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ABSTRACT

High density vertically aligned and high aspect ratio silicon nanowire (SiNW) arrays have been fabricated on a
Si substrate using a template and a catalytic etching process. The template was formed from polystyrene (PS)
nanospheres with diameter 30-50 nm and density 10°/cm? produced by nanophase separation of PS-containing
block-copolymers. The length of the SiNWs was controlled by varying the etching time with an etching rate of
12.5 nm/s. The SiNWs have a biomimetic structure with a high aspect ratio (~100), high density, and exhibit
ultra-low reflectance. An ultra-low reflectance of approximately 0.1% was achieved for SiNWs longer than 750 nm.
Well-aligned SiNW/poly(3,4-ethylenedioxy-thiophene):poly(styrenesulfonate) (PEDOT:PSS) heterojunction solar
cells were fabricated. The n-type silicon nanowire surfaces adhered to PEDOT:PSS to form a core-sheath
heterojunction structure through a simple and efficient solution process. The large surface area of the SINWs
ensured efficient collection of photogenerated carriers. Compared to planar cells without the nanowire
structure, the SINW/PEDOT:PSS heterojunction solar cell exhibited an increase in short-circuit current density
from 2.35 mA/cm? to 21.1 mA/cm? and improvement in power conversion efficiency from 0.4% to 5.7%.
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1. Introduction

Silicon nanowires (SiNWs) have attracted much
attention due to their potential applications in
nanoscale electronic and optoelectronic devices [1-4],
field-effect transistors [5], field emitters [6], chemical
sensors [7], and solar cells [8, 9]. Various methods have
been developed to prepare one-dimensional (1D) silicon
nanostructures. These include laser ablation [10],
physical vapor deposition [11], and chemical vapor
deposition [12, 13] which all involve a bottom-up
approach [14]. However, these methods often result
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in randomly oriented SiNWs, with diameters and
lengths having a wide distribution, limiting their
application in real optoelectronic devices. Nanoelec-
tronics and nanooptoelectronics generally require
vertically aligned, tunable length, single crystalline,
and high-density nanowires to obtain processing
compatibility.

For Si-based optoelectronic devices, such as photo-
detectors and solar cells, the high refractive index of
silicon results in more than 40% of the incident light
being reflected, which severely limits the performance
of the optoelectronic devices [15]. A reduction in
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optical reflectance can enhance the light harvesting
of optoelectronic devices, especially solar cells, and
increase their photocurrent [16-18]. In principle, ver-
tically tapered sub-wavelength structures can suppress
reflection over a wide spectral range due to the
gradient refractive index of their biomimetic structure
[19]. The spacing between the nanowires should be
smaller than the wavelength of incident light in order
to achieve optimal omni-directional antireflection [20].
In addition, the length of the nanowires should as
long as possible to achieve broadband antireflection.
This implies that the diameter of the nanowires
should be small and the aspect ratio should be high
in order to achieve ultra-low reflectance. A variety of
techniques for fabricating antireflection nanostructures
have been described [21-24]. These methods have not
resulted in sub-wavelength structures with high density
and high aspect ratio and the reflectance has not been
sufficiently low for practical application. To achieve
high aspect ratio, methods such as reactive ion etching
(RIE) [25, 26] and electron cyclotron resonance (ECR)
plasma etching [27, 28] have been employed. However,
in these cases the high vacuum limits the possibility
of volume production with low cost.

In recent years, a simple Ag catalytic etching tech-
nique has been used to prepare large-area, aligned
SiNW arrays on single-crystal silicon wafers [29-32].
The location, size, length and orientation control of
silicon nanowire arrays have been established by
catalytic etching through a pre-patterned template. To
avoid high cost photolithography, the templates were
usually obtained by using self-assembly of polystyrene
(PS) spheres with a diameter of around half a micro-
meter [33]. Further reducing the diameter and spacing
of the PS spheres in the template could produce
SiNWs with larger surface areas, which could enhance
the photogenerated carrier collection efficiency in solar
cells. In addition, small diameter SiINWs with higher
aspect ratios could achieve ultra-low reflectance over
a broad range of wavelengths. As a consequence, the
production of silicon nanowires with sub-100 nm
diameter and spacing is strongly motivated by the
desire to achieve an ultra-low reflectance and excellent
carrier collection efficiency along the radial direction.
However, high surface-to-volume ratio in the silicon
nanowires may limit the open-circuit voltage (V)

and fill factor (FF) of the resulting solar cells due to
the increase in surface recombination [34]. The length
of the nanowires should therefore be limited. In this
work, we focus on the reflection and carrier collection
of SINWs. We demonstrate a convenient method for
large-scale fabrication of silicon nanowire arrays with
controlled length and orientation using a 30-50 nm
closely packed PS nanosphere template with excellent
antireflection properties. The reflectance of the silicon
nanowires was measured using an ultraviolet-visible
spectrometer over the spectral range 300-800 nm. To
demonstrate the advantageous light-trapping and
efficient carrier collection of the SiNWSs, the hole
conducting polymer poly(3,4-ethylenedioxy-thiophene):
poly(styrenesulfonate) (PEDOT:PSS) was applied on
the n-type SiNWs to form a heterojunction diode
solar cell.

2. Experimental
2.1 Polystyrene (PS) nanosphere template formation

Figure 1 shows a schematic diagram of the fabrication
of SINW arrays using a polystyrene nanosphere
template obtained by the modified block-copolymer
nanopatterning method. In this experiment, (100)
oriented n-type silicon substrates were used. The
silicon substrates were cleaned with acetone in an
ultrasonicator at room temperature for 10 min to re-
move any possible organic contamination. The silicon
substrate was then heated in boiling Piranha solution
(4:1 (v/v) H,SO4/H,0;). Following this, the silicon sub-
strate was rinsed several times with deionized water.
After cleaning, the PS nanospheres were fabricated
by modified block-copolymer nanopatterning. The
poly(styrene-b-methyl-methacrylate) (PS-b-PMMA)
block-copolymer solution was prepared by dissolving
PS-b-PMMA powder in toluene at a concentration of
10 mg/mL. The PS-b-PMMA solution was spin-coated
on the Si substrate at 2,500 r/min for 100 s. The
thickness of the PS-b-PMMA film was around 60 nm.
The thin PS-b-PMMA film was then annealed at
180 °C in a vacuum oven for 24 h. This temperature
is well above the glass transition temperature (T,) of
both PS and PMMA allowing nanophase separation.
The PS-b-PMMA film was then immersed in heated
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Figure 1 Schematic illustration of the fabrication of silicon nanowires using a template of polystyrene nanospheres based on modified

block-copolymer nanopatterning

acetic acid and then rinsed in deionized water for
10 min to remove nanophase separated PMMA. PS
nanospheres with a diameter of around 30-50 nm were
subsequently obtained. This process was insensitive
to the fabrication temperature and time. The density
of the closely packed PS nanospheres, measured using
scanning electron microscopy (SEM) (shown in Fig. 2),
was as high as 10'%/cm?.
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Figure 2 SEM image of the polystyrene nanospheres with diameter
of 30 nm used as a template to form the nanowires

2.2 Fabrication of SINWs

To accomplish silicon nanowire formation, chemical
etching with a silver (Ag) catalyst was employed [33].
As in step 3 of Fig. 1, the silver film was deposited
using a thermal evaporator at a rate of 1 A/s. The
thickness of the Ag films was 10 nm. A Teflon vessel
was used as the container. For the solution etching
process, an etching mixture consisting of HF, H,O,, and
deionized water was used at room temperature. The
concentrations of HF and H,O, were 4.6 and 0.44 mol/L,
respectively. The Ag layers adhering to the Si surfaces
have a higher electronegativity than the Si, and
electrons are therefore attracted to Ag from the Si,
making the Aglayers negatively charged. The electrons
from the negatively charged Ag layers are preferentially
captured by the O™ ions of the H,O, which become
O* ions. This charge transfer causes local oxidation of
the Si underneath the Ag patterns. The resulting SiO,
was then continuously etched away by HF, leading to
the penetration of Ag into the Si substrates.

The surfaces covered by the PS nanospheres do not
possess this catalyzed chemical etching ability, re-
sulting in Si nanowires with a diameter similar to the
diameter of the PS nanospheres. The SiNWs were
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obtained when the Ag penetration reached a certain
depth. The etching duration was varied depending on
the required length of the nanowires. After etching,
the substrate was immersed in toluene for 1h to
remove the PS nanospheres. The silver film was then
removed by immersing it in boiling aqua regia (3:1 (v/v)
HCI/HNG;) for 15 min.

2.3 Fabrication of SINW/PEDOT:PSS heterojunction
solar cells

To study the antireflection ability and carrier collection
efficiency of the SiNWs, PEDOT:PSS was used to form
a SINW/PEDOT:PSS heterojunction solar cell [35].
The fabrication process involved the following steps.
After removing the silver, the SiNWs were immersed
in HF to remove the chemically contaminated oxide
surface layer. Aluminum electrical contacts were de-
posited on the back of the SINWs. Then, the PEDOT:PSS
was spin-coated on the indium tin oxide (ITO)-coated
glass rather than being directly spin-coated on the
SiNW arrays. The top portion of the SINWs was then
immersed in the thin wet PEDOT:PSS film. The samples
were subsequently annealed at 140 ‘C for 10 min in
an effort to ensure that each individual SINW became
stuck to the PEDOT:PSS layer.

3. Results and discussion

Figure 3 shows images of the SINW arrays fabricated
on a n-type silicon substrate. Figure 3(a) shows a clear
cross-sectional SEM image at a tilted angle (ca. 10°)
of the SINW arrays. The nanowires are seen to be
distributed homogenously over a large area. Figures
3(b)-3(d) show high-magnification cross-sectional SEM
images of SiNWs fabricated with different catalyst
chemical etching times of 60, 90, and 240 s, producing
nanowires with a length of around 700 nm, 1 pm, and
3 um, respectively. The length of the silicon nanowires
can be controlled and varies linearly with the duration
of the catalyst etching process. The average etching rate
for catalytic chemical etching for Si was 12.5 nm/s.
Since the PS nanosphere template shown in Fig. 2 is
aperiodic, the SINWs are also randomly distributed
with a high aspect ratio (from around 25 to 100). This
structure is similar to that of antireflection feathers
on the eyes of moths where the outer surface of the

(c) (d)

Figure 3 SEM image of silicon nanowire arrays: (a) cross-sectional
image with tilted-view (ca. 10°) of silicon nanowire arrays distri-
buted homogenously over a large area. High-magnification cross-
sectional SEM images of samples after etching for (b) 60 s, (c) 90 s,
and (d) 4 min

cornea is covered by an array of conical protuberances
[27, 36]. The SINWSs should therefore have antireflection
properties since the incident light undergoes multiple
internal reflections causing a long optical path for
absorption.

Indeed, only a small fraction of light was reflected
back out, as has been reported in previous studies
[37, 38]. Photographs of a polished bare Si wafer and
a chemically etched substrate using an Ag catalyst
are shown in the inset of Fig. 4. The prepared SINW
samples were black in appearance. The material can
be named “black silicon” owing to the darkness of
color. The reflectance spectra of the black SINWs and
the polished bare n-Si are shown in Fig. 4. The SiNWs
show an ultra-low reflectance of approximately 0.1%
over the entire spectral range from 300 to 800 nm. The
ultra-low reflectance of SiNWs is caused by strong
absorption due to the strong internal light trapping
property of the dense SiNWs. This remarkable property
suggests that these SINW arrays are an appropriate
candidate for antireflective surfaces and absorption

materials used in photovoltaic cells.
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Figure 4 Reflectance as a function of wavelength for an n-SINW
array and a bare polished n-Si sample

The spectral reflectance of SiNWs fabricated using
different etching times, ranging from 10 s to 180 s are
shown in Fig. 5. Even an etching time of 10 s results
in a drastic decrease in reflectance from over 40% for
the polished Si wafer to less than 10% over the entire
spectral range from 300 to 800 nm. The length of the
Si nanowires after 10 s of chemical etching was around
125 nm, indicating why the closely packed SiNWs
are a very efficient antireflection material. A further
increase in etching time resulted in a more gradual
decrease in reflectance. After 60 s, the reflectance
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Figure 5 Reflectance spectra of SiNWs with different etching
time from 10 s to 180 s

approached 0.1%. The inset in Fig.5 shows photo-
graphs of the three samples. One is bare silicon, and
the other two are etched silicon (20 s and 2 min). The
20 s etched SiNWs appear light grey in color and the
120 sec etched SiNWs appear totally black.

To demonstrate an application of the excellent
antireflection property and study the efficiency of
carrier collection by the SINW arrays, a PEDOT:PSS
conducting polymer was used as the p-type semi-
conductor on n-type SiNWs to form a heterojunction
solar cell. The schematic structure of the SiNW/
PEDOT:PSS photovoltaic cell is shown in Fig. 6(a).

The energy alignment of an ITO/PEDOT:PSS/
n-SiNW/Al solar cell is sketched in Fig. 6(b). The highest
occupied molecular orbital (HOMO) energy level for
PEDOT:PSS is around 5.1 eV, which is similar to the
valence band energy of Si.

The role of PEDOT:PSS is to build a Schottky contact
to n-Si. With this contact, a barrier was built at the
interface. After band alignment, an internal electrical
field was established as schematically shown in
Fig. 6(b). The photogenerated holes in SINWs move
toward PEDOT:PSS and the photogenerated electrons
move along the SiNWs toward the Al contact to achieve
the photovoltaic effect [35].

Al
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Figure 6 (a) Schematic diagram of the fabrication of a SINW/
PEDOT:PSS heterojunction solar cell. (b) Energy levels of the
ITO/PEDOT:PSS/n-SiNW/ALl solar cell
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Figure 7 shows the dark current-voltage charac-
teristics of the PEDOT:PSS on bare Si and SiNWs.
The SINW/PEDOT:PSS cell exhibits a higher forward
current and lower reverse leakage current than the
planar cell, implying the possibility of higher V. and
FF, and lower series resistance. To validate this point,
the photovoltaic effect of PEDOT:PSS on bare Si and on
SiNWs was measured as depicted in Fig. 8. The |-V
characteristics of the SINW/PEDOT:PSS heterojunction
solar cell were measured under an illumination inten-
sity of 100 mW/cm? (AM 1.5G). For the PEDOT:PSS/bare
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Figure 7 Dark current—voltage characteristics of the SiNW/
PEDOT:PSS and planar Si/PEDOT:PSS solar cells
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Figure 8 Photocurrent—voltage characteristics of the SiNW/
PEDOT:PSS and planar Si/PEDOT:PSS solar cells

Si heterojunction diode, the photocurrent density was
relatively small. The values of short circuit current
density (Js), Voo and FF were 2.35 mA/cm? 033V,
and 0.22, respectively, leading to a power conversion
efficiency (PCE) of 0.4%. The details are listed in Table 1.
A marked increase in photovoltaic performance
was observed in the case of the PEDOT:PSS/SiNWs
heterojunction diode. The values of |, V,. and FF
increased to 21.1 mA/cm?, 0.50 V, and 0.53, respectively,
leading to a PCE of 5.7%. Data for SiNWs chemically
etched for different times and used in photovoltaic
devices are listed in Table 1. The dramatic increase in
photocurrent might result from the larger contact
area and the shorter carrier diffusion distance. Possible
reasons for the dramatic photocurrent enhancement
are the efficient carrier collection and the antireflection
properties. In the SINW/PEDOT:PSS heterojunction
solar cell, the large surface area of the SINWs ensures
a smaller contact resistance. In addition, the diffusion
distance for photogenerated carriers is less than the
diameter of SiNWs, which is around tens of nano-
meters. Therefore, the electron-hole pair separation
and collection efficiency is greatly improved in the
SiNW/PEDOT:PSS heterojunction solar cell as com-
pared to the planar Si/PEDOT:PSS solar cell. To calculate
the effective surface area for the SINWs solar cell, values
of the diameter, length, and density of 50 nm, 375 nm,
and 10°/cm? were used. On this basis, the effective area
is 6.88 times more than the planar surface of the bare
Si. However, the photocurrent of the SiNWs solar cell
is almost 9 times higher than that of the planar Si solar
cell. There is a 30% difference between calculation
and experiment. Therefore, the antireflection ability of
SiNWs might still be having an effect even though the
light was illuminated onto the SINWs through a glass
substrate, ITO and PEDOT:PSS as shown in Fig. 6(a).

Table 1 Photovoltaic characteristics of the device

Jse Voe Fill Efficiency
(mA/en®) (V) factor (%)
Bare Si 2.35 0.33 0.22 0.4
30 s SINWs 21.1 0.50 0.53 5.7
40 s SINWs 19.4 0.49 0.47 461
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4. Conclusions

We have fabricated large-area silicon nanowire arrays
by catalytic etching through a 30-50 nm PS nanosphere
template. The SINWs exhibit a high density (10'%/cm?),
high aspect ratio (~100) and give an ultra-low reflec-
tance of approximately 0.1% for wavelengths ranging
from 300 to 800 nm, which is a suitable reflectance for
use in solar cells. SINW/PEDOT:PSS heterojunction
photovoltaic devices were also fabricated. A high
short-circuit current density of 21.1 mA/cm? was
measured in SINW/PEDOT:PSS heterojunction photo-
voltaic devices corresponding to a PCE of 5.7%. The
high short-circuit current density suggests the as-
fabricated SiNWs may possibly be employed in high
efficiency solar cells.
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