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The characteristics of well-aligned silicon nanowire (SiNW)/poly(3,4-ethylenedioxy- thiophene):
poly(styrenesulfonate) (PEDOT) heterojunction solar cells with varying nanowire lengths are
investigated. PEDOT adheres on the hydrophilic n-type silicon nanowire surface to form a
core-sheath heterojunction structure through the solution process. Such a structure increases the
area of heterojunctions and shortens the carrier diffusion distance, and therefore, it greatly increases
carrier collection efficiency. The cells exhibit stable rectifying diode behavior. Compared to the cells
without a nanowire structure, the series resistance of the SiNW/PEDOT cell decreases from 60.42Ω
cm2 to 1.47Ω cm2, and the power conversion efficiency improves from 0.08% to 5.09%. The SiNW/
PEDOT solar cell harvests photons from 400 nm to 1100 nm and a maximum incident phototo-
current conversion efficiency of ∼32% at 700 nm.

Introduction

The polymer/semiconductor heterojunction attract
lots of attention to solar cells because of several advan-
tages, including large-area coverage, low-temperature
process capability, easy preparation, low cost, and so
on. To date, researchers have demonstrated planar polymer/
semiconductor heterojunction solar cells based on crys-
talline or amorphous silicon such as poly-(CH3)3Si-
cyclooctatetraene/n-Si,1 tetraphenylporphyrin/n-Si,2 4-tri-
cyanovinyl-N,N-diethylaniline/p-Si,3 poly(3-hexylthiophene)/
a-Si,4 poly(3,4-ethylenedioxy thiophene):poly(styrene-
sulfonate)/n-Si,5 polyaniline/n-Si,6 and phthalocyanine/
n-Si,7 etc. However, with a planar polymer/silicon cell
structure, only the photogenerated electron-hole pairs
(EHPs) near the junction will be separated and collected
into electrical contacts. Other photogenerated EHPs
produced in the polymer and the silicon mostly will be

lost as a result of recombination. This limits the power
conversion efficiency (PCE) of the polymer/silicon hetero-
junction solar cells.
To improve the EHP separation and collection, the use

of SiNW structures in solar cells is a promising direction
because of the enormous increase of the p-n junction
area and the short carrier diffusion distance.8-12 In
addition, the nanowire structure can significantly reduce
reflection13-15 and induce strong light trapping between
nanowires,16-18 resulting in strong absorption. Mostly,
to form SiNW p-n junction structures, a thin amorphous
or nanocrystal silicon layer was deposited on the SiNW
surface by chemical vapor deposition.8,11 The cells show a
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spectrally broad incident phototo-current conversion
efficiency (IPCE) in the visible region but low IPCE in
the near-infrared region.8 High series and low shunt
resistances appear to limit the PCE of these cells to below
1%. In this work, the hole-conducting polymer poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:
PSS) is coated on the SiNWs to replace the p-doped
amorphous or nanocrystal silicon layer. The highest
occupied molecular orbital (HOMO) energy of PEDOT
is∼5.1 eV,19which is similar to the valence band energy of
silicon. Thus, the interface between the PEDOT layer and
n-type SiNWs could possibly form good heterojunctions
for EHPs separation. In addition, a planar front trans-
parent conductive layer is used to contact the top of every
SiNW via PEDOT instead of conventional metal fingers.
Thus, it greatly shortens the carrier transport distance.
Our investigation shows that the current-to-voltage (J-V)
characteristics of the SiNW/PEDOT cells clearly reveal
stable rectifying diode behavior. In addition, the SiNW/
PEDOT structure could greatly improve the separation
and collection of the EHPs and induce a light trapping
effect, leading to enhanced IPCE in the near-infrared
region. The PCE is also greatly improved in the SiNW/
PEDOT cells as compared to the cells without a nanowire
structure.

Experimental Section

Fabrication of SiNWs Arrays. SiNWs were made by an

aqueous electroless etching method.20 An n-type 1-10 Ω-cm

Si (100) wafer was used to synthesize SiNWs in an aqueous

solution of AgNO3 and HF acid at room temperature. The

solution concentration ofAgNO3 andHFwas 0.023 and 5.6mol

L-1, respectively. After etching, the arrays of SiNWs were

immersed in a concentrated nitric acid bath to remove all Ag

dentritic structures from the nanowire surfaces. Finally, the

SiNWs were immersed in the BOE to remove the oxide layer on

the SiNWs and formH-terminated bonds on the silicon surface.

SiNWarrays prepared by thismethod are aligned vertically over

the area up to the wafer size. The aluminum was evaporated on

the silicon back side as the electrical contact.

SiNW Solar Cell Fabrication. The poly(3,4-ethylenedioxy-

thiophene):poly(styrenesulfonate) (Baytron P, H. C. Starck

GmbH, Leverkusen, Germany) was used to form SiNW/PED-

OT heterojunctions. The PEDOT gel particles with a mean

diameter of 80 nm were dispersed in the aqueous solution.

However, the SiNW surface with H-terminated bonds exhibited

a hydrophobic effect after being immersed in the BOE. To form

SiNW/PEDOT heterojunction structures, the SiNW surface

should be modified to become a hydrophilic surface. This could

make PEDOT adhere to the SiNW surface. To form a hydro-

philic surface, the SiNWs were put in an environment with a

relative humidity of 60% and 25 �C for 2 h to form a very thin

native oxide layer on the SiNW surface. A silicon surface with a

thin native oxide is hydrophilic and has a contact angle below

20�. Then, the PEDOTwas spin-coated on the ITO-coated glass

instead of being directly spin-coated on the SiNW arrays. The

thickness of the wet PEDOT film was 9 μm (the thickness of the

dry filmwas 200 nm). Before the PEDOT thin film dried, the top

portion of the SiNWs was immersed in the wet PEDOT thin

film. Figure 1 shows schematic diagrams describing the proce-

dures for fabricating SiNW/PEDOT core-sheath heterojunc-

tion solar cells. The SiNWs fabricated by metal-assisted etching

are vertically aligned and are very uniform in length. Therefore,

almost all SiNWs can be immersed in the wet PEDOT thin film.

Afterward, the samples were annealed at 140 �C for 10min in an

N2 environment. The wet PEDOT was dried and formed a

compact film on the SiNWs surface. Then, each individual

SiNWwas stuck on an ITO electrode via PEDOT. The solution

process gives solar cells a cost benefit in comparison with the use

of chemical vapor deposition.

Characterization. To characterize the SiNW/PEDOT struc-

ture, scanning electron microscopy (SEM) imaging was per-

formed with an Elionix ERA-8800 microscope. In addition,

transmission electron microscopy (TEM) images were taken

with a Philips Tecnai F30 microscope system. The J-V char-

acteristics were measured by using a Keithley 2400 electrometer

in air-in-dark conditions. To measure the photovoltaic J-V

characteristics, a solar simulator (SUN 2000, Abet Techno-

logies, Inc.) was used as a light source. The incident light falls

normally through the glass substrate and ITO on the SiNW/

PEDOT heterojunction structure with an intensity 100mW/cm2

under air mass 1.5 conditions. To investigate the contact

between the SiNWs and the ITO, the 2-Dphotocurrentmapping

for the SiNW/PEDOT cell was measured by using a 632 nm

He-Ne laser. The incident phototo-current conversion effi-

ciency (IPCE) spectra were measured using a tungsten-halogen

lamp in combination with a monochromator. The input light

was modulated with a mechanical chopper. Then the response

was recorded by a lock-in amplifier. A calibrated Si cell was used

as a reference.

Results and Discussion

Figures 2a shows the side-view SEM images of the as-
etched SiNWs, which are vertically aligned on the silicon
substrate. Figure 2b shows the top-view SEM image of
the as-etched SiNWs. The distribution of nanowire sizes
ranges from 20 to 289 nm. Figure 2c shows the side-view
SEM image of the SiNWs detached from ITO coated
glass by a mechanical force. The SiNWs detached from
ITO coated glass reveals that the PEDOT layer is covered

Figure 1. Schematic diagrams describing the procedures for fabricating
SiNW/PEDOT core-sheath heterojunction solar cells.
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on the SiNWs. To further investigate the SiNW/PEDOT
structures, the TEM image of the SiNWs detached from
ITO coated glass is showed in Figure 2d. The single
crystalline core is aligned to a zone axis, leading to much
stronger diffraction and thus darker contrast compared
to that of the PEDOT sheath. The thickness of the
PEDOT is below 20 nm. This can confirm that the
PEDOT covers the surface of the SiNWs but does not
cover just the top of the SiNWs. The high-resolution
TEM image taken near the edge of the SiNW (Figure 2e)
reveals that the PEDOT compactly adhered on the SiNW
surface.
The formation of the thin PEDOT sheath on the SiNW

surface can be explained by the following mechanism.
First, the PEDOT gel particles with a mean diameter of
80 nm adhered on the SiNW surface when the SiNWs
were immersed in the wet PEDOT film. Hydrogen bonds
developed between HSO3 groups of the PSS-rich outer
shell of individual PEDOT gel particles connected to
individual PEDOT gel particles.21 A wet PEDOT film
formed on the SiNW surface. Because the space between
the SiNWs is about 100 nm-200 nm, a few layers of
PEDOT gel particles can stack on the SiNW surface.
Then, the water in the gel particles evaporated during the

annealing process. This process caused some lateral
shrinkage of PEDOT gel particles and a considerable
decrease in thickness took place. Finally, a PEDOT thin
film formed on the SiNW surface. Recent reports have
indicated that the PEDOT gel particles will form lamellar
particles after drying, which had a diameter of 20-25 nm
and a thickness of 5-6 nm.21,22 The stacks of the lamellar
particles formed a pancake-like morphology. The PED-
OT film with a few layers of PEDOT lamellar particles
formed a thin sheath with a thickness of about 20 nm on
the SiNW surface.
Thephotovoltaic J-V characteristic of theSiNW/PEDOT

solar cell was measured under an illumination intensity
of 100mW/cm2 (AM1.5G). A strong increase in short-
circuit current density (Jsc), open-circuit voltage (Voc), fill
factor (FF), and PCE was observed in the cells with
2.78-μm SiNW structures (Figure 3), as compared to the
planar cell without nanowires. The Jsc is improved from
1.27mA/cm2 to 19.28mA/cm2, theVoc from 0.34 to 0.47 V,
and the FF from 18% to 61%, resulting in an improve-
ment of the PCE from 0.08% to 5.09%. The increase of
the short circuit current is due to twomajor reasons. First,
the carrier diffusion distance from the core of the SiNW
to SiNW/PEDOT heterojunction is only several tens of
nanometers or below. The distance may be several micro-
meters in the planar cells. Thus, the EHP separation and
collection efficiency is greatly enhanced in the SiNW/
PEDOT cells. Second, the reflectance of the SiNW arrays
reduces to below 5% over the spectral range of 400-
1100 nm as compared to the planar silicon surface with
reflectance of over 30%. In addition, light trapping in the
SiNW arrays increases the absorption of SiNWs. These
lead to the enhancement of the photocurrent.
In the inset of Figure 3, the dark current density at a

forward bias also was enhanced in the SiNW/PEDOT
cell, as compared to the planar cell. Themeasured current-
to-voltage (J-V) characteristics of the SiNW/PEDOT
cells clearly reveal a stable rectifying diode behavior.
The series resistance decreases from 60.42 Ω cm2 for the
planar cell to 1.47 Ω cm2 for the SiNW/PEDOT device.
The improvement in the fill factor for the SiNW/PEDOT

Figure 2. (a) Side-viewSEMimage of the as-etched SiNWs. (b)Top-view
SEMimage of the as-etchedSiNWs. (c) SEMimage of the SiNWs covered
with the PEDOT thin film layer. (d) TEM image of the SiNW/PEDOT
core-sheath structure. (e) TEM image of the SiNW/PEDOT interface.

Figure 3. Light (under simulated AM1.5 conditions) current-voltage
characteristics of the SiNW/PEDOT cell and the planar cell. The inset
shows the dark current-voltage characteristics.
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cells could be attributed to this general reduction in the
series resistance. The result indicates that the SiNW struc-
ture increases the heterojunction area and thus greatly
enhances current density. The series resistance of the
SiNW/PEDOT heterojunction cells is even lower than
that of SiNW homojunction cells reported in the litera-
ture.8,11 The reason is that, in the architecture of the
SiNW/PEDOT cells, the charge carriers can directly
transport between the SiNW and the planar ITO elec-
trode through PEDOT. Therefore, the reduction of the
series resistance due to the increase in the junction area
can be observed.
To investigate the uniformity of the SiNW/PEDOT

heterojunction and the contact of the SiNWs on the ITO
surface, 2-D photocurrent mapping was measured as
shown in Figure 4. The white frame in Figure 4 indicates
the active region of the SiNW/PEDOT solar cell. The
results show that the photocurrent map has a uniform
response within the active region. This means that most
photogenerated EHPs in the SiNWs can be separated and
collected in the electrical contacts. The holes are collected
in the ITO film, and the electrons are collected in the
aluminum contact. This experiment also indicates that
most SiNWs can be stuck on the ITO electrode via
PEDOT. The architecture of the cell takes advantage
of charge carrier transport in the nanowire structures.
A planar ITO thin film is used to contact the top of the
SiNWs via PEDOT as front contacts instead of conven-
tional metal fingers. In conventional planar solar cells,
charge carriers in the emitter will transport near the front
surface to themetal fingers. Therefore, if the front surface
of the solar cells forms nanostructures, the charge carriers
in the emitter will transport a much longer distance than
that in the planar solar cells. This may increase the series
resistance. The cell architecture proposed heremeans that
the charge carriers separated in the SiNWs could be
immediately collected to the ITO electrode instead of
diffusing a long distance through SiNW arrays as shown
in the illustration of Figure 1. It could lower the series
resistance of SiNW solar cells.
To further investigate the reasons for the improved

efficiency, the IPCE spectrum of the SiNW/PEDOT
device was measured and shown in Figure 5a. The cell

harvests photons from 400 nm to 1100 nm and gives a
maximum IPCEof 32%at 700 nm. In contrast, for planar
cells, the maximum IPCE is only ∼1.94% occurring at
682 nm, as shown in the inset of Figure 5a. The IPCE
enhancement ratio is over 15 from 530 nm to 1100 nm as
shown in Figure 5b. This ratio achieves a maximum value
at the wavelength of 1014 nm. The phenomenon of the
enhanced IPCE in the SiNW/PEDOT cell can be attrib-
uted to the light trapping effect. For the planar cell, light
penetration depth in the silicon substrate is several micro-
meters in the visible region and several tens of micro-
meters in the NIR region.23 The poor carrier collection
efficiency in the deep region of the silicon substrate causes
low photocurrent and low IPCE, especially in the NIR
region. However, for the SiNW/PEDOT cell, the strong
light trapping effect in the SiNW structure increases the
optical absorption from the visible region to the NIR

Figure 4. 2-D photocurrent mapping of the SiNW/PEDOT solar cell.

Figure 5. (a) IPCE spectra of the SiNW/PEDOT cell and the planar cell.
The SiNW/PEDOT cell exhibits a maximum IPCE of ∼32% at 700 nm.
The inset shows the IPCE spectrum of the planar cell. (b) IPCE enhance-
ment ratio of the SiNW/PEDOT cell and the planar cell.

Figure 6. Jsc,Voc, FF, and PCE of the SiNW/PEDOT cells are plotted as
functions of the length of SiNWs.
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region.12,16 Furthermore, the core-sheath structure facili-
tates efficient EHP separation and collection in the radial
directions of nanowires. Thus, the IPCE can be greatly
enhanced.
The length of SiNWs also greatly influences the optical

properties of SiNW arrays, including absorption and
light-trapping between nanowires. A stronger light trap-

ping effect induced in longer SiNW arrays is expected.

A small ratio of light could penetrate through long
SiNWs and be absorbed in the deep region of silicon

substrates, while the greatest ratio of light is absorbed in
SiNWs. Therefore, the PCE of cells could increase as the

SiNW length increases. In Figure 6, the performance
parameters of the SiNW/PEDOT cells (Jsc, Voc, FF, and

PCE) are plotted as functions of the SiNW length. For
each length of SiNWs, several solar cells are fabricated

and measured. The average values of the performance
parameters for each SiNW length are plotted. As shown

in Figure 6, the average Jsc in the SiNW/PEDOT cells
increases from 10.9mA/cm2 to 16.1mA/cm2 as the length

of SiNWs increases from 0.78 to 3.67 μm. The average FF
increases from 19% to 55%. Thus, the average PCE

increases from 0.93% to 3.82%. However, the average
Jsc decreases from 16.1 to 11 mA/cm2 as the SiNW length

further increases from 3.67 to 7.08 μm.The averageVoc of

devices decreases from 0.42 to 0.34 V. The average FF
decreases from 55% to 44%. Therefore, the average PCE

of the devices drops dramatically from 3.82% to 1.6%.
In order to understand the decrease of device perfor-

mance, a top view of the SiNWs covered with PEDOT
was measured by SEM after removing the ITO-coated
glasses. Figure 7d, e, and f is the top-view SEM images
of the SiNWs covered with PEDOT for wire lengths of
2.78, 4.5, and 7.08 μm, respectively. For comparison,
Figure 7a, b, and c shows the as-etched SiNWs with
lengths of 2.78, 4.5, and 7.08 μm, respectively. The top

morphology of the SiNWs covered with PEDOT is
strongly related to the wire length. As the wire length
increases, the top portions of the SiNWs gradually agg-
regate and form large nanowire bundles, as shown in
Figure 7f. The lateral size of the SiNW bundles is about
1-3 μm, which is much larger than the size of each
individual SiNW. The bundle morphology is due to the
surface tension of the PEDOT solution when the top
portion of the SiNWs was immersed in the wet PEDOT
thin film. The formation of large SiNW bundles leads to
large hollow spaces between SiNW bundles.
The formation of large SiNW bundles influences the

optical properties of the SiNW/PEDOT cells. The IPCE
spectra of SiNWs with different lengths are shown in
Figure 8. As the length of SiNWs increases from 2.78 to
4.5 μm, the IPCE decreases over a broad spectral range
of 400-1100 nm. As the length of SiNWs increases to
7.08 μm, the IPCE further decreases over the spectral
range of 400-1100 nm, especially at the NIR region. The
result reveals that light penetrates the hollow spaces
between SiNW bundles and then is absorbed by the deep
region of the silicon substrate. The long diffusion distance
of carriers from the Si substrate decreases the carrier
collection efficiency and overall efficiency. Furthermore,

Figure 7. (a, b, and c) Top-view SEM images of the as-etched SiNWs with lengths of 2.78, 4.5, and 7.08 μm, respectively. (d, e, and f) SiNWs covered with
PEDOT with lengths of 2.78, 4.5, and 7.08 μm, respectively.

Figure 8. IPCE spectra of the SiNW/PEDOT cell with different lengths.
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the absorption length of the light in the NIR region is
longer than that in the visible region. Thus, the decrease
of IPCE in the NIR region is more obvious than that in
the visible region. This phenomenon can explain the fact
that the increase of the SiNW length decreases the PCE of
the SiNW/PEDOT solar cells.

Conclusions

The SiNW/PEDOT heterojunction solar cells were
investigated. A high short-circuit current of 19.28 mA/
cm2 was found in SiNW/PEDOT heterojunction solar
cells. The PCE of SiNW/PEDOT heterojunction solar
cells achieves 5.09%, while the PCE of planar cells is only

0.08%. The SiNW/PEDOT cell gives a maximum IPCE
of 32% at 700 nm.We also found that the morphology of
SiNWbundles significantly influences the performance of
the solar cells, making long SiNWs not necessarily ben-
eficial to device performance. The techniques involved are
simple and low-cost. The great improvement of PCE
demonstrates that our approach could provide a possible
route for the integration of organic and inorganic solar
cells as well as various hybrid material systems.
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