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’ INTRODUCTION

There is a great interest to develop photovoltaic structures
made from low-cost materials and simple fabrication processes.1

Silicon nanowire arrays (SiNWs), which can enhance the light
path length by up to a factor of 73 in comparison with that of bulk
silicon, can act as a light trapping layer.2 Thus, using this structure,
it may allow cell fabrication with less siliconmaterials and save the
cost. Nowadays, the p�n junction architectures composed of
vertical SiNWs have been widely explored.2�17 On the basis of
such geometry, n-type SiNWs were deposited by p-type amor-
phous Si (a-Si) and subsequently crystallized with high tempera-
ture annealing.4,18 The p�n homojunction could also be formed
via ion implantation and subsequent rapid thermal annealing to
activate the dopants.7 The cells showed performance in SiNWs
structures superior to that in the planar ones. However, these
inorganic geometry cells composed of p�n junctions required a
series of complicated fabrication process, and some steps even had
to be done at high temperatures (up to 1000 �C). The best
resulting photovoltaic devices showed a promising power con-
version efficiency (PCE) of 11%.19 Alternatively, conjugated
polymers including poly(3,4-ethylene dioxythiophene):poly-
(styrenesulfonate) (PEDOT:PSS) or poly(3-hexylthiphene)
combined with silicon nanostructure were used to fabricate the
organic�inorganic hybrid device.20�25 Because organic conju-
gated molecules can be processed by wet chemical method at low
temperature, it is possible to fabricate hybrid solar cells based on
SiNWs and conjugated polymer with a simple fabrication process
as a technological alternative.26,27 However, the hybrid devices
only displayed moderate PCE of 5�6%.20�22,28,29 To our best

knowledge, there is no report on realizing the importance of the
structure of a thin organic layer around the SiNWs on the planar
component to achieve an efficient device, because the size of most
conjugated polymers is too big to filtrate into the bottom space of
the adjacent wires and form a thin layer around the SiNWs. In this
study, we used a small conjugated molecule as the hole transport
layer. The organic semiconductor of 2,2,7,70-tetrakis(N,N-di-p-
methoxyphenyl-amine)-9,90-spirobifluorene (spiro-OMeTAD)
was deposited onto SiNWs standing on a planar silicon wafer
by the solution processing method. Using a simple processing
technique, the hybrid solid-state inorganic�organic heterojunc-
tion on the planar component devices achieved a PCE of∼9.70%,
which was ascribed to the enhancement of the light absorption
and the improvement of the charge-carrier extraction efficiency.
In this hybrid solar cell, the single crystal silicon substrate played
a primary role in the achievement of the high performance device.
However, the sole planar junction solar cell only exhibited a PCE
of 6.01% due to the less hole extraction efficiency and lower light
trapping capability. We demonstrated that both the SiNWs
structure and the thin organic layer top contact were critical
to achieve a high performance organic/silicon solar cell.

’EXPERIMENTAL SECTION

SiNWs Preparation. SiNWs on the planar silicon substrate is
made using a previously reported method by metal ion-assisted aqueous
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electroless etching.11 In brief, clean n-type Si (100) substrates (resistivity
of∼5Ω cm) were immersed in an aqueous solution of HF (4.8 M) and
AgNO3 (0.02 M) for 15 min at the room temperature. The substrates
were dipped into the aqueous solution of HNO3 (30% W/W) and then
rinsed with deionized (DI) water to remove any residual silver. Silicon
oxide was removed by wet chemical etching in aqueous HF (5 M) with
gentle shaking for 10 min. Next, they were immersed in DI water and
dried under a stream of nitrogen gas. The hydrogen-terminated silicon
(H�Si) was obtained in this step. The H�Si substrates were immedi-
ately taken into the glovebox.
Methylation Process. Methyl group-terminated (CH3�Si) sub-

strates were prepared following a two-step chlorination/alkylation
method.30�34 First, H�Si substrates were dipped into a saturated
solution of PCl5 in chlorobenzene (CB) at 90 ( 10 �C under inert
atmosphere to terminate the silicon surface with a chlorinated group
(Si�Cl). The Si�Cl samples were then rinsed sequentially with CB and
tetrahydrofuran (THF) three times. Next, the Si�Cl substrates were
subsequently dipped into a solution of CH3MgCl (1 M) in THF for at
least 8 h at 70 ( 10 �C and then rinsed with THF and methanol. The
samples were taken out of the glovebox, immersed in DI water for
10 min, and then rinsed sequentially with acetone and ethanol.
SiNWs Characterization. The morphology of SiNWs on the

planar silicon substrate was carried out with a FEI Quanta 200 FEG
high-resolution scanning electron microscope (SEM). A FEI Tecnai G2
F20 STWIN transmission electron microscope (TEM) was used to
characterize SiNWs coated with spiro-OMeTAD. Reflectance spectra
were characterized by a Perkin-Elmer Lambda-750 using LABSPHERE
reflectance integrating spheres. Absorption spectra were measured from
solid films on quartz substrates. X-ray photoelectron spectroscopy
(XPS) was performed with a KRATOS-AXIS-DLD spectrometer using
a monochromatic Al Kα source (1486.6 eV).

Device Fabrication. The SiNWs were coated with spiro-OMe-
TAD (chemical structure shown in Scheme 1a) as the hole transport
layer to form a core�shell structure (Scheme 1b) or embedded structure
(Scheme 1c) on the planar component by controlling the thickness
of the organic layer. First, spiro-OMeTAD was dissolved in CB at 70 �C
for 30 min. Second, lithium bis(trifluoromethylsulfonyl)imide salt
(Li-TSFI), predissolved in acetonitrile, was added to the spiro-OMeTAD
solution. Finally, the mixed spiro-OMeTAD solution was deposited onto
the entire surface of the SiNWs electrodes for a few tens of seconds before
the spin-coating process. The thickness of the organic layer was
controlled by the concentration of spiro-OMeTAD as well as the spin-
coating velocity and times. In some devices, a thin layer of PEDOT:PSS
(chemical structure depicted in Scheme 1a) was deposited onto the top
of spiro-OMeTAD. Next, hybrid substrates were finally loaded under
vacuum for thermal evaporation of copper or silver electrodes. Back
ohmic contacts were obtained by first etching the rear side of silicon
surface in diluted HF (aq), depositing a thin layer of In:Ga eutectic onto
the freshly etched surface, and then mounting each sample on an
aluminum support.
Device Characterization. The photovoltaic characterization was

conducted in an ambient environment. Newport 91160 solar simulator
equipped with a 300 W xenon lamp and an air mass (AM) 1.5 filter was
used to generate simulated AM 1.5 solar spectrum irradiation source.
The irradiation intensity was 100 mW/cm2 calibrated by a Newport
standard silicon solar cell 91150. Newport monochromator 74125 and
power meter 1918 with silicon detector 918D were used in the external
quantum efficiency (EQE) measurements. All of the electrical data were
recorded by a Keithley 2612 source meter. The capacitance was
characterized with a Wayne Kerr 6500B impedance analyzer.

’RESULTS AND DISCUSSION

Hybrid Heterojunction with SiNWs on the Silicon Substrate.
The core�shell structure with SiNWs on a planar silicon
substrate can be used to enhance the light harvesting capability
and improve the carrier collection efficiency. Here, SiNWs acted
as the core, while spiro-OMeTAD was deposited by the spin-
coating process forming a sheath and acting as the hole transport
layer. The diameter of SiNW was∼20�100 nm, and the density
was ∼108�109/cm2. Spiro-OMeTAD is a p-type organic semi-
conductor and widely used as the hole transport layer in the solid-
state dye-sensitized solar cell, yielding the highest efficiency of
5.1%.35�38 There are several advantages in using spiro-OMe-
TAD. First, spiro-OMeTAD is an organic noncrystalline mole-
cule with high glass-transition temperature. Crystallization is
undesirable because it would impair the formation of a good
contact between SiNWs and the hole conductor. Second, spiro-
OMeTAD is a small molecule. Its small size ensures better
solubility in organic solvents, benefiting it easily to arrive at the
bottom part of SiNWs.38,39 Third, as compared to the previously

Scheme 1. (a) Chemical Structures of Spiro-OMeTAD and
PEDOT:PSS; (b) SiNWs Solar Cell with Core�Shell Archi-
tectures, Schematic Cross-Section View of the Inorganic
Silicon Nanowire as Core on Bulk Silicon Substrate (Deep
Blue) and Organic Spiro-OMeTAD as Shell (Light Blue); and
(c) SiNWs Solar Cell with Embedded Architectures, Sche-
matic Cross-Section View of the Embedded Structure with
SiNWs on Bulk Silicon Substrate (Deep Blue) Embedded in
Spiro-OMeTAD (Light Blue)a

aThe bottom purple layer stands for In/Ga alloy. The different parts of
the scheme did not stand for the layer thickness of the real devices. In the
real devices, the silicon part was much thicker than that of the length
of SiNWs.

Figure 1. (a) Cross-section SEM image of device 1 corresponding
to Scheme 1b with the core�shell structure. (b) Cross-section SEM
micrograph of device 3 corresponding to Scheme 1c with the embedded
structure.
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reported a-Si (band gap of ∼1.7 eV) as the sheath,4 spiro-
OMeTAD displays a relatively narrower light absorption range
and lower absorption coefficient (Figure S1), which ensures that
more light can reach SiNWs. However, it exhibits a low hole
mobility of ∼10�3�10�4 cm2 V�1 s�1. Thus, a thin layer of
spiro-OMeTAD is essential for both efficient charge collection
and less light filter effect. Figure 1a displayed a cross-section SEM
image of a device with n�p inorganic�organic core�shell
architecture (Scheme 1b) after deposition of spiro-OMeTAD
onto SiNWs. To verify the necessity of a thin organic layer, a
thick layer was deposited onto SiNWs for comparison, where
SiNWs on the planar silicon wafer were completely embedded in
the organic layer (Scheme 1c). The SEM image of the corre-
sponding embedded structure was shown in Figure 1b. In addi-
tion, a conducting polymer of PEDOT:PSS was inserted between
the spiro-OMeTAD layer and anode to improve the collection
properties of the interface.40 Here, to simplify the structure descri-
ption, devices 1, 2, and 3 were defined as having the architectures
of In:Ga/SiNWs/spiro-OMeTAD/PEDOT:PSS/Cu (core�shell),
In:Ga/SiNWs/spiro-OMeTAD/Cu (core�shell), and In:Ga/
SiNWs/spiro-OMeTAD/Cu (embedded structure), respectively,
where SiNWs stood for the wire arrays standing on the planar
silicon substrate. The schematic structure and real device image
for devices 1, 2, and 3 were illustrated in Figure S2.
High carrier transfer and collection efficiency are necessary to

achieve a large EQE value. The EQE spectra of devices 1 and 2 as
shown in Figure 2a indicated that the carrier transfer and
collection should be rather efficient in the present inorganic�or-
ganic core�shell structure.36 In addition, the high EQE value also
stemmed from the respectable charge properties of the thin

spiro-OMeTAD layer.35 Here, the EQE was measured in an area
within 1 mm of the copper electrode due to the extra absorption
from the top electrodes as shown in Figure S3. Devices 1 and 2
displayed a wide spectrum response range of 300�1100 nm and
large EQE values of∼90% at their peaks. The profile was similar
to that of the traditional silicon solar cell.41 The TEM image of a
single silicon nanowire was shown in Figure 3a, where the silicon
was covered with a thin organic layer (∼50 nm). In the high-
resolution TEM image in Figure 3b, it was clear to see that there
was an amorphous layer covering the crystallized silicon nano-
wire surface. In comparison, device 3 presented a narrower
spectrum range due to the strong absorption of the thick spiro-
OMeTAD film below 400 nm as well as a lower peak EQE value
of ∼54%. As compared to the short distance of the core�shell
structure, the moderate EQE value was ascribed to the inefficient
hole collection efficiency in the long-distance transport process
from the interface to the top electrode. It illustrated that a thin
organic layer benefited the higher efficiency of hole collection.
Figure 2b showed electrical output characteristics of the current
density versus voltage (J�V), and their parameters were sum-
marized in Table 1. Under simulated AM 1.5 solar irradiation at
100mW/cm2, device 1 displayed an open-circuit voltage (Voc) of
0.568 V, a short-circuit current density (Jsc) of 36.0 mA/cm2, and
a fill factor (FF) of 0.504. Here, only the active area of the top
electrode contact (as shown in Figure S2) was used to determine
the Jsc. However, the PEDOT:PSS top contact is also somewhat
conductive; thus, the current may be collected from areas not
directly in contact with the electrode. Furthermore, minority
carriers can diffuse a certain distance in silicon, so the light
absorbed by silicon away from the top electrode contact may also
contribute to the photocurrent. In that way, we used a method to
roughly evaluate the PCEs of devices 1, 2, and 3 only for
comparative purpose, calibrating the Jsc from the integrated
EQE value. This method was also used in a similar organic�inor-
ganic device.21 The EQE value was measured very closely to
the electrode by a focused spot, as shown in Figure S3. Because
the size of the light spot was smaller (∼1mm� 1mm) than both
the measured device and the calibrated diode, the uncertain active
area should be avoided. Using a solar photon flux of standard AM
1.5 spectrum, a simplemultiplication with the EQE spectrum and
the elementary charge will lead to a calculated Jsc. Thereafter, we
used the integrated Jsc value to calibrate the measured one. By
integration from 280 to 1100 nm, a Jsc of 32.5 mA/cm2 was
obtained for device 1, which was ∼10% different from a directly
measured value of 36.0 mA/cm2. We corrected the Jsc according
to the integrated one, and the estimated PCE for this type of
structure was around 9.3%. This value was only used to compare

Figure 2. Output characteristics of hybrid devices with different device
structures. (a) EQE spectra of device 1 (In:Ga/SiNWs/spiro-OMe-
TAD/PEDOT:PSS/Cu (core�shell)), device 2 (In:Ga/SiNWs/spiro-
OMeTAD/Cu (core�shell)), and device 3 (In:Ga/SiNWs/spiro-OMe-
TAD/Cu (embedded structure)). (b) Current density�voltage beha-
vior of devices 1, 2, and 3 under simulated AM 1.5 solar irradiation at
100 mW/cm2. The inset images stand for the structures of the devices.

Figure 3. (a) TEM image of single wire displaying silicon core and
organic shell. (b) High-resolution TEM image of single wire showing an
interface of inorganic (crystallized phase) and organic (amorphous one).

Table 1. Response of Hybrid Solar Cells with Different
Device Structures under Simulated AM 1.5 Solar Irradiation
at 100 mW/cm2

device Voc (V) integrated Jsc (mA/cm2) FF PCE (%)

1a 0.568 32.5 0.504 9.30

2b 0.512 33.7 0.500 8.63

3c 0.504 16.7 0.371 3.12
aDevice 1 (In:Ga/SiNWs/spiro-OMeTAD/PEDOT:PSS/Cu (core�
shell)). bDevice 2 (In:Ga/SiNWs/spiro-OMeTAD/Cu (core�shell)).
cDevice 3(In:Ga/SiNWs/spiro-OMeTAD/Cu (embedded structure)).
Here, SiNWs stands for SiNWs standing on a planar silicon substrate.
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the performance of devices 1, 2, and 3. An alternative method to
determine the PCE will be discussed as follows.
Heterojunction with core�shell structure SiNWs on the

planar silicon, where suspending silicon bonds were terminated
with methyl group, was crucial for an enhancement of the device
performance. Alkylation of crystalline silicon was displayed to
offer minimal surface recombination.30,33,34,42 The surface re-
combination velocity of such surfaces can be as low as 45 cm/s,43

decreasing the probability of electron�hole recombination.
Thus, the carrier collections of silicon nanowire will be
increased.30 In our experiment, a two-step chlorination/alkyla-
tion method was used to terminate the silicon surface with a
methyl group.31�34 Figure S4 displayed the C1s XPS emission
region of CH3�SiNWs, fitted to three peaks: C�Si, C�C, and
C�O. The C�Si peak was attributed to the methyl group
chemically bonded to the Si surface. The C�C and C�O peaks
were assigned to adventitious hydrocarbons containing oxygen
that were physically bonded to either hydrogen or carbon atoms
of the methyl group on the silicon surface. This observation was
consistent with that of a previous report.33 The following soft
solution-processable fabrication can retain the organic layer. This
ultrathin organic monolayer can dramatically suppress charge
recombination, leading to an enhancement of the photovoltaic
device. On the contrary, the hybrid device based on H�SiNWs
only gave a weak photoresponse, as shown in Figure S5, which
was different from those of previous organic�silicon hybrid
devices.20�22,28,44 We believed that the difference resulted from
the interface variation. The poor performance could be ascribed
to large surface recombination velocity and an unsuitable band
alignment.23 In previous reports, there would always be a thin
oxidation layer on the silicon surface when it was exposed to
air.20,21 The oxidation layer could also retard the charge recom-
bination at the organic�inorganic interface.45 In addition, a
surface-current-induced oxidation had been developed to verify
that the oxidation layer could enhance the performance of
organic�inorganic device.44 However, the surface of the
H�SiNWs in our experiments was carefully controlled through
immediately transferring the substrate into a glovebox.
Device 2 displayed a Voc of 0.512 V, an integrated Jsc of 33.7

mA/cm2, and a FF of 0.500 for an overall estimated PCE of 8.6%
in the absence of PEDOT:PSS layer. The FF and the Jsc in device
2 were similar to those in device 1. However, the Voc decreased in
the absence of the PEDOT:PSS layer. The presence of the
PEDOT:PSS layer is advantageous to the higher Voc, which
may be due to the improved organic/inorganic interface.40 As
shown in previous reports, the injection/collection properties of
the silicon/PEDOT:PSS interface were superior to those of the
silicon/metal one.46 The velocity of majority carrier charge
transfer is several orders of magnitude larger at the Si/Au
junctions than that at the Si/PEDOT:PSS contacts, resulting in
superior photoresponse characteristics for the inorganic/organic
interface. Here, pinhole area still coexisted on the surface of
silicon after deposition of the thin layer of spiro-OMeTAD.
These pinholes would cause the metal to directly contact with
silicon, leading to a higher leakage current. As compared to the
dark current level of devices 1 and 2, as shown in Figure S6, the
absence of PEDOT:PSS layer displayed a larger leakage current
level, resulting in a lower Voc.

47 Device 3 yielded a Voc of 0.504 V,
an integrated Jsc of 16.7 mA/cm2, and a FF of 0.370 for an overall
estimated PCE of 3.1% when SiNWs were embedded in spiro-
OMeTAD. This moderate performance was similar to that
of previously reported SiNWs/conjugated polymer. The poor

device performance should be related to the lower efficiency of
hole transport.3,20,28

As discussed above, the Jsc could be overestimated because the
minority carriers generated by the silicon away from the top
metal electrode could also be collected by the electrodes. In that
case, the grid shape electrode was used as the top contact, and the
structure scheme and real device image are shown in Figure 4a
and b, respectively. To avoid the extra charge collecting out of the
grid shape region, opaque aluminum foil was used to cover the
region away from the electrode. Therefore, only the region with
the metal grid electrode was illuminated with the light. In the
following part, all of the devices were fabricated by depositing the
grid electrodes except for the exceptional case mentioned. On
the basis of the grid electrodes, the best hybrid inorganic�organic
core�shell device attained a PCE of 9.70%, which will be
discussed below. This value was higher than the previously
reported efficiency for SiNWs cell with inorganic�organic
core�shell structure.2,4,5,7,9,11

Top Contact Effect. The top contact displayed a critical role
on the hole collecting efficiency of the devices. As discussed in
the previous section, PEDOT:PSS acted as a buffer layer between

Figure 4. (a) Schematic structure of the device with top grid electrodes.
The silicon substrate (deep blue) is covered with the organic layer (light
blue). The top was the grid Cu:Ag electrode (white), and the rear metal
was In:Ga (purple). (b) The real image of the device with top grid
electrodes. The area where there was no grid electrode was covered with
opaque aluminum foil. The region where light was illuminated was
1.0 cm � 0.8 cm.

Figure 5. Output characteristics of hybrid devices with different top
contacts. All of the devices were in a core�shell structure and with top
grid metal Cu(50 nm): Ag(100 nm) electrodes. (a) EQE spectra of
device a, (In:Ga/SiNWs/spiro-OMeTAD/Cu:Ag), where PEDOT:PSS
was not inserted before the deposition of grid electrodes; device b, (In:
Ga/SiNWs/spiro-OMeTAD/PEDOT:PSS/Cu:Ag), where PEDOT:
PSS was spin-cast on the top of spiro-OMeTAD before deposition of
the grid Cu:Ag electrodes; and device c, (In:Ga/SiNWs/spiro-OMe-
TAD/Cu/PEDOT:PSS/Cu:Ag, where both 2 nm-thick Cu and PED-
OT:PSS were deposited onto the whole layer of spiro-OMeTAD in
sequence before deposition of the grid electrodes. (b) Current densi-
ty�voltage behavior of devices a, b, and c under simulated AM 1.5 solar
irradiation at 100 mW/cm2.
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spiro-OMeTAD and copper to improve the contact property. In
addition, for the devices with grid top electrodes, transparent
PEDOT:PSS also played a charge collecting role because the
holes in the spiro-OMeTAD layer could not be efficiently
collected due to its inferior hole mobility. As shown in
Figure 5b, the device with spiro-OMeTAD directly in contact
with Cu grid electrodes displayed a Voc of 0.484 V, a Jsc of 25.5
mA/cm2, and a FF of 0.365, which yielded a modest PCE of
4.51%. On the contrary, an additional layer of PEDOT:PSS
between spiro-OMeTAD and top grid electrodes resulted in a
dramatic enhancement of device performance. The device with
the PEDOT:PSS layer exhibited a Voc of 0.542 V, a Jsc of 28.9
mA/cm2, and a FF of 0.541, generating a PCE of 8.47%. The
higher Voc could be ascribed to the prohibition of the formation
of shunt path in the metal deposition process when PEDOT:PSS
was present. This observation was consistent with the above
observation, as shown in Figure 2. In addition, both the Jsc and
the FF were improved. In this case, the enhancement of device
performance in the presence of PEDOT:PSS could be attributed
to two factors: improvement of the electrode contact and
enhancement of the hole collection efficiency. In the traditional
silicon solar cell with grid electrodes, especially for the amor-
phous silicon as the passivation and hole collection layer, high
conductivity and transparent indium tin oxide (ITO) was
deposited between silicon and the top grid electrodes to improve
the charge collection efficiency.47 Unfortunately, our hybrid
device with radio frequency sputtered ITO electrode as trans-
parent electrodes combined with the grid metal electrodes
displayed an inferior device performance. We believed that the
polymer film could be partly damaged in the sputtering process,
which resulted in poor performance. Fortunately, we found that a
very thin layer of copper (∼2 nm) by thermal evaporation could
enhance the Jsc and the FF before depositing PEDOT:PSS
onto spiro-OMeTAD. As shown in Figure 5, the device with
an extra ∼2 nm-thick copper achieved a Voc of 0.527 V, a Jsc of
31.3 mA/cm2, and a FF of 0.588, which yielded the PCE of 9.70%.
Obviously, both the Jsc and the FF were further improved in the
presence of the ultrathin copper layer. We conceived that the
improvement should be ascribed to an enhancement of the hole
collection efficiency. However, theVoc was slightly decreased due
to the possible formation of shunt path, which was similar to that
in the previous case. The electrical output characteristics of the
devices with different top contacts were summarized in Table 2.
However, in the present case, the conductivity of PEDOT:PSS

was still far below that of ITO. Therefore, it is believed that
modest charge transport properties of transparent electrode
should still be a limiting factor for the Jsc and the FF.
It is worth pointing out that all of the EQE values were similar

in the cases of the devices with or without PEDOT:PSS layer
insertion (as shown in Figures 2a and 5a). However, using the
grid top electrode, the Jsc displayed different values when the
devices were characterized under AM 1.5 solar illumination at
100 mW/cm2 (as shown in Figure 5b). The difference should
originate from the charge collection capability of the spiro-
OMeTAD layer under various light illumination. Generally, the
EQE was measured under weak light illumination at a single
wavelength (typical intensity at several mW/cm2), and our
measurement was done like this. The generated charges could
be efficiently collected solely by the spiro-OMeTAD layer at low
light intensity illumination because they were in the range of the
collection capability of spiro-OMeTAD layer. However, the PCE
was characterized at high light intensity illumination, where
intensity was 10�100 times stronger than that where EQE was
measured. The amount of generated charges was too large to be
transported efficiently only by spiro-OMeTAD. Therefore,
charges could be piled up and led to serious charge recombina-
tion. In that case, the PEDOT:PSS layer was indispensable to
efficiently transport the generated charge to the metal electrodes
at high light intensity illumination. The higher conductivity of
PEDOT:PSS is deposited, and less charge will be piled up away
from the metal electrodes. On the contrary, this case was not
observed if the top transparent electrode was used as the active
layer, as shown in Figure 2b, which further verified the necessity
of PEDOT:PSS layer. However, the near-infrared EQE spectrum
decreased slightly when the PEDOT:PSS layer was inserted,
which could be ascribed to the weak absorption of the PEDO:
PSS layer in this spectral range.
Planar Junction. The sole planar silicon substrate was also

used for hybrid device to verify the necessity of SiNWs with thin
organic layer on the planar component to achieve the high
efficiency organic�inorganic hybrid solar cell. However, redu-
cing the thickness of the organic layer was limited by technology
problems if we wanted to deposit a continuous spiro-OMeTAD
layer without generating shunt paths in the subsequent process
steps. Because the silicon surface anchored with methyl group
was too hydrophobic to allow spiro-OMeTAD to be adhered, the
thin liquid layer would shrink quickly during the spin coating
process. As is shown in Figure 6a, there were many spots formed
on the polished CH3�Si surface after spiro-OMeTAD deposition.

Table 2. Response of Hybrid Solar Cells with Different
Top Contacts under Simulated AM 1.5 Solar Irradiation at
100 mW/cm2

device Voc (V) Jsc (mA/cm
2) FF PCE (%)

aa 0.484 25.5 0.365 4.50

bb 0.542 28.9 0.541 8.47

cc 0.527 31.3 0.588 9.70
a (In:Ga/SiNWs/spiro-OMeTAD/Cu:Ag), where PEDOT:PSS was
not inserted before the deposition of grid electrodes. b (In:Ga/
SiNWs/spiro-OMeTAD/PEDOT:PSS/Cu:Ag), where PEDOT:PSS
was spin-cast on the top of spiro-OMeTAD before deposition of the
grid Cu:Ag electrodes. c (In:Ga/SiNWs/spiro-OMeTAD/Cu/PEDOT:
PSS/Cu:Ag), where both 2 nm-thick Cu and PEDOT:PSS were
deposited onto the whole layer of spiro-OMeTAD in sequence before
deposition of the grid electrodes. Here, SiNWs stands for SiNWs
standing on a planar silicon substrate.

Figure 6. Optical microscopy images of spiro-OMeTAD film on (a) flat
silicon and (b) SiNWs. The films were fabricated by the same spin-
coating process with spiro-OMeTAD concentration of 13 mg/mL. The
scale bars are 500 μm.
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On the contrary, the methylated SiNWs substrate surface displayed
a uniform film when being coated with spiro-OMeTAD, as
illustrated in Figure 6b. The presence of pinhole would result in
the metal directly in contact with silicon as discussed above. In that
case, a thick layer of spiro-OMeTAD for planar junction had to be
utilized to avoid pinhole formation. However, a thick organic layer
could reduce the charge collection efficiency. To obtain the
optimum thickness of organic layer, spiro-OMeTAD solutions
with different concentration were spin-casted onto a planar silicon
substrate. The J�V curves illuminated under standard solar
irradiation and EQE spectra of the devices based on sole planar
silicon junction were illustrated in Figure 7c and d. Their electrical
output characteristics were summarized inTable 3. As expected, the
performance of the planar junction devices could be enhanced with
increasing thickness of spiro-OMeTAD layer. The best device with
planar junction displayed a Voc of 0.527 V, a Jsc of 25.5 mA/cm

2,
and a FF of 0.447, which yielded a modest PCE of 6.01%.

Comparison between SiNWs on the Silicon Substrate and
the Sole Planar Substrate. For comparison, the same concen-
tration of spiro-OMeTAD was also deposited onto SiNWs to
obtain heterojunction architecture. The J�V curves illuminated
under standard solar irradiation and EQE spectra of the hetero-
junction were plotted in Figure 7a and b. The electrical output
characteristics of the heterojunction were summarized in Table 2.
All of the heterojunction devices with SiNWs on the silicon
substrate displayed superior performances over those of the sole
planar substrates. The Jsc was dramatically enhanced in the
SiNWs heterojunction, mainly due to the improved light harvest-
ing capability. The dramatically suppressed light reflection of
SiNWs on the planar silicon was shown in Figure S7. However,
the Voc values were quite similar. Generally, the higher Voc would
be expected from an increase in the Jsc arising from the hetero-
junction architecture. Meanwhile, the increased Voc would also
be offset by the larger interface.7,48 The combined effects led to
the similar Voc values. In addition, the efficiency was deteriorated
with increasing thickness of spiro-OMeTAD in the core�shell
structure junction. The lower efficiency could be ascribed to the
inefficient carrier collection properties for the thicker spiro-
OMeTAD layer.
The superior efficiency of the devices based on the hetero-

junction with SiNWs on the planar silicon should be ascribed
to the excellent light harvesting properties as well as efficient
carrier collection efficiency both from the wires and from the
planar components. First, the additional light harvesting from
multiple reflections within the wire array structure can contribute
to the higher Jsc. The optimum heterojunction device based
on core�shell SiNWs on the planar silicon substrate exhibited
about 1.3 times higher Jsc than that of the sole planar junction
cell. Second, the substrate of SiNWs on the planar silicon wafer
presents a better uniform film when coated with spiro-OMe-
TAD, forming a good contact interface between the silicon/
organic and organic/electrode. In addition, the FF for the
heterojunction devices always displayed a higher value than
those of the planar ones. Therefore, the enhancement in the
SiNWs heterojunction cannot be explained solely on the basis of
enhanced light absorption.
The heterojunction based on SiNWs on the silicon substrate

could provide more junction area to allow efficient charge-carrier
separation and extraction, which was determined by capacitance
measurement.16 Capacitances of the devices with sole planar
junction and one with core�shell SiNWs on the planar silicon
structure were measured at room temperature under both dark
and illumination conditions, as shown in Figure 8, to evaluate the

Figure 7. Output characteristics of hybrid devices. (a) Current density�
voltage behavior and (b) EQE spectra of SiNWs heterojunction with
different thicknesses of spiro-OMeTAD layer. (c) Current density�vol-
tage behavior and (d) EQE spectra of planar silicon junction with
different thicknesses of spiro-OMeTAD layer. The inset images display
the junction types.

Table 3. Response of Hybrid Solar Cells Based on Planar
Silicon or SiNWs Junction with Different Thicknesses of
Spiro-OMeTAD under Simulated AM 1.5 Solar Irradiation
at 100 mW/cm2

junction type conca (mg/mL) Voc (V) Jsc (mA/cm
2) FF PCE (%)

planar Si 52 0.531 20.2 0.336 3.60

26 0.526 21.7 0.438 5.19

13 0.527 25.5 0.447 6.01

6.5 0.529 24.0 0.466 5.91

SiNWs on Si 52 0.537 26.8 0.552 7.94

26 0.542 28.9 0.541 8.47

13 0.538 28.2 0.508 7.71

6.5 0.538 28.1 0.495 7.48
aConcentration of spiro-OMeTAD in chlorobenzene solvent.

Figure 8. Experimental C�V data measured on the devices with
different structures under both dark and light. The insets show the
schematics of the devices representing different kinds of junction
structures: (a) heterojunction based on SiNWs on silicon substrate with
core�shell structure; and (b) sole planar silicon junction.
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junction area of organic/inorganic heterojunction. The capaci-
tances of the devices reached the maximum near Voc region when
the depletion layer was very thin driven by the forward electric
field between anode and cathode, and thus the capacitance value
at this point could indicate the junction area of devices. The
capacitance was measured against different bias voltage, with an
AC excitation amplitude of 100 mV at a frequency of 1 kHz. The
capacitance shown was per unit base-area (not junction area).
One can differentiate the C�V bias range into two different
regions, smaller than the Voc (around 0.55 V) and larger than the
Voc. In the dark environment, the capacitances of both devices
remained nearly constant until the applied bias is close to Voc.
The maximum capacitance of sole planar device under dark was
∼7.5 nF cm�2 at the forward bias of∼0.5�0.6 V, whereas that of
the core�shell structure reached 190 nF cm�2 in the similar bias
range. The ∼25 times capacitance increase in core�shell struc-
ture on the planar silicon device indicated a huge increasing
junction area as compared to that of the sole planar one. In
addition, the hybrid junction with SiNWs on silicon substrate
provided more depletion region to allow efficient charge
separation.16 The SiNWs junction devices showed a ∼40%
increase in the capacitance at the voltage range between negative
bias to the Voc under illumination. It indicated that the photo-
generated charges could still be relatively efficiently collected by
the electrode and a small amount of charge accumulation
occurred. However, for the planar junction device, a significant
increase (∼75%) was observed in the same bias range, which
implied the photogenerated carriers were piled up within the
heterojunction region and could not be extracted by the elec-
trode effectively. By comparing the C�V measurement results,
we conceived that the imbalanced mobility in the planar junction
device would cause charge accumulation within the device, which
resulted in the lower FF and Jsc in the sole planar junction device,
as shown in Table 3. Considering these factors, it could be
understood why the planar silicon/spiro-OMeTAD heterojunc-
tion displayed the inferior performance as compared to the three-
dimensional structure.
On the basis of our own experiences, the hybrid heterojunc-

tion consisting of SiNWs on the planar silicon in combination
with efficient surface passivation would be the key factor to
achieve the high performance hybrid solar cell. At present,
although the heterojunction solar cell with core�shell structure
on the planar silicon substrate displayed a superior Jsc, the cell
efficiency was still less than that of bulk p�n homojunction
crystalline silicon solar cells,41 resulting from the moderate Voc

and FF. The p�n heterojunction as charge-segregation region in
photovoltaics implies the drawback of possible defect states,
causing high surface recombination losses as an additional and
possibly dominating path at the heterojunction. In our prelimin-
ary simulation, the density of state of the organic�inorganic
interfacemight be themain factor taking the responsibility for the
lower values of the Voc and FF. The lower interface density of
state would lead to the higher Voc as well as the improved FF. On
the contrary, it displayed the neglectable effects on the Jsc when it
varies from 1010 to 1014 cm�2. In previous works, they also
pointed out that the interface density of state played a crucial role
in the device performance.49�51 This further reinforces the
consideration that there will still be some space to enhance the
output characteristics of the device via interface control. Further
investigation will be conducted on optimizing the surface passi-
vation to decrease the interface density of the state.

’CONCLUSIONS

In summary, we demonstrated the inorganic�organic hybrid
silicon solar cells based on SiNWs on a planar silicon substrate
and conjugated molecule through solution process. Because of
the improvement of light harvesting efficiency and the enhance-
ment of the charge-carrier extraction capability, the cell showed
an excellent PCE of 9.70% under AM 1.5 solar spectrum
irradiation at 100 mW/cm2. The presence of SiNWs on a silicon
substrate dramatically suppressed the light reflection, which led
to the enhancement of the light absorption capability. In addi-
tion, the charge collection benefited from the novel top contact
scheme with a thin organic layer on both SiNWs and the silicon
substrate. Thus, the heterojunction of a thin organic layer on
SiNWs structure standing on the planar component took the
advantages of both their excellent output characteristics of light
harvesting capability and charge extraction efficiency, which
increased the Jsc as well as the FF. The hybrid device via a simple
method would be a potential technological alternative to a
crystalline silicon device with diffused p�n junctions.
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