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Abstract. Silicon nanowire (SiNW) hybrid solar cell has been fabricated using PEDOT:PSS and rGO-PEDOT:PSS as
the organic hole transport layer. The electrical characterization of the as-fabricated solar cell was done by both dark and
photo J–V characteristic curves. Vertically aligned arrays of SiNWs have been synthesized by following the electroless
metal-assisted chemical etching method, as confirmed by both the scanning electron microscopy and atomic force
microscopy images. The structural properties of SiNWs, PEDOT:PSS and rGO-PEDOT:PSS were characterized with the
help of X-ray diffraction and Raman characterization techniques. The bandgap of PEDOT:PSS comes out to be 1.77 eV as
obtained from the UV–visible and photoluminescence spectra. In addition, the bandgap of PEDOT:PSS was 1.76 eV and
for reduced graphene oxide (rGO) it was 0.04 eV, as obtained from the cyclic voltammetry curve. rGO-PEDOT:PSS
heterojunction showed excellent J–V characteristic property in the dark and under the illumination of 1 sun. Hence the
incorporation of rGO in PEDOT:PSS can improve the photovoltaic properties by increasing the conductivity of the hole
transport layer, making a good interface between organic–inorganic heterojunction as well as by reducing the recombination of electron–hole pairs.
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Introduction

Due to the rising population and continuous consumption of
energy, there is an immense requirement for the development of methods for the sustainability of fossil fuels. In
recent years, photovoltaics have gained a lot of interest
from researchers due to its application in renewable energy
technology. A hybrid solar cell is a combination of both
organic and inorganic semiconductors. In silicon nanowire
(SiNW) hybrid solar cells, the inorganic part consists of 1-D
SiNWs as the acceptor or the electron transport layer [1].
SiNWs are one of the most commonly used materials in
solar cells due to its extremely good charge career collection property and very efficient light-harvesting capability
[2]. The organic part of the hybrid photovoltaics consists of
highly conjugated organic polymers that can absorb light in
the form of a transport layer containing donor holes [3].
Hybrid solar cells containing organic–inorganic heterojunctions are of great importance because of their extremely
superior properties like low cost, high flexibility, low

temperature, solution-based synthesis procedures and they
are comparatively lightweight [4]. The SiNWs hybrid solar
cell containing PEDOT:PSS (PP) as the p-type conducting
polymer offers great potential in obtaining superior power
conversion efficiency (PCE) to the hybrid solar cell [5]. The
fabrication of SiNWs hybrid solar cells is commonly done
by simply spin coating the PP layer on the surface of SiNWs
followed by annealing it for few minutes. Despite showing
an extremely good efficiency, SiNWs/PP solar cells have
some drawbacks like a short lifetime and formation of the
Schottky barrier at the PP and SiNWs interface, due to the
high difference in the work function of SiNWs and the PP
[6]. SiNWs offer a very good absorbing layer, while PP
serves as a hole transport layer required to collect the photogenerated carriers. Therefore by improving the work functions of both SiNWs and PP, the interface recombination
can be reduced effectively and very high open-circuit
voltage (Voc ) can be achieved. In order to improve the work
function of PP, reduced graphene oxide (rGO) is incorporated in PP [7]. The incorporation of rGO in PP can
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effectively improve the interface between the PP and
SiNWs layers. In addition, it offers easy transport of charge
carriers, thereby reducing the recombination processes of
electron–hole pairs. Jiang et al [8] fabricated Si-organic
hybrid solar cells with the addition of 2 mg ml-1 rGO. The
as-fabricated solar cell obtained a PCE of 11.95%, which is
about a 27.8% increase from 9.35% in pristine hybrid solar
cells. Van Trinh et al [9] fabricated n-Si/PP hybrid solar
cells containing functionalized graphene, which was able to
obtain a good efficiency as compared to the planar-based
cells. The improved efficiency of the as-fabricated solar cell
was due to the improved charge mobility and electrical
conductivity of PP. Park et al [10] used GO/PP and rGO/PP
hole transport layers in an organic photovoltaic device with
the respective efficiencies of 3.53 and 3.37%. Wang et al
[11] used UV-ozone-treated rGO with PP as the hole
transport layer in a perovskite solar cell to improve the
performance of the solar cell. The as-designed solar cell was
able to produce efficiency of 10.7%, JSC of 16.75 mA cm-2,
VOC of 0.87 V and FF of 75%. Park et al [10] reported a
fabrication process for the durable and flexible transparent
conducting film obtained using bilayer rGO/PP film. As a
result, both electrical conductivity and cyclic bending
durability of the heterojunction was increased by 5.2 and
47.4%, respectively [12]. All the above reported references
showed that the incorporation of rGO with PP as a hole
transport layer achieved higher efficiency than the pristine
PP solar cells. The efficiency improvement takes place due
to many factors like good charge mobility, high electrical
conductivity and good interface formation due to the
reduced charge carrier recombination process. The abovereferred studies show the efficiency improvement of the
solar cells by the incorporation of rGO in PP, but fail to
show the proper explanation through the bandgap analysis.
Hence this study aims at (1) fabrication of rGO–PP hole
transport layer for SiNWs hybrid solar cell, (2) highest
energy occupied molecular orbital (HOMO) and lowest
energy unoccupied molecular orbital (LUMO) calculation
of the rGO and PP using cyclic voltammetry (CV) curve
and (3) bandgap analysis of the as-fabricated solar cells.
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Scheme 1. Synthesis of SiNWs via EMACE method.

solution containing HF (4.5 M) and H2O2 (0.8 M) in 1:1
ratio for 5 min. After that, the wafer is taken out from the
etching solution and dipped into concentrated HNO3 for at
least 15 min. Finally, the substrate was cleaned with 5% HF
followed by DI water and air-dried. The surface of the Si
wafer appears black after the etching process, which is due
to the formation of SiNWs.

2.2
2.
2.1

Synthesis of rGO and rGO-PP composite

Experimental
Synthesis of SiNWs

The synthesis of SiNWs (scheme 1) was achieved by following the two-step electroless metal-assisted chemical
etching method (EMACE). At first, the n-type Si wafers
were cleaned by following the Radio Corporation of
America (RCA) cleaning procedure and then air-dried. The
as-cleaned Si wafer was then dipped into a solution containing 25 mM of silver nitrate (AgNO3) and 4.5 M HF
solution for 60 s. A thin and yellow film of AgNPs is
observed on the surface of the n-type Si substrate. The Ag
electrodeposited Si substrate was then dipped in an etching

At first, graphene oxide (GO) was prepared by following the
Hummers method. After that 0.1 g of GO was added in 50
ml of DI water and was ultrasonicated for about 1 h. A 10
ml of hydrazine hydrate (H2N–NH2) was then added dropwise to the resulting mixture with continuous stirring. The
mixture was then subjected to heating at 90°C for an hour.
The black residue obtained (rGO) was then filtered, cleaned
with DI water and ethanol, and dried in an oven. After the
preparation of rGO, the preparation of the rGO–PP composite was done by a simple method. In 5 ml of PP 0.01 mg
of rGO was taken in a mortar pestle and was grounded for
1 h. The obtained homogeneous and smooth paste is the
as-required rGO–PP composite.
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2.3

Device fabrication

After the successful synthesis of both SiNWs and rGO–PP
composite, the organic conducting materials were then
deposited on the surface of SiNWs via the drop-casting
method. Both PP and rGO–PP was deposited on the surface
of the 1 9 1 cm2 SiNWs substrate. The as-prepared
heterojunctions were then annealed at a temperature of
110°C for 15 min. The back contact of Ag on the heterojunction was done by depositing the Ag layer by the thermal
evaporation method and front contact was made using Ag
paste. The overall schematic of the heterojunction preparation is shown in scheme 2.

2.4

Characterizations of the samples

The SEM characterization of the samples was done using
JEOL, JSSM 5510. Atomic force microscopy (AFM)
characterizations of the samples were done by Nanoscope
III scanning probe microscope. X-ray diffraction (XRD)
characterization was done with the help of PAN Analytical
Spectris Technologies (PW 3040/60). The attenuated total
reflection-Fourier transform infrared (ATR-FTIR) spectroscopy characterization of the samples was done using
(Shimadzu, FTIR, IR Affinity-1S). Raman characterization
of the sample was performed by WITEC ALPHA 300 RS
by 532 nm laser at 1.5 mW power. The UV–visible characterization was done by UV-1800 SHIMADZU UV-spectrophotometer. The electrochemical properties of the
samples were analysed with the help of CH Instruments,
Inc. (Electrochemical AnalyzerCHI608E) by using Ag/
AgCl as the reference electrode, Pt wire as the counter
electrode and sample-coated glassy carbon electrode as the
working electrode. The electrolytic solution contained

Scheme 2. Schematic of device fabrication.
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tetrabutylammonium phosphorus hexafluoride in acetonitrile solution. Finally, the J–V characteristics of the solar
cells were obtained using Enlitech solar simulator with
KEYSIGHT (B2901A) precession source/measure unit.

3.

Results and discussion

3.1

Morphological characterization

Figure 1a and b shows the scanning electron microscopy
(SEM) and field emission scanning electron microscopy
(FESEM) images of SiNWs as synthesized by following
the electroless etching method. The etching time was
fixed for 5 min and Ag was taken as a catalyst to carry
out the etching process. From both the SEM and FESEM
images, it is clear that the arrays of SiNWs are highly
dense and vertically aligned. The diameter of the edge of
SiNWs ranges from 30 to 70 nm. In this study, two-step
electroless etching method was utilized for the synthesis
of SiNWs. In the first step, silver nanoparticles get
deposited on the surface of the Si wafer by following the
redox reaction given below.
Cathode reaction: Agþ þ e ! Ag

ð1Þ

Anode reaction: Si þ 6HF ! ½SiF6 2 þ4e þ 6Hþ
ð2Þ
Overall reaction: Si þ 6HF þ 4Ag
! ½SiF6 2 þ4Ag þ 6Hþ

þ

ð3Þ

The as-deposited Ag atom then undergoes nucleation to
form AgNPs. In the second step, the AgNPs-deposited Si
wafer is then placed in an etching solution containing (HF
? H2O2) in 1:1 ratio. The application of HF is to etch the Si
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Figure 1.

(a) SEM and (b) FESEM images of vertically aligned SiNWs on the surface of n-type Si wafer.

Figure 2.

SEM images of (a) PP and (b) rGO–PP layers deposited on the surface of SiNWs.

wafer, which is shown by the mechanisms given in the
equations below [2]
2H2 O2 þ 2e þ 2Hþ ¼ 2H2 O


ð4Þ
þ

Si þ 2H2 O ! SiO2 þ 4e þ 4H
2

ð5Þ
þ

SiO2 þ 6HF ! ½SiF6  þ2H2 þ 2H

ð6Þ

The interface between the AgNPs and SiNWs under it
acts as the half-cells, where the redox reactions take place.
Hence as a result of the above-mentioned reactions, vertically aligned SiNWs are obtained on the surface of an
n-type Si wafer [2].
Figure 2 shows the SEM images of (a) PP and (b) rGOPP layers deposited on the surface of SiNWs. The edges of

the PP appear to be flat and smooth, while in the case of
rGO–PP the edges of the sheet are thick and crumpled, this
might be due to the presence of twist and turn in the rGO
sheets. Moreover, the sheets of rGO–PP are opaque.
The morphology and the roughness of SiNWs were
analysed with the help of AFM images shown in figure 3.
The 3D AFM images showed that the nanowires are
grown vertically on the surface of an n-type Si wafer.
The diameter of SiNWs ranges between 110 and 500 nm,
which is larger than the diameter obtained from the SEM
images. This increase in the diameter of SiNWs is due to
the tip convolution effect. The surface of SiNWs appears
to be homogeneous due to the reduced roughness of the
SiNWs film. Figure 3c shows the 2D and 3D AFM
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Figure 3. (a) 2D and (b) 3D AFM images of SiNWs. (c) 2D and 3D AFM images of PP deposited SiNWs.
(d) Height profile of PP on SiNWs.

images and figure 3d shows the height profile graph of
PP deposited on SiNWs. The thickness of PP comes out
to be 300 nm as obtained by the height profile diagram.
A similar height for rGO–PP is also expected, as the
same volume of rGO–PP solution was taken for dropcasting the solution on the surface of SiNWs.

3.2

Structural characterization

Figure 4 shows the Raman spectra of both bulk Si and
SiNWs grown on Si substrate. The spectrum of SiNWs
shows a broad peak at 499 cm-1, which corresponds to the
first-order transverse acoustic phonon mode of SiNWs. The
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Figure 4.
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Raman spectra of n-Si wafer and SiNWs.

Figure 6. ATR-FTIR spectra of SiNWs, PP and rGO–PP
samples.

asymmetric peak broadening, which attributes to the larger
dimensions of SiNWs. The extra peak obtained at
520.2 cm-1 is for c-Si originated from the Si substrate.
Figure 5 shows the XRD spectra of SiNWs, PP and rGO–
PP samples. The XRD spectra of all the samples show good
crystalline behaviour of Si with the characteristic peak at
69.3° corresponding to the (400) crystal plane of Si (JCPDS
27-1402) [9]. SiNWs/PP and SiNWs/rGO–PP show the
appearance of three characteristic peaks, one at 69.3° for Si
(400) plane and two for PP with the corresponding 2h
values of 20.3 and 30.7°. No characteristic band is observed
for rGO, this is due to the incorporation of rGO inside the
PP layers [10]. Hence, from the above XRD analysis successful formation of rGO–PP is confirmed.

3.3

Figure 5. XRD patterns of SiNWs, SiNWs/PP and SiNWs/
rGO–PP heterojunctions.

Raman peak for bulk Si is obtained at 520.2 cm-1, which is
also the signature peak of crystalline Si. The Raman peak
for SiNWs shows a redshift to about 21 cm-1 with the

ATR-FTIR characterization

Figure 6 shows the ATR-FTIR spectra of SiNWs, PP and
rGO–PP composites. The ATR-FTIR spectrum of SiNWs
shows the presence of major vibrational peaks at 665.3 and
1068 cm-1 with a shoulder peak at 1216.9 cm-1. The peak
originated at 665.3 cm-1 corresponds to the presence of
Si–H2 bonds and the appearance of vibrational signatures at
1068 and 1216.9 cm-1 is coming from the Si–O–Si
stretching vibrations. Moreover, the broad signals originated in the range of 3600–3900 cm-1 correspond to the
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Figure 8. PL spectra of PP and rGO–PP at the excitation energy
of 400 nm.

Figure 7. (a) UV–visible spectra of rGO and rGO–PP.
(b) Reflectance spectra of Si/PP and SiNWs/PP.

presence of SiO–H stretching vibrations. Apart from that,
SiNWs contain some impurity signatures for C–H bonds at
2994.5 cm-1 and in the range of 1350–1740 cm-1. Also,
the presence of an atmospheric CO bond is revealed by the
presence of a sharp peak at 2358 cm-1.
The ATR-FTIR spectrum of PP shows the presence of
a vibrational signature at 945.3 cm-1 originated from the
S–O bonds derived from the PSS structure. The absorption
signatures obtained at 1064.47, 1126.3 and 1263.4 cm-1
confirm the presence of C–O–C and C–C bonds originated
from the ethelene-dioxy group present in the PEDOT
structure. Moreover, the weak FTIR signals obtained at
1441.8 and 1720.8 cm-1 correspond to the presence of C=C
and C=O bonds, respectively, coming from the PEDOT:PSS
structure. The ATR-FTIR spectrum of rGO–PP shows the
disappearance of all the functional groups and confirms the
successful formation of the rGO–PP composite. While in
the composite formation, PP layers completely cover the
rGO sheets. Therefore, the presence of only a vibrational
signature at 1556.8 cm-1 corresponds to C=C bonds present
in the rGO sheets. Similar results were also obtained by Lee
and Choi [13] for PP samples. Hence, from the ATR-FTIR
spectra, one could estimate the formation of SiNWs and
rGO–PP composite.

Figure 9.

3.4

UV–visible PL spectra of PP for bandgap calculation.

Optical characterization

Figure 7a shows the UV–visible absorption spectra of PP
and rGO–PP composites. The absorbance peaks originated
at 221.6 and 279.6 nm are due to the PSS structure. The
results show a similarity with the earlier reported work by
Mohsennia et al [14]. These bands correspond to the
p ? p* transition of the benzene rings of the PSS system.
After the incorporation of rGO, similar peak is originated at
213.5 nm coming from the p ? p* transition occurring
from the benzene structure of the PSS system. The small
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band originated at 277.4 nm is also due to the p ? p*
transition occurring in PSS as well as in the rGO sheets. The
band at 277.4 nm is slightly suppressed due to the suppression of some of the PSS structure by rGO sheets. Hence,
UV–visible spectra further support the successful synthesis
of the rGO–PP composite.
Figure 7b shows the reflectance spectra of Si/PP and
SiNWs/PP as a function of wavelength from 200 to 1100
nm. The reflectivity of Si/PP and SiNWs/PP varied from 25
to 45% and from 1 to 5% in the wavelength region of
200–600 nm, while it gradually increases at a higher
wavelength region. The reflectance spectra show that
SiNWs/PP has a lower reflectance than that of Si/PP due to
the enhanced light trapping and charge separation capability
of longer SiNWs. Therefore, the reduction of reflection and
strong absorption in SiNWs can be a promising structure to
improve the PCE of the hybrid solar cell [15].
Figure 8 shows the photoluminescence (PL) spectra of PP
and rGO–PP with the excitation energy of 400 nm. It is
observed that both PP and rGO–PP layers showed a PL

Figure 10.

band at 466 nm. The incorporation of rGO in PP significantly quenched the PL band due to the effective charge
transport process-taking place in the interface of the rGO–
PP composite. This suggests that the recombination rate of
holes and electrons is slower in the case of rGO–PP than in
PP, as at first the electrons get excited from the HOMO of
PP to the LUMO of PP and then is transferred to the LUMO
of rGO. Thereby preventing the direct recombination process and hence making the process slower and increasing
the lifetime of the phonons [14]. From this PL study, we can
conclude that rGO–PP shows more favourable results
towards higher values of solar cell parameters than pristine
PP.
Figure 9 shows the UV–visible and PL spectra of
PP taken in the solution state. The intersection of this
UV–visible and PL spectra gives the value of the bandgap
based on equation 7 [14]
Eg ¼

hc
;
k

CV curve of (a) ferrocene, (b) PP, (c) rGO and (d) Ag/n-Si/SiNWs/PP or rGO–PP/Ag solar cell structure.

ð7Þ
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Figure 11. Band structure diagram of (a) Ag/n-Si/SiNWs/PP/Ag, (b) Ag/n-Si/SiNWs/rGO–PP/Ag solar cells.
(c) Photo and (d) dark J–V characteristic curves of solar cells.

Table 1.

Values of the solar cell parameters.

Type
Ag/n-Si/SiNWs/PP/Ag
Ag/n-Si/SiNWs/rGO–PP/Ag

VOC (V)

JSC (mA cm-2)

FF (%)

g (%)

0.22
0.24

2.46
4.46

19
24

0.1
0.22

where Eg is the bandgap, h denotes Plank’s constant and k
the wavelength of light. It is observed that the wavelength k
is 698.4 nm, which corresponds to the bandgap of 1.77 eV.
3.5

Electrochemical characterization

CV was used to study the electrochemical properties of all
the samples by taking the electrolytic solution as 0.1 M of
tetra butyl ammonium phosphorus hexafluoride (TBAPF6)
in anhydrous acetonitrile (CH3CN). For organic semiconductors, the energy required to extract electrons is given by
the Eox the peak in the CV curve, which represents the
HOMO level, while LUMO gives the energy required to

inject an electron into the molecule as obtained by the ERed
of the CV curve. To calculate the HOMO–LUMO levels of
the PP and rGO samples, ferrocene is used as the reference
material. After that, the energy levels were calculated by
using the following equations [16].
h
i
þ
EðHOMOÞ ¼  Eox  E1=2 Fe =Fe þ 4:8
ð8Þ
h
i
þ
EðLUMOÞ ¼  ERed  E1=2 Fe =Fe þ 4:8
ð9Þ
The CV curve of PP shows the Eox of the peak at 1.06 V
and ERed the peak at - 0.6 V, so the estimated bandgap was
1.76 eV, which is in agreement with the bandgap obtained
from the optical characterization, i.e., 1.77 eV. Similarly,
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for rGO, the bandgap obtained from the analysis of the CV
curve is 0.04 eV as the result of the difference of Eox = 0.48
V and ERed = 0.44 V, therefore rGO shows slightly metallic
behaviour (figure 10).

3.6

Electrical characterization

The electrical characterization of the as-fabricated solar cell
was done under the illumination of 1.5 suns. The power
used for the calculation of solar cell efficiency is 100 mW
cm-2. Figure 11c shows the J–V characteristic curve of Ag/
rGO-PP/SiNWs/n-Si/Ag and Ag/PP/SiNWs/n-Si/Ag solar
cells. Table 1 shows the solar cell characteristics of device
performance. The solar cell with only PP as the conducting
p-layer obtained a VOC of 0.22 V, JSC of 2.46 mA cm-2, FF
of 0.19 and PCE of 0.1%. The solar cell fabricated with
rGO–PP composite as the p-type conducting layer led to a
significant increase in the JSC and the value of FF from 2.46
to 4.46 mA cm-2 and 0.19 to 0.24, respectively. Hence, the
PCE of Ag/rGO-PP/SiNWs/n-Si/Ag solar cells increases
from 0.1 to 0.22%. Earlier studies by Tiwari et al [17] and
Meiss et al [18] have reported low PCE. The incorporation
of rGO in PP efficiently enhances the efficiency of the solar
cell due to the collection of more numbers of electrons from
the junction and thereby reducing the recombination phenomenon. The incorporation of rGO provides an external
electron transfer pathway by improving the carrier separation and transportation processes [19]. It is observed that the
PCE of the device is low, which is due to the small sample
size (1 cm2) and poor band edge matching of the different
layers in the as-fabricated solar cells.
To understand the improvement of the device properties
with the incorporation of rGO in PP, dark J–V characterizations of the solar cell was also performed. The dark
characteristics are very important to study the diode characteristics of the heterojunctions. Figure 11d shows the dark
J–V characteristic curve for Ag/n-Si/SiNWs/PP/Ag and Ag/
n-Si/SiNWs/rGO-PP/Ag heterojunctions. The characteristics of the dark J–V curve show extremely good diode
characteristics of both heterojunctions, which is due to the
formation of a good rectifying junction between the SiNWs
and conducting polymers. Also from the J–V curve, it is
observed that the current density for Ag/n-Si/SiNWs/rGOPP/Ag is lower than that of Ag/n-Si/SiNWs/PP/Ag solar
cell, indicating that the suppression of leakage current is
more in case of rGO–PP than in PP solar cell. It is known
that the dark current consist of reverse saturated current
both in the thin film and bulk leakage current. The leakage
current densities of the heterojunctions can be obtained by
using the thermionic emission model given as [20]
 


qV
J ¼ J0 exp
1 ;
ð10Þ
nkT
where J is the value of current density, n corresponds to the
ideality factor, which is 1.74 for PP and 1.37 for rGO–PP, V

Bull. Mater. Sci. (2021)44:72
is the applied voltage, T gives the value of absolute temperature (298 K), q the electronic charge (1.6 9 10-19 C)
and k the Boltzmann’s constant (1.38 9 10-23 J K-1). The
value of J0 obtained is 2.9 9 10-6, and 9.7 9 10-7 A cm-2
for Ag/n-Si/SiNWs/PP/Ag and Ag/n-Si/SiNWs/rGO-PP/Ag,
respectively. Furthermore, the relationship between J0 and
VOC is made by the equation as
 
nkT
JSC
ln
VOC ¼
ð11Þ
q
J0 J
Hence, a lower saturation current is beneficial for the
solar cell to obtain higher values of VOC and more photogenerated charge carriers can flow through the solar cell
rather than being directly offset by dark current or by
shunting. Hence from here, we can say that rGO–PP composite can suppress the dark current, thereby increasing the
solar cell parameters like VOC , JSC and FF, which fits the
data shown in table 1.

4.

Conclusion

SiNWs hybrid solar cell has been prepared by using PP
and rGO–PP as the hole transport layer. The morphological characterizations of the samples were done by SEM
and AFM. The SEM as well as AFM images of SiNWs
show growth of vertically aligned SiNWs with the diameter ranging from 30 to 70 nm. The SEM image of rGO–
PP appears to be thick, opaque and crumpled, while the
film of PP appeared smooth. The Raman spectrum of
SiNWs showed a broad peak at 499 cm-1, which corresponds to the first-order transverse acoustic phonon mode
of SiNWs. The ATR-FTIR spectra of rGO–PP confirmed
the successful formation of the rGO–PP composite.
Moreover, the optical properties of both PP and rGO–PP
were studied by PL and UV–visible spectra. The bandgap
of PP was 1.76 eV and rGO was 0.04 eV, as obtained
from the CV analysis. From the dark J–V curve, minimum
value of leakage current (9.7 9 10-7 A cm-2) was
obtained for Ag/n-Si/SiNWs/rGO-PP/Ag heterojunction,
which further resulted in the increment of VOC value.
Maximum efficiency of 0.22% was obtained for rGO–PP
composite, while for PP the efficiency was just 0.1%.
Hence, the incorporation of rGO in PP can improve the
photovoltaic properties by increasing the conductivity of
the hole transport layer, making a good interface between
organic–inorganic heterojunction as well as by reducing
the recombination of electron–hole pairs.
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