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1. INTRODUCTION

One-dimensional nanostructured semicon-
ductors such as nanowires are widely used to 
fabricate optoelectronic devices like a solar cell 
and photosensors due to its unique properties 
that depend on dimensionality, size reduction, 
quantum confinement, and slow electron-hole 
recombination [1]. Nanowires are essential to 
interconnection and function units used to fabri-
cate electronic, electrochemical, optoelectronic, 
and electromechanical nanodevices. The devel-
opment of one-dimensional nanostructures with 
controlled dimensional morphologies, phase 
purity, and chemical compositions has been 
slow because of the difficulties in synthesizing 
and manufacturing them [2]. Silicon nanowires 
(SiNWs) have increasingly received attention in 
recent years due to their diverse optoelectronic 
applications, such as photovoltaics, photodetec-
tion, and storage [3-5]. One of the most import-
ant properties of SiNWs is the ability to change 
from an indirect bandgap to a direct one through 
the quantum confinement effect [6]. Therefore, 
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SiNWs have been used to develop thin-film sili-
con solar cells for the enhancement of light trap-
ping and increasing conversion efficiency [6]. 
Optical sensors or photodetectors are the main 
component of many devices that convert light 
to electrical signals. Photodetectors have many 
applications, such as flame and radiation detec-
tion like oil-burning furnaces as safety features 
[7], and in the security systems like near-infra-
red camera for night-vision [8]. However, photo-
detectors can be prepared in several forms such 
as photodiodes, photoconductive with main two 
configurations, metal–semiconductor–metal 
photodetectors, and Schottky photodiodes [9]. 
The preparation of SiNWs by the metal-assist-
ed electroless etching method is adopted [10, 
11]. The silver (Ag) ions in an ionic solution of 
hydrofluoric acid (HF) and hydrogen peroxide 
(H2O2) have been used to prepare the arrays of 
SiNWs from single crystal wafers [12]. Further-
more, MACE is a simple, low cost, and pow-
erful semiconductor etching technique that can 
produce high aspect ratio semiconductor nano-
structures. Therefore, fabrication of photosens-
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ing devices such as solar cells and photosensors 
based on single crystalline SiNWs are promis-
ing to obtain good efficiency and fast response. 
Herein, solar cells and photosensor based on 
SiNWs/PEDOT:PSS hetrojunction are prepared 
and their I-V and photoelectrical characteristics 
are investigated.   

2. EXPERIMENTAL 

SiNWs are grown through a metal-assisted 
chemical etching (MACE) method using n-type 
single-crystalline silicon Si (100) wafers as sub-
strates. The substrates were cleaned by ultra-
sonic bath with a sulfuric acid (H2SO4), ethanol 
(C2H5OH), and deionized water (DI). Then, the 
SiO2 layer is removed from the surface of Si (100) 
substrates by immersing it in 5 % of  hydrofluor-

ic acid (HF) for 30 s. Silver (Ag) nanoparticles 
are used as catalyst for the preparation of SiN-
Ws on the surface of the Si (100) substrates. Ag 
nanoparticles are synthesized on the surface of 
the Si (100) wafers by inserting it inside a liquid 
containing 0.023 mol/L of AgNO3 and HF (40%) 
for 90 s. To grow SiNWs, Si (100) substrates 
that covered by Ag nanoparticles inserted in a 
liquid contains equivalent molar concentrations 
of  H2O2 and HF with different etching time (30 
min, 1 h) at room temperature. After the prepa-
ration process was done, samples were washed 
by DI and placed in a diluted nitric acid (HNO3) 
for 1 min to remove Ag nanoparticles from the 
surface of the grown SiNWs. To fabricate solar 
cells devices, aluminum (Al) metal was depos-
ited onto the back of the samples by a thermal 
evaporation technique. The SiNWs/PEDOT:PSS 
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Fig.1: Preparation steps of SiNWs grown by metal assisted chemical etching method and SiNWs/PEDOT:PSS 
hetrojunction
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Fig.1. Preparation steps of SiNWs grown by metal assisted chemical etching method and SiNWs/PEDOT:PSS hetrojunction
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heterojunction was fabricated by a spin-coating 
(3000 rpm) of PEDOT:PSS (0.5 wt%:0.8 wt%, 
with 1.3 wt % dispersion in H2O, Sigma-Aldrich) 
on the prepared SiNWs. Fluorine-doped tin ox-
ide (FTO)-coated glass with sheet resistance of 
15 Ω/sq supplied by Kaivo-China was used as 
an electrode and allowing light to pass through it 
toward the active layer. The FTO-glass is pressed 
onto the SiNWs with a mechanical force so that 
the polymer sticks to the nanowire. The solvent 
from the polymer is removed through heat treat-
ment, which also results in a good junction be-
tween the SiNWs and polymer and considerably 
decreases series resistance. The junction of the 
prepared SiNWs/PEDOT:PSS heterojunction is 
enhanced by heating it at 100 °C for 1 h. Fig-
ure 1 shows the preparation procedure of SiNWs 
grown through the MACE method. The surface 
morphology of the prepared SiNWs is studied 
with a field emission scanning electron micros-
copy (FESEM) equipment (Zeiss Supra 55VP, 
Germany). The optical properties of the prepared 

SiNWs are investigated using a photolumines-
cence (PL) spectrum, which is tested through 
Perkin-Elmer LS-3 fluorescence spectroscopy 
and reflectivity spectra obtained with a spectro-
photometer (Shimadzu UV-1800). The current 
density–voltage (J–V) characteristics are mea-
sured with a Keithley 2400 electrometer under 
dark and illumination conditions.

3. RESULTS AND DISCUSSION  

3.1 Morphology 

Fig. 2 shows the FESEM images of the top-
view and cross-sectional of the grown SiNWs 
prepared at a different time of etching. The diam-
eters of the grown SiNWs prepared with equiva-
lent concentrations of HF:H2O2 for 30 min and 1 
h of etching time ranged from 40 nm to 350 nm, 
but the wire length increased from 21 µm to 24 
µm when increasing the etching time from 30 min 
to 1 h. However, wire diameter and length gen-
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Fig. 2: FESEM images of SiNWs grown using etching time of (a and b) for 1h, (c and d)  for 30min

c

a

d

b

13 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: FESEM images of SiNWs grown using etching time of (a and b) for 1h, (c and d)  for 30min

c

a

d

b

Fig. 2. FESEM images of SiNWs grown using etching time of (a and b) for 1h, (c and d)  for 30 min
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erally were increased with etching time. Tips of 
prepared SiNWs were conglomerated and seem 
as sheaves. The reasons for the conglomeration 
of SiNWs synthesized by MACE are: (1) the 
SiNWs collapse because they are too long, and 
(2) the strong forces, such as dangling bonds and 
electrostatic charge on the freshly formed surfac-
es, induce mutual attraction [13]. However, the 
electroless deposition method can only prepare 
randomly distributed SiNWs with a varied diam-
eter [14]. Srivastava et al. were the first to pre-
pare SiNWs through the MACE method using Ag 
nanoparticles as a catalyst and they found that the 
length and diameter of the grown SiNW depend 
on the etching time where the length increased 
from 1 μm to 12 μm and the diameter enlarged 
from 50 nm to 300 nm when the etching time was 
increased from 5  to 45 min [15]. Qi et al. grew a 
vertically aligned SiNW array using Ag as a cat-
alyst. They noted that the lengths of the SiNWs 
prepared at 15, 30, 45, and 60 min increased from 
20 μm to 40 μm [16].

3.2. Optical Properties

3.2.1. Photoluminescence (PL) Spectra 

Fig. 3 explains the PL spectra of the SiN-
Ws grown using equivalent concentrations of 
HF:H2O2 and different etching times. In SiNWs 
prepared for 30 min and 1 h, the PL bands ap-
peared at 749 and 750 nm, respectively. The PL 
emission bands of the grown SiNWs blue-shifted 
relative to the optical bandgap of bulk crystalline 
silicon (c-Si).  The optical bandgaps of nano-
structures expand when particle size is decreased 
because of the quantum confinement effect [17]. 
Optical bandgap can be obtained with the follow-
ing equation [18]:

where E (~1.66 eV) is the optical bandgap ob-
tained from the PL spectrum, Eo is the c-Si band-
gap (1.12 eV), and d is the diameter of SiNWs.  
The calculated diameter of the prepared SiNWs 
was approximately 4.7 nm. However, the diam-
eters of the grown SiNWs were larger than those 
calculated by Eq. 1 and the Bohr radius of excitons 
for crystalline Si is 5 nm. Therefore, the emission 
in the red wavelengths cannot be attributed to the 
quantum size effect and a thin layer of SiO2 cov-
ering the SiNW surfaces [19]. Visible PL emission 
from SiNWs could be due to quantum confine-
ment effect, interface defects between SiO2 and 
Si, or states of Si-Oxide defect in the surface of 
silicon nanowires [20, 21].

Gonchar et al. [22] prepared SiNWs through 
the MACE method and found that the samples 
emitted visible light with maximum PL intensity 
at 740 nm. Zhang et al. [23] synthesized SiNWs 
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Fig. 3: PL spectra of SiNWs grown using HF:H2O2 concentration and        etching time of (S1)  
1hr, (S2)  30min.

Fig. 3. PL spectra of SiNWs grown using HF:H2O2 
concentration and etching time of (S1)  1hr, (S2)  30min.
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Table 2: Output of prepared the heterojunction SiNWs/PEDOT:PSS solar cells. 

Table 3:  Rise, decay times and sensitivity of SiNWs/PEDOT:PSS photosensor 

Sample
λ(nm)

emission
Time

Diameter 

(nm)

Length

(µm)

S1 750 1h
40-350

24

S2 749 30min 21

Sample
Jsc

(mA/cm2)

Voc

(V)
FF% Ƞ% Rs (Ω) Rsh

S1 2.087 0.360 26 0.39 299 311

S2 3.072 0.394 28 0.68 136 344

Sample
Rise time

(ms)

Decay time

(ms)
Sensitivity %

S1 0.8 0.9 54264

S2 0.85 0.89 36826

Table 1. Preparation parameters of SiNWs grown by metal assisted chemical etching method.

A. A. Abdul-Hameed, et. al
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by the MACE technique using Ag as a catalyst, 
and got a broad emission band at approximately 
750 nm and the other two emission bands at 752 
and 688 nm, respectively. Furthermore, they con-
cluded that the bands were emitted from the sili-
con nanowire coated by a thin oxide layer.

3.2.2. Optical Reflectivity of SiNWs 

Fig. 4A shows the reflectance (R) spectra of 
SiNWs prepared through the MACE method 
at different etching times. The grown SiNWs 
demonstrated extremely low reflectivity in the 
wavelength range of 200–400 nm and increased 
to a maximum value at a wavelength of approxi-
mately 850 nm. Compared to bulk silicon wafer, 
whose reflectivity spectrum reached 40% at the 
wavelengths longer than 400 nm, the prepared 
SiNWs showed a considerably low R (approx-
imately 0.2%–0.5%) in the visible region. Very 
low reflectance of SiNWs can be explained by 
the strong light scattering and absorption, which 
results in partial localization (trapping) of the ex-
cited light in SiNWs array [24]. Thus, by using 
SiNWs to fabricate photosensor devices such as 
solar cell, no antireflection layer is needed. Ku-
mar et al. prepared silicon nanowires through the 
MACE method and found that reflectivity val-
ue decreased to 2% in the wavelength region of 
300–600 nm but increased to approximately 5% 
at longer wavelengths [25].

 3.3. Photoelectrical Properties of the SiNWs/
PEDOT:PSS Solar Cell 

Fig. 5 displays the J–V characteristics of the 
heterojunction SiNWs/PEDOT:PSS solar cell 
prepared using different etching times under 
white light illumination of 50 mW/cm2. The solar 
cell that fabricated based on SiNWs prepared for 
30 min exhibited the highest Voc and Jsc of 0.394 
V and 3.072 mA/cm2, respectively. However, a 
solar cell that fabricated with SiNWs length of 
24 µm unveiled Voc and Jsc of 0.360 V and 2.087 
mA/cm2, respectively. The conversion efficien-
cy (η) was measured four times for every sam-
ple and found that the highest value was 0.68% 
(average value was 0.59%) for the solar cell that 
fabricated based on 21 µm-long SiNW. Howev-
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Fig. 4: Reflectance spectra of (A) SiNWs grown using an etching time of (S1) 1hr, (S2) 30min and 
(B) silicon wafer.Fig. 4. Reflectance spectra of (A) SiNWs grown using an 

etching time of (S1) 1hr, (S2) 30min and (B) silicon wafer.

Fig. 5. J-V characteristics of heterojunction SiNWs solar 
cell under light with power of 50mW/cm2 white light  
prepared using etching time of (S1) 1 h,  (S2) 30 min. 
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Fig. 5: J-V characteristics of heterojunction SiNWs solar cell under light with power of 50mW/cm2

white light  prepared using etching time of (S1) 1hr,  (S2) 30 min. 
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er, the η decreased to 0.38% (average value was 
0.30%) when the length of the SiNW increased 
to 24 µm. The fill factor (FF) decreased from 
28% to 26% when the wire length was increased 
from 21 µm to 24 µm. Series resistance (RS) and 
shunt resistance (Rsh) are important parameters 
that can affect the solar cell output where high 
Rs value decreases the output voltage of a solar 
cell under load and therefore decreases FF. Rs 
should be low because high Rs value can lead to 
voltage increase inside the solar cell. The Rs and 
Rsh values of the samples prepared for 30 min 
(wire length of 21 µm) were 136 Ω and 344 Ω, 
respectively. The Rs increased to 299 Ω, and Rsh 
to 311 Ω when SiNW length was increased to 24 
µm. These changes decrease the FF from 26% 
to 24% and increased the conversion efficiency 
from 0.39% to 0.68%. However, increasing Rs 
value at higher etching time could be due to the 
increasing thickness of the SiO2 thin layer that 
covering SiNWs. Huang et al. prepared a hybrid 

solar cell heterojunction using single crystalline 
silicon nanowire and P3HT:PCBM and they  ob-
served when the RS was reduced from 18.09 Ω 
to 10.59 Ω the  Jsc increased from 7.17 mA/cm2 
to 11.61 mA/cm2 and ƞ increased from 1.21% to 
1.9% [26]. Woo et al. fabricated heterojunction 
solar cells based on ITO/PEDOT/n-SiNWs, and 
they found the increase in Jsc from 0.75 mA/cm2 
to 1.55 mA/cm2 and FF from 32.8% to 40.6%  
when low resistance Si wafer was used that led 
to the enhancement of conversion efficiency that 
increased from 0.05% to 0.15% [27]. Table 2 
presents the obtained output parameters of the 
fabricated SiNWs/PEDOT:PSS heterojunction 
solar cell.

3.4. Photoelectrical Properties of the Heterojunction 
SiNWs/PEDOT:PSS

Fig. 6 shows the photocurrent response of 
the SiNWs/PEDTO:PSS device prepared at dif-
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Table 2: Output of prepared the heterojunction SiNWs/PEDOT:PSS solar cells. 

Table 3:  Rise, decay times and sensitivity of SiNWs/PEDOT:PSS photosensor 

Sample
λ(nm)

emission
Time

Diameter 

(nm)

Length

(µm)

S1 750 1h
40-350

24

S2 749 30min 21

Sample
Jsc

(mA/cm2)

Voc

(V)
FF% Ƞ% Rs (Ω) Rsh

S1 2.087 0.360 26 0.39 299 311

S2 3.072 0.394 28 0.68 136 344

Sample
Rise time

(ms)

Decay time

(ms)
Sensitivity %

S1 0.8 0.9 54264

S2 0.85 0.89 36826

Table 2. Output of prepared the heterojunction SiNWs/PEDOT:PSS solar cells.

Fig 6. Photocurrent response of SiNWs photosensor under chopped white light with power of 50mW/cm2 prepared using 
etching time of (S1) 1 h, (S2) ) 30 min

 

Fig 6:  Photocurrent response of SiNWs photosensor under chopped white light with power of 
50mW/cm2 prepared using etching time of (S1) 1h, (S2) ) 30min 
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ferent times of etching. The photocurrent was 
increased to a maximum value as the light was 
switched ON (illumination case) and decreased 
to the minimum value as the light was switched 
OFF (dark case). The photodetector based on 
SiNWs that grew for 1 h exhibited the highest 
photocurrent of 1.46 mA whereas the photo-
detector that fabricated using SiNWs which 
grown for 30 min showed a photocurrent value 
of 0.498 mA.

The photosensitivity (S) of the prepared pho-
todetectors was determined using the following 
equation [28]:

%100×
−

=
dark

darklight

I
II

S 2
    
where Idark is dark current, and Ilight represent-

ed the photocurrent. The photodetector that 
fabricated using SiNWs grown for 1 h showed 
the highest photosensitivity of 53774% while 
it was 36826% for the sample prepared for 30 
min. However, the length of SiNWs prepared 
for 1 h was longer than those prepared for 30 
min thus; the surface area of long wires could 
be improved the photosensitivity. The speed 
sensing of the photodetector represents an im-
portant parameter, which determines the fea-
ture of the device. Rise time (Rt) refers to the 
time at which the photocurrent increases from 
10% to 90% of the maximum value, where-
as decay time (Dt) represents the time for the 
photocurrent to decrease from 90% to 10% of 
the maximum value of current. The photode-
tector etched for 1 h was faster with Rt and Dt 
of 0.8 and 0.85 ms, respectively; whereas the 
Rt and Dt of the photodetector that etched for 
30 min were 0.85 and 0.89 ms, respectively. 
Table 3 describes the parameters of the rise 
and decay times and device sensitivity.
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Table 2: Output of prepared the heterojunction SiNWs/PEDOT:PSS solar cells. 

Table 3:  Rise, decay times and sensitivity of SiNWs/PEDOT:PSS photosensor 

Sample
λ(nm)

emission
Time

Diameter 

(nm)

Length

(µm)

S1 750 1h
40-350

24

S2 749 30min 21

Sample
Jsc

(mA/cm2)

Voc

(V)
FF% Ƞ% Rs (Ω) Rsh

S1 2.087 0.360 26 0.39 299 311

S2 3.072 0.394 28 0.68 136 344

Sample
Rise time

(ms)

Decay time

(ms)
Sensitivity %

S1 0.8 0.9 54264

S2 0.85 0.89 36826

Table 3.  Rise, decay times and sensitivity of SiNWs/PEDOT:PSS photosensor.

4. CONCLUSIONS

SiNWs were grown through the MACE meth-
od using Ag as a catalyst at different etching times. 
FESEM images showed that the length of SiNWs 
was increased when etching time was increased. 
Furthermore, synthesized SiNWs demonstrated 
a reflectivity of approximately 0.5% at the wave-
length range of 200–1100 nm. This reflectivity 
value was considerably lower than that of the 
crystalline silicon wafer. The PL spectra showed 
that all prepared SiNWs emitted bands at 750 nm. 
The J–V characteristics of the heterojunction so-
lar cell fabricated on the basis of SiNWs prepared 
using different etching time showed an increase 
in conversion efficiency with the decrease in 
wire length. The SiNWs/PEDOT:PSS photode-
tectors based on SiNWs prepared for 1 h showed 
high photosensitivity of 53774%. Furthermore, 
the speed sensing of all prepared photodetectors 
showed the fast rise and decay times of approxi-
mately 0.8 and 0.9 ms, respectively.
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