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Hybrid solar cells are fabricated on the glass substrate using well-aligned single-crystalline Si

nanowires (SiNWs) and poly(3-hexylthiophene):[6,6]-phenyl-C61-butyric acid methyl ester

(P3HT:PCBM). Their key benefits are discussed. The well-aligned SiNWs are fabricated from Si wafer

and transferred onto the glass substrate with the P3HT:PCBM. Such SiNWs provide uninterrupted

conduction paths for electron transport, enhance the optical absorption to serve as an interesting

candidate of the absorber, and increase the surface area for exciton dissociation. Our investigations

show that SiNWs are promising for hybrid organic photovoltaic cells with improved performance by

increasing the short-circuit current density from 7.17 to 11.61 mA/cm2.

& 2008 Elsevier B.V. All rights reserved.
1. Introduction

Organic solar cells have attracted considerable attention in
recent years because they have many advantages, such as low
cost, processing with low temperature, flexible, large area
production, and so on [1–3]. To increase the power conversion
efficiency of organic solar cells, the most common strategy is the
so-called bulk heterojunction, in which donors such as poly(3-
hexylthiophene) (P3HT) and acceptors like [6,6]-phenyl-C61-
butyric acid methyl ester (PCBM) are blended to form one mixed
layer [4–7]. The bulk heterojunction devices were characterized
by an interpenetrating network of donor and acceptor materials,
providing a large interface area where photo-induced excitons
could efficiently dissociate into separated electrons and holes.
However, the interpenetrating network cannot be easily formed in
the blended mixture. In addition, the organic materials are not
good in carrier transport. Thus, the power conversion efficiency is
still limited by the low dissociation probability of excitons and the
inefficient hopping carrier transport [8,9].

The semiconductor nanostructures are hence proposed to
combine with the organic materials to provide not only a large
interface area between organic and inorganic components for
exciton dissociation but also fast electron transport in semicon-
ductors. Therefore, many research groups combined organic
materials with semiconductor nanostructures to overcome the
drawbacks of the organic solar cells. Many inorganic nanowires
had been experimented for this purpose, including CdTe, CdS,
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CdSe, ZnO, and TiO2 nanowires [10–12]. However, CdTe, CdS, and
CdSe materials are harmful to the environment, while ZnO and
TiO2 have a band gap higher than 3 eV and so cannot effectively
absorb the solar spectrum. To overcome this, Si nanowires
(SiNWs) are suitable for this application because they are
environmental friendly and have high absorption coefficient in
the infrared region.

SiNW arrays can be fabricated by various techniques such as
chemical vapor decomposition (CVD), dry etching, laser ablation,
and vapor–liquid–solid (VLS) [13–16]. Unfortunately, these tech-
niques are expensive and require complex equipment and high
synthesis temperatures. The wet etching method has recently
been developed to prepare aligned SiNW arrays with a high-
quality single-crystal phase [17,18]. It has attracted great attention
for its low cost, low synthesis temperatures, and simple fabrica-
tion. Unfortunately, the SiNWs by wet etching are fabricated from
the silicon substrates, so it is difficult to combine with organic
materials for solar cells. Here we further develop a technique to
transfer silicon nanowires onto other substrates such as glass,
plastic materials, and flexible materials. Our approach enables the
combination of highly crystalline SiNWs and organic materials to
form solar cells on glass or plastics. In this work, we demonstrate
the fabrication of SiNW/P3HT:PCBM hybrid solar cells using the
above transfer technique.
2. Experiment

The synthesis of SiNWs was carried out with the following
procedures [19]. The original n-type CZ-silicon (10 0) wafer with a
resistivity of 4–7O cm was sequentially cleaned with acetone,
ethanol, de-ionized water, and buffered oxide etching fluid. The
ells (2009), doi:10.1016/j.solmat.2008.12.016
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cleaned silicon wafer was then immersed into an aqueous HF
solution, containing silver nitrate, for 30 min at room tempera-
ture. After the etching process, the silicon wafer was rinsed with
de-ionized water and blown dry in air. The tree-like silver pattern
wrapping the silicon was detached by HNO3 solution.
Then, the silicon dioxide was removed using buffered oxide etch.
Finally, the silicon wafer was rinsed with de-ionized water and
blown dry in air.

A schematic of the hybrid solar cells using P3HT:PCBM and
SiNWs is shown in Fig. 1(a). The hybrid solar cell devices were
prepared with the following procedures. An indium tin oxide
(ITO)-coated glass, with a surface resistance of �7O square�1, was
first cleaned by ultrasonic agitation in acetone, isopropanol, and
de-ionized water, then dried in an oven at 90 1C for 10 min.
Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PED-
OT:PSS) was deposited by spin coating at 4000 r.p.m. and baked
at 80 1C for 10 min in order to modify the ITO surface. To make
P3HT:PCBM (1:1 by weight) solution, P3HT was dissolved in 1,2-
Fig. 1. (a) A schematic of the hybrid solar cell using SiNWs and P3HT:PCBM blend;

(b) the setup for transferring the SiNWs onto the P3HT:PCBM blend; and (c) a

schematic of the home-made machine with lateral force used to separate the

silicon wafer from the P3HT:PCBM blend.

Fig. 2. SEM images of (a) the SiNWs on the silicon wafer (top view), the inset is cross

view).
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dichlorobenzene (DCB) to make a 20 mg/ml solution, followed by
blending with PCBM in 50 wt%. The P3HT:PCBM 1:1 weight-ratio
solution was stirred for at least 24 h at 40 1C in a glove box. The
active layer was obtained by spin-coating the blend at 600 r.p.m.
for 60 s onto the PEDOT:PSS. The P3HT:PCBM film was dried for
20 min in a glove box. Then, the cells were held on a hot plate at
160 1C for 10 min under N2 atmosphere.

Next, we transferred SiNWs to the P3HT:PCBM film onto the
ITO glass. First, P3HT:PCBM film was held on a hot plate at 160 1C
for 5 min under N2 atmosphere. Then, the vertically aligned SiNW
arrays were pressed into the P3HT:PCBM film on a hot plate at
160 1C for 10 min under N2 atmosphere. Fig. 1(b) shows the setup
for transferring the SiNWs onto the P3HT:PCBM film. After SiNWs
were pressed into the P3HT:PCBM film, the device was cooled to
room temperature. Next, a home-made machine with lateral force
was used to separate the silicon wafer from the P3HT:PCBM film
(Fig. 1(c)), and the SiNWs were inserted into the P3HT:PCBM film.
Next, the samples were quickly placed in a vacuum chamber. A
500 nm film of aluminum (Al) was evaporated onto the devices
through a shadow mask to form the top contact. The active layer
of the cell, as defined by the shadow mask, was 0.15 cm2. After
removing the shadow mask, our hybrid solar cells incorporated
with SiNWs were completed. For comparison, another device
without the SiNWs was also fabricated with the same steps except
for the transfer of SiNWs.
3. Results and discussion

The morphologies of SiNWs were examined by scanning
electron microscopy (SEM). Fig. 2(a) shows the SEM image of
the top of the SiNW arrays before being transferred onto the
P3HT:PCBM blend. The density of the SiNWs is about 2�107

mm�2. The inset shows the cross-sectional SEM image of the
vertically aligned SiNW arrays. The length of the SiNW is about
1.28mm.

The SEM picture of the SiNWs transferred onto the P3HT:PCBM
film is shown in Fig. 2(b) using the above transfer method. The
pressure was set at 55 kg/cm2. The orientation of SiNWs outside
the P3HT:PCBM film was slightly tilted toward the same direction.
This tilted angle is between 01 and 451.

The absorption spectra of the P3HT:PCBM film and the SiNWs/
P3HT:PCBM film were characterized in the 350–1100 nm range by
UV–vis absorption spectroscopy. Fig. 3 shows the measured
absorption spectra. The P3HT:PCBM film of 500 nm thickness
shows the peak of optical density of 1.385 at 506 nm. The
maximum absorption of the solar spectrum occurs from 350 to
620 nm. However, the P3HT:PCBM film exhibits little absorption
beyond 650 nm. The SiNWs/P3HT:PCBM film has improved light
harvesting from 650 to 1100 nm (Fig. 3) because the cutoff
-sectional view and (b) the SiNWs later transferred on the P3HT:PCBM blend (top
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Fig. 3. UV–visible absorption of P3HT:PCBM blend on the ITO glass (a) with SiNWs

and (b) without SiNWs.

Fig. 4. The current density–voltage characteristics for the solar cells with and

without the SiNWs under simulated AM1.5 illumination.
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wavelength of Si is about 1100 nm. The absorption of SiNWs
increases as the wavelength decreases. Compared with ZnO
nanorod arrays in conjunction with the P3HT:PCBM blend of
hybrid solar cell, the combination of SiNWs and P3HT:PCBM blend
has the advantage of compensating the absorption of P3HT:PCBM
blend with improved light harvesting in the near-infrared and
visible region. In contrast, the band gap of ZnO is higher than 3 eV,
so it cannot effectively absorb the solar spectrum in the near-
infrared and visible regions. In addition, the SiNWs have another
advantage that the single-crystal Si provides higher mobility than
the single-crystal ZnO [20,21].

The current density–voltage (J–V) characteristics for the solar
cells with and without the SiNWs under simulated AM1.5
illumination were measured and are shown in Fig. 4. With the
SiNWs, the device has improved performance with a short circuit
current density (Jsc) of 11.61 mA/cm2, an open circuit voltage (Voc)
of 425 mV, a fill factor (FF) of 0.39, and a conversion efficiency (Z)
of 1.93%. Without the SiNWs, the device exhibits a Jsc of 7.17 mA/
cm2, Voc of 414 mV, FF of 0.407, and Z of 1.21%. With the SiNWs,
the Jsc increases from 7.17 to 11.61 mA/cm2. The increase of Jsc can
be contributed to the following reasons. First, the SiNWs provide
fast and direct pathways to increase the charge carrier collection
and transport. This also leads to the reduction in the series
resistance from 18.09 to 10.59O cm2. Second, the high-density
SiNWs increases the interface areas of Si-P3HT, improving the
dissociation of excitons. Third, the SiNWs can compensate the
absorption of the P3HT:PCBM blend with improved light harvest-
Please cite this article as: J.-S. Huang, et al., Sol. Energy Mater. Sol. C
ing in the near-infrared region. In addition, because both devices
were stored in air at room temperature without encapsulation,
degradation from oxygen and water occurs in both devices
[22–28]. However, we observed that there is no difference in the
degree of degradation between devices with and without
the SiNWs. In other words, the insertion of the SiNWs does not
cause damage to the organic layer. Our results indicate that the
combination of the SiNWs and P3HT:PCBM blend is an attractive
route to obtain high Jsc and efficiency by improving the optical
absorption in the near-infrared and visible regions, dissociation of
excitons, and the electron transport.
4. Conclusions

In conclusion, we have demonstrated the fabrication of the
SiNW/P3HT:PCBM blend hybrid solar cells using the SiNW
transfer technique. Our investigations show that after introducing
the SiNWs, the Jsc increases from 7.17 to 11.61 mA/cm2 and Z
increases from 1.21% to 1.91%. The results clearly indicate that
combination of the SiNWs and P3HT:PCBM blend is an attractive
route to obtain high Jsc and efficiencies by improving the optical
absorption, dissociation of excitons, and the electron transport.
Silicon wafer is commercially available and cheap. Compared to
hybrid solar cells reported previously [10–12,29], Si nanowires can
be fabricated at low temperature from solution processing
without any vacuum equipment or high-temperature processing.
In addition, this transfer method for Si nanowires is simple and
fast. It is not a laborious way. This method is suitable for plastic
solar cells because it can be processed fast, is cheap and simple.
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