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Abstract

Silicon nanowire arrays (SiNWSs) are created utilizing the metal-assisted
chemical etching method with an Ag metal as a catalyst and different etching time
of 15, 30, and 60 minutes using n-Si (100). Physical properties such as structural,
surface morphology, and optical properties of the prepared SiNWs are studied. The
diameter of prepared SiNWSs ranged from 20 to 280 nm, and the reflectance in the
visible part of the wavelength spectrum was less than 1% for all prepared samples.
The obtained energy gap of prepared SiNWs was around 2 eV, which is higher
than the energy gap of bulk silicon. X-ray diffraction (XRD) has diffraction peaks
at 68.70° for all prepared samples. The heterojunction solar cell was fabricated
based on the n-SiNWs/ P3HT/PEDOT: PSS structure. The heterojunction solar cell
produced for 60 minutes has the highest Js. of 11.55 mA.cm? and a conversion
efficiency of 0.93%. Based on SiNWs prepared for etching time of 15 min, the
solar cell demonstrated Jsc and V¢ of 2.73 mA/cm? and 0.46 V, respectively, and a
conversion efficiency of 0.34%.
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1. Introduction

One-dimensional (1-D) semiconductors such as nanowires, nanorods, and
nanoribbons have several unique advantages, including high crystallinity, self-assembly,
a high surface-to-volume ratio, quantum confinement effects, as well as slow electron—
hole recombination [1, 2]. Silicon-based nanowires (SINWSs) are particularly attractive
because of silicon’s focal role in the semiconductor industry. SINW arrays have distinct
physical and optical properties, allowing them to be used as basic components for a
variety of applications, such as solar cells [3-6], thermoelectric systems [7-9], Li-ion
batteries [10], field-effect transistors (FETs) [11-13], bio and chemical sensors [14, 15],
photodetectors [16-18] and photocatalysts [19, 20]. SINWSs are distinct and sensitive to
surface analyte adsorption because of their high surface area-to-volume ratio and
repeatable electronic properties. Silicon-based materials with enhanced optical
properties can increase the efficiency of photovoltaic solar cells. SINW arrays are used
to produce large areas of SINW solar cells [21]. Light absorption increased with these
nanowire arrays compared with planer silicon solar cells [22-24]. Furthermore, studies
on nanostructures embedded in polymer matrices show that they are widely used in the
fabrication of hybrid solar cells (HSCs) [25, 26]. Semiconducting polymers and
inorganic nanomaterials have good photoconductive capabilities because inorganic
semiconductors can separate photogenerated excitons effectively and have high electron
mobility. Poly(3-hexylthiophene) (P3HT) could become a more acceptable matrix for
hybrid nanocomposite-based electronics. This is because it has higher hole mobility and
a lower band gap than other polymeric semiconductors [27]. In addition, poly (3,4-
ethylene dioxythiophene) (PEDOT): polystyrene sulfonate (PSS) has been widely used
in the production of hybrid solar cells (HSCs) because of its high conductivity,
transparency, and wide band gap. The present work aims to fabricate heterojunction
solar cells based on silicon nanowire arrays prepared with different etching times.
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2. Experimental Work
2.1. SINW Array Preparation

Si (100) wafer with a thickness of (370 + 25) um was double-side polished, and a
resistivity of 0.1—0.5 Q.cm was cut into 0.7 cm x 0.7 cm using metal-assisted chemical
etching (MACE) [28]. First, the Si wafer was cleaned with piranha solution
(H2S04/H20-) (3:1) at 90 °C for 20 minutes to remove the surface of organic residues.
After that, the wafers were submerged in diluted hydrofluoric (HF) acid at 10% for 5
minutes to remove the SiO> native oxide from the wafer surface. The cleaned wafer was
then immersed for 60 seconds in an aqueous solution of 5 M HF and 0.02 M AgNOs to
deposit Ag particles. The samples were then immediately transferred to an etching
solution containing HF 5M and 0.2M H2O: for various periods of time (15, 30, and 60
minutes) to produce the vertically aligned SiNWs, followed by a 10 second dip in nitric
acid to remove the Ag nanoparticles.

2.2. Solar Cells Fabrication

At first, fluorine-doped tin oxide glass (FTO) was sonicated in acetone and
ethanol to clean the substrates, which were then washed with deionized water. A layer
of PEDOT:PSS (Clevis PH1000), which was diluted with 20 wt% isopropanol and 5
wt% dimethylsulfoxide (DMSO) to increase the conductivity of the pure PEDOT:PSS
film and thus improve the power conversion efficiency, was spin-coated on the FTO
substrate for 30 seconds at a speed of 2000 rpm. Aluminum (Al) was deposited onto the
back side of the Si wafer by thermal evaporation before polymer coating to establish an
ohmic contact. P3HT was spin-coated onto SiNWs for 30 seconds at 4000 rpm. Owing
to the capillary effect, blended PEDOT:PSS easily filled SINW gaps to form a core—
sheath heterojunction. The PEDOT:PSS/FTO/glass substrate was then bonded with a
clip to the SINWSs/P3HT to finish the hybrid solar cell manufacturing [29, 30]. Finally,
the devices were roasted for 10 minutes at 120 °C in an air vacuum oven to remove the
solvent. Fig. 1 depicts the typical hybrid solar cell device structure used in the current
study. This device can be regarded as a tandem double-junction solar cell [31, 32]. The
HOMO of the P3HT was positioned to inject holes into PEDOT:PSS, and therefore into
the FTO electrode. Fig. 1 depicts the typical hybrid cell device structure used in the
current study. The HOMO of P3HT was positioned to inject holes into PEDOT:PSS
and, consequently, into the FTO electrode. The LUMO of P3HT was positioned well
above the Fermi level of n-SiNWSs, implying that electron collection should be efficient
at the silicon interface. The SiNW electrons would be collected at the aluminum
electrode [33]. Fig. 1 (a) depicts the device fabrication. Energy levels relative to the
vacuum level and corresponding to the components of the photovoltaic cells are shown
in Fig. 1(b).
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Figure 1: (a) Schematic representation of the Al/n-SiNWs/P3HT/PEDOT: PSS/FTO HSCs.
(b) Schematic energy level diagram and possible charge transportation of HSCs.
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3. Results and Discussion
3.1. Optical Properties

The reflectance measurements were obtained at a range of 300-1000 nm, which
corresponds to the principal spectrum irradiance of sunlight at air mass (AM) 1.5 and is
beneficial for Si solar cells [34]. Fig. 2(a, b) depicts the reflectance spectra of a Si wafer
and SiNWs prepared with varied etching periods. The reflectivity of Si wafers is quite
high, exceeding 88% and 65% in the ultraviolet (UV) regions and decreasing in the
visible region to 48%, as shown in Fig. 2a. While SINWs show low reflectance over the
entire spectral range, this decrease in reflectance could be related to light harvesting and
light scattering interactions between densely packed SiNWSs [35-37]. This remarkable
property suggests that SINW arrays are a good candidate for antireflective surfaces and
absorption materials in photovoltaic cells [38]. Fig. 2b shows the reflectance of the
SiNWs about 0.26%, 0.22%, and 0.14% at a wavelength of 820 nm, for different
etching times of 15, 30, and 60 min, respectively. In other words, the reflectance
decreases gradually with increased etching time [39].
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Figure 2: (a) and (b) reflectance spectra of Si and SiNWs at etching times of 15, 30, and 60
min

The energy gap of Si and SiNW films was calculated using the Tauc relation
from the reflectance spectra for different etching times. Because of light absorption by
the substance, the reflectivity dropped from its highest value, Rmax to its minimum
value, Rmin. To determine the band gap of a semiconductor, a line graph was made
between [In (Rmax-Rmin) / (R-Rmin)]? and the energy gap [40, 41]. Fig. 3 represents the
energy gap for the Si wafer and SiNWs prepared with varied etching times of silicon.
The energy gap of the Si wafer is 1.12 eV, as shown in Fig. 3a; it gradually increases to
1.54, 1.6, and 1.7 eV for the SINWs as etching times are increased to 15, 30, and 60
min, respectively, as shown in Fig. 3b-d.
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Figure 3: Variation of [ In (Rmax-R min)/(R-Rmin)]> With ho for the Si and prepared SiNWs
at different etching times (15, 30, and 60 minutes).

3.2. XRD Analysis

The X-ray diffraction (XRD) method was utilized to investigate the crystal
structure of samples prepared for silicon. Fig. 4 depicts the XRD spectra of the Si wafer
and SiNWs prepared at various etching times. All of the samples show a peak at 68.7°
conformable to the lattice planes of (400) [42], indicating the high crystallinity of
nanowires [43]. There are no further XRD peaks in the XRD patterns, indicating that no
SiO2 layer has formed on the surface of the prepared SiINWs. After MACE processing,
the majority of the Si crystal structure is preserved on SiNWSs, meaning that the SINWs
retain the unique photoelectrochemical characteristics of Si [44].
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Figure 4: XRD pattern of the Si wafer and SiNWs at different etching times.

3.3. Surface Morphology

Fig. 5(a-f) shows the FE-SEM images of the SINWSs prepared for different etching
times with diameter distribution. Image J software was used to measure the diameters of
all prepared SiNWs. The diameters of the SINWs prepared with an etching time of 15
minutes in the range of 20-280 nm decrease to the range of 20-200 nm for SINWSs
prepared with an etching time of 30 minutes, whereas those using an etching time of 60
minutes decrease to the range of 20-220 nm. Observe that the etching is causing the
formation of nanowires with clustered tips that form the beams. It is assumed that the
van der Waals attraction is responsible for the formation of these beams [45]. When the
etching time increases, the number density of nanowires increases noticeably due to the
enhanced flexibility of the SiNWs when the etching time is extended. Earlier
investigations undertaken by other researchers revealed similar findings [46, 47].
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Figure 5: Fig. 4.5(a—f): FESEM images with diameters distribution of the SiNWs at various
etching times (15, 30, and 60 min).
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4. J-V Characterization of HSCs

In Fig. 6, the J-V characterization of the AIl/SINWs/P3HT/PEDOT:PSS/FTO
heterojunction device is depicted with various etching times of SINWs (15, 30, and 60
minutes), respectively. The solar cell that was prepared at an etching time of 15 minutes
has the lowest efficiency of the solar cell | of 0.34%, while the highest 1 that the solar
cell prepared for 60 minutes is 0.93%. As a result, the increased etching time led to
increased conversion efficiency. SINWs at etching for 60 minutes have provided a
perfect environment for photon conversion to an electron. This could be due to
increasing absorption for increased etching time and low reflectance, which led to high
separation efficiency of the pair hole —electron. Chen et al. and Khanyile et al. also
observed similar effects [48, 49]. Table 1 shows the properties and parameters of the
solar cell at different etching times, where S1, S2, and S3 represent the
Al/SINWs/P3HT/PEDOT:PSS/FTO heterojunction solar cells prepared at various
etching times (15, 30, and 60 min), respectively.

The J-V characteristic of the prepared solar cell was investigated under
illumination by a solar simulator. Where can be calculated all the solar cell parameters,
such as fill factor (FF), open circuit voltage (Voc), short circuit current (lsc), efficiency
solar cell (n), series resistance (Rs), and shunt resistance (Rsn). The J-V curve is a
straight line with a slope determined by 1/Rs at negative and low voltages and a second
straight line with a slope regulated by 1/Rs at high positive voltages (1/Rs = dJ/dV) [50].
Table 1 depicts solar cell parameters. The greatest device performance was achieved for
the SiINWs that were prepared for an etching time of 60 min with n of 0.93%, FF of
24%, Jsc of 11.55 mA.cm and, Vo= 0.335V.

Voltage (V)

Current Density (mAlcmz)

Figure 6: J-V properties of the AI/SINWs/P3HT/ PEDOT: PSS /FTO heterojunction device
prepared at various etching times of SiNWSs (S1=15 min,S2=30min and S3=60min),
respectively.
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Table 1: The characteristics of I-V Al/ SINWs/P3HT/PEDOT: PSS/FTO with different
etching times for SiINWSs.

DeVICE EtChlng time Of Voc Jsc FF RSeires RShunt n
SINWSs(min) (V) [ (mAlcm?) | (%) () () (%)
S1 15 0.46 2.73 21 112.22 | 108.035 | 0.34
S2 30 0.382 7.359 20 152,54 | 61.287 | 0.56
S3 60 0.335 11.55 24 69.578 | 57.578 | 0.93

5. Conclusions

In summary, SINWSs' heterojunction devices have been fabricated. The SINWSs are
synthesized using a MACE technique with varying etching times. All of the formed
SiNWs have a very low optical reflectance (0.3%) in the 300-1000 nm wavelength
region, which decreases gradually with increasing an etching time. The heterojunction
devices based on SiNWs that were constructed for etching time of 15 minutes had the
lowest value of n of 0.34%, and Jsc of 2.73 mA/cm?2. While the heterojunction devices
based on SINWSs that were prepared for etching time of 60 minutes exhibited the highest
value of n that of 0.93% and Jsc of 11.55 mA/cm?. In conclusion, the increase in etching
time led to an increase in conversion efficiency.
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