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ABSTRACT:

We report an efficient hybrid Si microwire (radial junction) and planar solar cell with amaximum efficiency of 11.0% under AM1.5G
ill;umination. The maximum efficiency of the hybrid cell is improved from 7.2% to 11.0% by passivating the top surface and p�n
junction with thin a-SiN:H and intrinsic poly-Si films, respectively, and is higher than that of planar cells of the identical layers due to
increased light absorption and improved charge-carrier collections in both wires and planar components.
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Radial junction wire array solar cells, due to the decoupling of
light absorption and charge-carrier collection directions, and

enhanced light trapping, offer the great opportunity to use lower
grade material to produce efficient solar cells.1�4 Radial junction
wire array solar cells have experienced significant development in
recent years, and studies have reported efficiencies for single
p�i�n Si core/shell nanowires (NWs) of 3.4%,5 vertically
aligned SiNW arrays of 5.3% with junctions formed by a dopant
diffusion process,6 hydrogenated amorphous silicon (a-Si:H)
nanodomes of 5.9%,7 CdS/CdTe core/shell nanopillar arrays
of 6.0%,8 vertical Si microwires (MWs) arrays covered by an
amorphous silicon nitride (a-SiN:H) layer, embedded in poly-
mer with Al2O3 scatterers of 7.9%,

9 and ultrahigh density SiNW
arrays of 10.8% that was fabricated by parallel electron lithogra-
phy to improve the light absorption percentage to 99%.10

Nevertheless, radial junction wire array solar cells still face critical
challenges such as large surface and interface recombination
losses. It is well recognized that the inherent large surface area of
the radial junction wire solar cells can lead to large surface and
junction recombination of photogenerated charge carriers, which
is one of the primary reasons responsible for the gap between
reported experimental efficiencies and the estimated 17% theo-
retical efficiency.11,12

Here, we investigated two passivation strategies for the radial
junction wire array solar cells. One is to use a thin a-SiN:H layer to

passivate the top surface, which is commonly used for bulk Si solar
cells13 and has been demonstrated as an effective passivation/
antireflection layer for a horizontal single SiMW photovoltaic
device.14 The other is to use a very thin intrinsic Si layer to
passivate the p�n junction, which has been shown to be very
effective in the high efficiency a-Si/c-Si heterojunction with
intrinsic thin-layer structure (HIT).15�17 Specifically, the radial
junction is consisted of a p-type single-crystalline SiMW core
(p-core SiMW) covered by intrinsic and n-type polycrystalline
Si (poly-Si) thin layers and an outermost layer of a-SiN:H
(Figure 1a). The radial junction is fabricated from a bulk Si wafer
to form a hybrid SiMW-planar solar cell to simplify the fabrication
process so that we can focus on the passivation methods. The
hybrid SiMW-planar solar cell exhibits a maximum of 11.0% solar
power conversion efficiency (a mean efficiency of 10.6 ( 0.3%)
under a simulated Air Mass 1.5 Global (AM 1.5G) illumination,
higher than that of the planar solar cells with the identical layers (a
mean efficiency of 8.3( 0.5%). The high efficiency of this hybrid
structure is a consequence of the following factors. First, the
intrinsic and the n-type poly-Si layers simultaneously form and
passivate the p�n junction.17 Second, the a-SiN:H layer both
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passivates the top surface and serves as an antireflection layer.13

Third, the radial p�n junction structure provides an efficient
platform for charge-carrier collection.3 Finally, the vertically
aligned SiMW array traps light for the planar substrate such that
more light is absorbed by the top layer where charge carriers can
be effectively collected due to shorter diffusion length.

The p-core SiMWs were formed on a 500 μm thick Czo-
chralski (CZ) grade Si(100) wafer (0.1�0.9 Ω 3 cm) by deep
reactive ion etching. The diameter, spacing, and length of the
SiMWs are 3 ((0.3) μm, 7 ((0.2) μm, and 9 ((1) μm, respec-
tively. A 50 nm thick intrinsic shell and a 40 nm thick n-type poly-
Si shell were deposited on the surface of the p-core SiMWs by
using chemical vapor deposition (CVD). We used CVD to form
the p�n junction for the easiness in controlling the intrinsic layer
thickness and the incorporation of low-quality poly-Si to the
device, since the radial junction is most beneficial to low quality
material. Nevertheless, both passivationmethods should apply to
p�n junction formed by other methods such as dopant diffusion
and ion implantation. Interestingly, our solar cell with only the
i-layer passivation (without including the top a-SiN:H layer) has
much higher efficiency (up to 9.3%) than those of similar wire
array solar cells fabricated on thick active planar Si (5.7%18 and
7.2%19) where the junction is formed by dopant diffusion. The

n-type poly-Si layer has a low resistivity of 0.001�0.002 Ω 3 cm,
which serves as the top contact as well. It should be noted that the
current resistivity of the n-type poly-Si layer can limit the device
photovoltaic performance and can be further reduced by opti-
mizing its thickness and doping ratio, or by depositing conduc-
tive layers on top of it. A 80 nm thick a-SiN:H layer was deposited
with plasma-enhanced chemical vapor deposition (PECVD). A
500 nm thick Al layer was metalized as the bottom contact by
using electron beam evaporator. The detailed fabrication proce-
dures are described in the Supporting Information and Figure S1.
The scanning electron microscopy (SEM) image in Figure 1b
shows a typical hybrid SiMW-planar solar cell with evenly spaced
and vertically aligned SiMWs. The coating of the poly-Si layers
and the a-SiN:H layer is uniform and conformal, as shown in the
inset of Figure 1b. A close inspection of the poly-Si layers by
cross-section transmission electron microscopy (TEM) (Figure 1c
and Supporting Information Figure S2) shows abrupt atomic
interfaces within the poly-Si layers (grain sizes 30�100 nm)
with coherent twin boundaries. Selected area electron diffraction
(SAED) (Figure 1c, bottom inset) clearly supports the existence
of the twin boundaries, and a vast majority of the twin boundaries
are coherent and lie on the {111} planes (Figure S2, Supporting
Information).20,21 The coherent twin boundaries within the

Figure 1. Hybrid Si MW-planar solar cells. (a) Schematic of the hybrid Si MW-planar solar cells (not to scale) which are composed of vertically aligned
p-type single-crystalline SiMW (c- SiMW) arrays (diameter, 3 μm; spacing, 7 μm; height, 9 μm) covered with 50 nm thick intrinsic and 40 nm thick
n-type polycrystalline-Si (poly-Si) layers, and an outermost 80 nm thick a-SiN:H layer. A 500 nm thick Al layer is used for bottom contacts. (b) SEM
images of the hybrid Si MW-planar solar cells. Inset: The coating of the poly-Si layers and the a-SiN:H layer is uniform. (c) TEM images of the sidewalls
of the coated SiMWs. Inset (top): Abrupt atomic interfaces within the poly-Si layers with coherent twin boundaries. Inset (bottom): Twin spots of the
SAED pattern support the existence of twin boundaries.
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poly-Si layers are electrically inactive and have reduced interfacial
recombination compared to randomly oriented grain boundaries
in poly-Si.22 In addition, poly-Si is more stable than hydroge-
nated a-Si:H under prolonged illumination because of its higher
degree of crystallinity and smaller hydrogen content.23 These
two characteristics of the poly-Si are both beneficial to solar cells.

First, the effect of the intrinsic poly-Si layer on the perfor-
mance of the hybrid Si MW-planar solar cell was investigated
since the intrinsic layer has been shown to effectively reduce the
dark current density (J0) in both the vertical HIT17 and the
p�i�n core/shell SiNW structures.5 The top a-SiN:H layer was
not included here in order to identify the role of the intrinsic
layer. Linear fitting of the current density�voltage (ln(J)�V)
curves of the radial p�n and p�i�n hybrid Si MW-planar
solar cells yields diode ideality factors (n) of 2.45 ( 0.11 and
1.89 ( 0.14, and dark current densities (J0) of 500�1700 and
32�155 nA/cm2, respectively. The improved n and more than 1
order of magnitude reduced J0 clearly demonstrate the reduction
in junction recombination by the passivating effect of the
intrinsic layer.5 The effectiveness of the intrinsic layer is further
illustrated by comparing the photovoltaic properties (Table 1)
and the light J�V curves (Figure 2a), which shows that the
intrinsic poly-Si passivation layer increases the mean open circuit
voltage (Voc), themean short circuit current density (Jsc), and the
mean efficiency (η) by 4%, 20%, and 31%, respectively.

Next, we examine the effect of the outermost a-SiN:H layer on
the light absorption and photovoltaic properties of the hybrid Si
MW-planar solar cells. The inclusion of the outermost 80 nm

thick a-SiN:H layer increases the integrated light absorption
percentage of the hybrid Si MW-planar solar cells from 74% to
92% (Figure 2b), which is integrated light absorption over the
wavelength range from 280 to 1100 nm normalized by that of the
AM 1.5G spectrum. The increase of the overall light absorption is
due to the fact that the a-SiN:H layer (refractive index 1.95)
serves as an effective antireflective coating24 between air and Si. It
should be noted that the light absorption peak shift toward
shorter wavelengths for the hybrid Si MW-planar solar cells
(Figures 2b and 3b) compared to the planar cells with identical
top layers (i.e., the light absorption peak around wavelengths of
600 nm with 80 nm thick a-SiN:H) is attributed to the reduced
conformity of deposition of the a-SiN:H layer onto the high-
aspect ratio SiMWs by PECVD,12 and therefore, the decreased
average thickness of the a-SiN:H layer on the sidewalls of the
SiMWs deviates from the optimal 80 nm thickness for antire-
flection between air and Si.

Furthermore, the inclusion of the outermost a-SiN:H layer
greatly enhances the photovoltaic properties (Figure 2c and
Table 1) of the hybrid Si MW-planar solar cell. The outermost
a-SiN:H layer increases the mean short circuit current density
(Jsc) and the mean efficiency (η) by 25% and 19%, respectively.
The major part of the improvement comes from the antireflec-
tion effect and the rest comes from the surface passivation
effect13,14 of the PECVD-deposited a-SiN:H that has the reduced
density of surface states and positive interface charges.13

Consequently, the hybrid Si MW-planar solar cells with both
the intrinsic and a-SiN:H layers exhibit a mean efficiency of

Table 1. Average Photovoltaic Properties of Hybrid Si MW-Planar Cells and Planar Si Solar Cells

structure Voc (V) Jsc (mA/cm2) FF η (%)

hybrid solar cell p�n 0.541( 0.012 20.3( 0.4 0.617( 0.013 6.8( 0.2

p�i�n 0.560( 0.011 24.4( 0.7 0.653( 0.023 8.9( 0.2

p�i�n (a-SiN:H) 0.558( 0.016 30.6( 0.9 0.625( 0.038 10.6( 0.3

planar solar cell p�n 0.563( 0.006 19.3( 1.1 0.589( 0.037 6.4( 0.7

p�i�n 0.563( 0.010 20.2( 0.4 0.597( 0.041 6.8( 0.4

p�i�n (a-SiN:H) 0.557( 0.015 26.3( 0.8 0.571( 0.036 8.3( 0.5

Figure 2. The photovoltaic properties of the hybrid SiMW-planar solar cells. (a) Effect of the intrinsic layer on the photovoltaic properties of the hybrid
Si MW-planar solar cells. The percentages of the 7.2% (p�n) and 9.3% (p�i�n) cell’s planar section area are 76% and 64%, respectively. (b) The light
absorption of the hybrid Si MW-planar solar cells as functions of the wavelength with (solid line) and without the a-SiN:H layer (dashed line). (c) The
light J�V curve of the best hybrid SiMW-planar solar cell. The percentage of the best cell (11.0%, p�i�nwith a-SiN:H)’s planar section area is 64%.We
confirmed, through multiple experiments, that the improvements of photovoltaic properties of our solar cells are indeed from passivation strategies, not
from the variations in the percentage of the cell’s planar area.
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10.6( 0.3% (Voc of 0.558( 0.016 V, Jsc of 30.6( 0.9 mA/cm2,
and FF of 0.625( 0.038) (Table 1), and amaximum efficiency of
11.0% (Voc of 0.580 V, Jsc of 29.2 mA/cm2, and FF of 0.649)
(Figure 2c). In addition, such good performance is consistently
observed over many devices (Table S1, Supporting Information).
It should be noted that the SiMW arrays in the current hybrid cell
are surrounded by planar Si margins for probe contacting to
prevent the probes from breaking the MWs during the J�V
measurement (see Figure S3, Supporting Information). The
planar section area occupies about 60�76% of the total projected
area and is included in the calculation of Jsc and η. Since the
planar Si section has lower efficiency than the MW arrays as
discussed below (Figure 3), we believe that the efficiency and the
light absorption percentage can be improved further by increas-
ing the coverage density of SiMWs and reducing the spacing
between SiMWs, as seen in the recently reported ultrahigh den-
sity wire arrays.10

Finally, we compare, in Figure 3, the performance of the
hybrid Si MW-planar solar cell with a planar solar cell which has
the identical thicknesses of the intrinsic poly-Si, n-type poly-Si,
and a-SiN:H layers, deposited simultaneously under identical
experimental conditions. The only difference is that SiMWs are
not formed by dry etching on top of the planar cells. First,
although the hybrid solar cell has larger top surface and p�n
junction areas, its Voc and FF are comparable to the planar case
(Figure 3a), suggesting that the top surface and the p�n junction
interface are well passivated by the a-SiN:H layer and the intrinsic
poly-Si layer, respectively. Second, the hybrid solar cell has about
1.2 times higher Jsc than that of the planar cell (Figure 3a),

although the amount of integrated light absorption percentage is
similar in both cases, i.e., about 92% for the hybrid cell and 88%
for the planar Si cell (Figure 3b and Figure S4 in the Supporting
Information). Therefore, the 20% higher Jsc in the hybrid
structure (Figure 3a) cannot be explained solely on the basis
of enhanced light absorption. As shown in panels c and d of
Figure 3, the hybrid cell has higher external and internal
quantum efficiencies (IQEs) than the planar Si over a broad
range of wavelengths, particularly in the visible light and in-
frared regimes. Especially, the higher IQEs of the hybrid cell
(Figure 3d), which excludes the light absorption difference,
strongly indicate that the hybrid cell is more efficient in charge
separation and collection. Part of the efficiency enhancement
comes from the efficient charge-carrier collection in the radial
p�n junction structure of the SiMWs. In addition, the SiMW
arrays can bounce and redirect light to the planar Si substrate to
increase the charge-carrier generations near the p�i�n junction
of the Si substrate, which, in turn, can facilitate the collection of
charge carriers due to the reduced diffusion length. The low
quantum efficiencies in the short wavelength regime for both the
hybrid and the planar cell (Figure 3c,3d) are due to emitter loss in
the poly-Si layers, so their thicknesses should be kept as thin as
possible.15,16,25 These comparisons strongly suggest that adding
radial junction MWs on top of planar solar cells can greatly
improve the photovoltaic properties of the planar cells, especially
when using low-quality materials with short minority carrier
diffusion length.26

In summary, we have experimentally demonstrated that
the hybrid Si MW-planar solar cells exhibit higher efficiencies

Figure 3. Comparisons of the hybrid Si MW-planar solar cell to the planar Si solar cell. (a) Light J�V curves of the hybrid Si MW-planar solar cell
(η, 11.0%; Voc, 0.580 V; Jsc, 29.2 mA/cm2; and FF, 0.649) and the planar Si solar cell (η, 8.8%; Voc, 0.575 V; Jsc, 25.5 mA/cm2; and FF, 0.602). (b) The
light absorption percentages as functions of the wavelength. The integrated light absorption is about 92% for the hybrid Si MW-planar cell and 88% for
the planar Si cell. (c, d) External (c) and internal quantum efficiencies (d) as functions of the wavelength. The hybrid Si MW-planar solar cell exhibits
higher quantum efficiencies than the planar Si cell in the visible light and infrared regimes.
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(amaximumof 11.0% and an average of 10.6( 0.3%) than those of
planar solar cells of the identical layers. The high efficiency stems
from the effective passivation of both the p�n junction and the top
surface by the intrinsic poly-Si layer and the a-SiN:H layer,
respectively, and the strong antirefection effect of the a-SiN:H
layer, together with the structural merits of the radial junction
SiMWarrays, which not only have efficient charge-carrier collection
in themselves but also improve the carrier collection in the planar
substrate. Furthermore, the hybrid solar cells are fabricated by
simple one-step photolithography, dry etching, and intermediate
temperature deposition processes with the potential of lowering
fabrication cost by replacing poly-Si with heterojunction materials
such as hydrogenated a-Si:H or nanocrystalline Si:H. We believe
that the efficiency of the hybrid solar cells can be further improved
by optimizing the geometries of the wire arrays and the thicknesses
and deposition conditions of the three thin film layers, by passivat-
ing the bottom surface, and by increasing the coverage density of
SiMWs. More importantly, our junction and surface passivation
strategies should be applicable to all the radial junction wire array
solar cells. Finally, the hybrid MW-planar structure can serve as an
important intermediate betweenplanar solar cells and purewire array
solar cells, which has higher efficiency than planar comparison solar
cells and simpler fabrication steps than pure wire array solar cells.
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