inch quartz wafers.
The modified SiO, nanospheres were injected onto the water surface
by a syringe pump with an injection rate of 5 mL h™' while the barrier
compression rate was controlled at values between 5 and 10 mm min~".
The dipper coater’s pulling rate was fixed at 5 mm min".

Nanostructure Fabrication: Nanostructures were fabricated by RIE
(AMT 8100 plasma etcher) using the nanospheres as a mask. The
etching is based on fluorine chemistry using a mixture of O, and CHF;.
For the nanocone morphology, the maximal radio-frequency (RF) power
and DC bias were set to 1600 W and -530 V, respectively, while the O,/
CHF; flow rate ratio was maintained between 0.6 and 0.8. The pressure
was kept at 0.8 mTorr during the entire process.

Solar Cell Deposition: After deposition of the sputtered silver and
ZnO back reflector by sputtering, amorphous silicon solar cells were
deposited in a PE-CVD reactor operating at 70 MHz with parallel plate
configuration at 200 °C. SiH, and H, were used as source gases for
the intrinsic layer. For doped layers we also used CH, and CO,. p- and
n-type doping were achieved by adding PH; and B(CHj);, respectively.
After cell deposition a ZnO front contact was deposited by LP-CVD.

Solar Cell Characterization: V,. and FF were extracted from J-V
characteristics measured under a dual lamp sun simulator (Wacom
super solar simulator, WXS-220S-L2, AM1.5GMM) under standard test
conditions (25 °C, 1000 W m™2). The short-circuit current density (/5.
of the devices was determined in a separate measurement of the EQE
after weighting with the global air mass 1.5 spectrum. The structure of
the solar cells was characterized by SEM (FEI Strata 235DB dual-beam
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FIB/SEM). The reflectance measurements on the solar cells were carried
out with a photospectrometer equipped with an integrating sphere
(PerkinElmer Lambda 900).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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