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Fabrication of Silicon Nanowires by Metal-Catalyzed Electroless
Etching Method and Their Application in Solar Cell
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SUMMARY We fabricated silicon nanowires (SiNWs) using a metal-
catalyzed electroless etching method, which is known to be a low-cost and
simple technique. The SiNW arrays with a length of 540 nm were used
as a substrate of SiNWs/PEDOT:PSS hybrid solar cell. Furthermore, gold
nanoparticles (AuNPs) were used to improve the light absorption of the de-
vice due to localized surface plasmon excitation. The results show that the
short-circuit current density and the power conversion efficiency increased
from 22.1 mA/cm2 to 26.0 mA/cm2 and 6.91% to 8.56%, respectively.
The advantage of a higher interface area between the organic and inorganic
semiconductors was established by using SiNW arrays and higher absorp-
tion light incorporated with AuNPs for improving the performance of the
developed solar cell.
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1. Introduction

Silicon nanowires (SiNWs) are considered as one of the
most important and popular nanostructural substrates for
many applications because of their unique electrical and op-
tical properties that are not present in bulk structures [1], [2].
Several techniques on the fabrication of SiNWs have been
proposed, such as vapor-liquid-solid growth [3], reactive
ion etching (RIE) [4], electrochemical etching and metal-
assisted chemical etching or metal-catalyzed electroless
etching (MCEE) method [5]–[7]. The MCEE method is one
of the most favorable methods because of its easily con-
trolled associated parameters, such as cross-sectional shape,
diameter, length, and orientation. This method can also be
accomplished in a chemical lab with simple and inexpensive
equipment. Moreover, there is no apparent limitation on the
size and features of SiNWs fabricated using this method,
which is easy to scale up in the industry.

Recently, researchers have shown an interest in the
development of the SiNWs as a promising candidate for
a wide range of applications in solar cells, catalysts, and
sensors due to the high surface area of the SiNWs [8]–
[11]. The SiNWs/organic semiconductor hybrid solar cells
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have shown an increase in the power conversion effi-
ciency (PCE) due to the function of the organic layer as a
hole-transporting path and the formation of a heterojunc-
tion with Si [12]–[14]. Some studies have been carried
out on Si nanostructurepoly(3,4-ethylenedioxythiophene)
poly(styrene sulfonate) (PEDOT:PSS) hybrid solar cell us-
ing nanoparticles [15]–[17]. However, no studies have been
found in solar cells application using SiNWs/PEDOT:PSS/
gold nanoparticles (AuNPs). AuNPs are known as an im-
portant material to enhance photo-carriers in solar cells due
to their strong optical field enhancement through localized
surface plasmon excitation (LSPR) [18]–[20].

In this work, we used the SiNWs as part of the inor-
ganic semiconductor for hybrid solar cells and PEDOT:PSS
as part of the organic semiconductor. To improve the per-
formance of the solar cell, we combined the AuNPs into
a hole-transport layer. Finally, the performance of SiNWs/
PEDOT:PSS/AuNPs hybrid solar cell with the different con-
centration ratio of PEDOT:PSS and AuNPs were studied to
optimize the SiNWs/PEDOT:PSS/AuNPs hybrid solar cell.

2. Experimental

2.1 SiNW Arrays Fabrication

An n-type Si (100) substrate with a thickness of 525 ± 20 µm
and a resistivity of 40–50 Ω·cm were chemically cleaned by
using acetone, ethanol, and deionized (DI) water for 10 min
in an ultrasonic bath. Then further cleaned with a piranha
solution, which is a mixture of H2SO4 and H2O2 (3:1, v/v),
for 20 min and was dried with nitrogen gas. The final clean-
ing process was done by rinsing the Si wafers with dilute hy-
drofluoric acid (2% HF) for 2 min to remove the oxide layer
on their surface. For the etching process, the SiNW arrays
were fabricated by the MCEE method. The concentration of
the etching solution was 4.6 M of HF acid and 0.02 M of
silver nitrate (AgNO3). The cleaned Si wafers were etched
for 5 min and then dipped into DI water to stop the etching
reaction. After etching, they were soaked in 50% nitric acid
(HNO3) for 5 min to dissolve the Ag catalyst away from
their surfaces. Finally, we cleaned the SiNW arrays with DI
water three times and dried with nitrogen gas.

2.2 Device Fabrication

To fabricate SiNWs/PEDOT:PSS/AuNPs hybrid solar cell,
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Fig. 1 Schematic diagram of SiNWs/PEDOT:PSS/AuNPs hybrid solar
cell.

the SiNW arrays were cleaned with piranha solution for 50
min, followed by cleaning with DI water multiple times. We
removed any native oxides from the front and backside of
the wafers by immersing them in 2% HF for 2 min. Then,
the SiNW arrays were cleaned with DI water and dried with
nitrogen gas. Then, the PEDOT:PSS mixed with AuNPs was
spin-coated on the surface of the SiNWs at 4000 rpm for 2
min, and then annealed at 140◦C for 20 min at room temper-
ature to dry the PEDOT:PSS film. Furthermore, the silver
metal finger grid was deposited on the PEDOT:PSS film by
vacuum evaporation technique through a shadow mask with
an area of 0.46 cm2 and thickness of 250 nm. Next, alu-
minum metal was deposited on the cell surface with an area
of 1 cm2 and a thickness of 90 nm. Finally, the devices were
annealed at 150◦C in a vacuum. The structure of the cell is
shown in Fig. 1.

3. Results and Discussions

The morphology of the SiNW/PEDOT:PSS/AuNPs hybrid
structure was investigated by scanning electron microscopy
(SEM), using a JEOL JEM-6330F field emission electron
microscope. Figure 2 shows the cross-sectional image of
the SiNW arrays with an average nanowire of length 540 nm
and an average diameter of 25 nm. It is noteworthy that the
length of nanowires used for the solar cell structures were
about the same as the wavelength of the green light. It might
be the case that the SiNWs improve the light absorption by
light trapping effect [21], [22].

The cross-sectional and top-view SEM images of the
SiNWs/PEDOT:PSS are shown in Figs. 3 (a) and 3 (b), re-
spectively. The PEDOT:PSS was spin-coated on the surface
of the SiNWs at 4000 rpm for 2 min, followed by anneal-
ing at 140◦C for 20 min. From Fig. 3 (a), we observed that
the average nanowire diameter is 40–50 nm, which is big-
ger than that of the SiNWs without the deposition of PE-
DOT:PSS, indicating that the nanowires were covered with
PEDOT:PSS. Cross-sectional SEM image in Fig. 3 (b) indi-
cates that the SiNWs arrays are not too condensed and have
enough space to deposit the AuNPs not only on the top sur-
face of the SiNWs but also inside the SiNW arrays.

Figure 4 shows the SEM image of the SiNWs/PEDOT:
PSS cross-section with AuNPs. It is difficult to confirm the
presence of the AuNPs from the image, however, we can
observe some roughness or nanoparticle-like structures on

Fig. 2 Cross-sectional scanning electron microscopy (SEM) image of
SiNWs with nanowires length of 540 nm.

Fig. 3 (a) Cross-sectional and (b) top view of scanning electron mi-
croscopy (SEM) images of SiNW arrays coated by PEDOT:PSS.

Fig. 4 Cross-sectional scanning electron microscopy (SEM) image of
SiNW arrays coated by PEDOT:PSS with AuNPs.
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Fig. 5 Reflectance spectra of SiNW arrays coated with PEDOT:PSS only
and PEDOT:PSS/AuNPs.

the top surface and sidewall of the SiNWs. This indicates
the penetration of AuNPs into the SiNWs array with PE-
DOT:PSS and attached to the sidewall of the SiNWs in ad-
dition to the deposition on the top surface. This is reasonable
because the pore size of the SiNWs array is larger than the
diameter of AuNPs (20 nm) as observed in Fig. 3 (b).

To confirm the presence of the AuNPs, we mea-
sured reflectance spectra of the SiNWs coated with the
PEDOT:PSS mixed with and without AuNPs as shown in
Fig. 5. In the reflectance measurements, a white light was
irradiated at an incident angle of 5◦ and the reflected light
was detected. The result shows that the reflectance of
the SiNWs covered with PEDOT:PSS/AuNPs is lower than
that of SiNWs covered with PEDOT:PSS only, indicating
the presence of the AuNPs in the system. The enhanced
light absorption was due to both light scattering effect and
LSPR excitation on the AuNPs. Furthermore, it was noticed
that the reflectance of the SiNWs coated with PEDOT:PSS
mixed with AuNPs is less than 20% at the wavelength below
600 nm, which corresponds to the wavelength of the LSPR
excitation region. This result indicates that the inclusion of
AuNPs into the SiNW/PEDOT:PSS can improve the light
absorption/optical field in the device [23].

Solar cells consisting of Al/SiNWs/PEDOT:PSS with
and without AuNPs were fabricated. The concentration ra-
tio of PEDOT:PSS with AuNPs was varied at the ratios of
1:1/6, 1:1/3, 1:1/2.5, 1:1/2, and 1:1/0.75 to determine the op-
timum concentration ratio of PEDOT:PSS and AuNPs. The
photovoltaic parameters of the cells were measured under
AM 1.5G illumination. Figure 6 shows the current density-
voltage (J–V) properties of SiNWs/PEDOT:PSS/AuNPs hy-
brid solar cells with nanowires length of 540 nm as a func-
tion of the concentration rate of PEDOT:PSS and AuNPs.
The photovoltaic parameters are summarized in Table 1.
The solar cell without AuNPs exhibits a short-circuit cur-
rent density (Jsc) value of 22.08 mA/cm2, open-circuit volt-
age (Voc) of 0.47 V, fill factor (FF) of 0.50, and a PCE of
6.91%.

From Table 1, the SiNWs/PEDOT:PSS/AuNPs hybrid
solar cells show an enhancement of the PCE when the
concentration ratio of AuNPs was decreased. The PCE
as a function of the concentration of AuNPs is plotted in

Fig. 6 Current density-voltage (J–V) properties of SiNWs/PEDOT:PSS/
AuNPs hybrid solar cell with nanowires length of 540 nm as a function of
the concentration rate of PEDOT:PSS and AuNPs.

Table 1 Photovoltaic parameter of SiNWs/PEDOT:PSS/AuNPs hybrid
solar cell as a function of the concentration rate of PEDOT:PSS and AuNPs.

Fig. 7 The power conversion efficiency (PCE) as a function of AuNPs in
the SiNWs/PEDOT:PSS/AuNPs solar cells.

Fig. 7. The solar cell with a concentration ratio between
PEDOT:PSS and AuNPs of 1:1/6 exhibits the highest per-
formance. The Jsc, Voc, FF, and PCE of this cell are 26.00
mA/cm2, 0.49 V, 0.51, and 8.56%, respectively. The so-
lar cell combined with AuNPs in the hole-transport layer
showed an improved Jsc of 18% and PCE of 24% com-
pared to the solar cell without AuNPs. The reason that
the efficiency decreased at higher ratio than 1:1/6 should be
due to too much amount of AuNPs. The loading amount
of AuNPs needs to be decided by taken into account the
trade-off balance between the effect of strong electric field
enhancement in the vicinity of the AuNPs and light trans-
mission in the PEDOT:PSS/AuNPs layer [18]. AuNPs im-
prove the total light absorption at the active layer due to
the enhanced electric field at around the AuNPs if the ir-
radiated light sufficiently reaches the active layer. How-
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ever, if the amount of AuNPs exceeds an optimum condi-
tion, then irradiated light cannot sufficiently pass through
the PEDOT:PSS/AuNPs layer, hence the total light absorp-
tion in the active layer decreases.

4. Conclusions

The MCEE method was used to fabricate the SiNWs
with a nanowire length of 540 nm. The concentration
of the etching solution was 4.6 M of HF and 0.02 M of
AgNO3 at an etching time of 5 min. The solar cell with
AuNPs improved light absorption due to the light scatter-
ing and localized surface plasmon excitation. The PCE of
the SiNWs/PEDOT:PSS/AuNPs hybrid solar cell increased
when the concentration ratio of AuNPs was decreased. We
found that the solar cell with the concentration ratio of PE-
DOT: PSS and AuNPs of 1: 1/6 shows the highest PCE of
8.56%.
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