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P3HT : nano Si hybrid solar cells
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Subramani Karthika and Venkatachalam Rajendran *ab

In this study, the hybrid solar cells (HSCs) were fabricated with high-purity nano Si from nano SiO2 precursor

extracted from natural minerals, that is, quartz sand. The prepared nano Si was used as an electron transport

material to prepare an active layer material mixture with poly(3-hexylthiophene) (P3HT) by mixing it in two

composition ratios, namely 1 : 1 and 1 : 0.8. The blended active layer solutions (ALSs) were prepared by

using solvents such as 1,2-dichlorobenzene (DCB), chlorobenzene (CB), and chloroform (CF). The HSCs

were fabricated using six blended ALSs, namely ALS1, ALS2, ALS3, ALS4, ALS5, and ALS6. The current

density–voltage characteristics of the fabricated HSCs were studied using a simulated AM 1.5G

illumination having light density power of 100 mW cm�2. The characterization properties such as short

circuit current density (Jsc) and power conversion efficiency (PCE) were studied and compared with

those of all six HSCs fabricated with six blended ALSs. At the outset, the P3HT : nano-Si (1 : 0.8) blended

ALS in CB solvent shows 2.37% PCE, and 46% of external quantum efficiency (EQE) absorption which is

higher than the other fabricated solar cells. This study discusses the possibilities of preparation of nano Si

from natural mineral sand, as an effective electron transport material to fabricate HSCs with enhanced PCE.
Introduction

Silicon solar cells are currently dominating the photovoltaic
(PV) market, due to their high-power conversion efficiency
(PCE), excellent charge transport properties, high purity, and
environmental stability. Currently, the methods used to
manufacture high-efficiency silicon wafer solar cells are
expensive in terms of material preparation and fabrication. The
possible alternative method to the fabrication of silicon wafer
solar cells is bulk heterojunction (BHJ) polymer solar cells.1,2

Recently, preparation of bulk BHJ photovoltaic devices by
different solutions has been reported using p-type conjugated
polymers, in combination with n-type polymers3 or fullerenes.4

The main drawbacks of BHJ polymer solar cells are high hole
mobility and low electron mobility. The intrinsic imbalances in
carrier mobility and thermal stability present in BHJ polymer
solar cells are overcome through HSCs based on a combination
of polymer/organic/inorganic/nanocrystal (NC) materials.5–8

The hybrid polymers and inorganic nanostructured mate-
rials are blended to form BHJ solar cells by considering the
conducting properties of both type of materials such as solution
processing of polymer semiconductors and high electron
mobility of inorganic semiconductors. In an HSC, the active
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layer is formed by the direct interfacial connection between
organic materials, such as small molecules and conducting
polymers, and inorganic semiconductors such as Nc Si, TiO2,
ZnO, PbS, CdSe, and CdS, as a nanostructured bilayered
conguration.9–14 The inorganic electron acceptor material can
provide more advantages to the system while maintaining a low
fabrication cost and high electron mobility.

Although many studies devoted to applications of semi-
conductor nanocrystals in solar cells have been published,15–17

the improvement in the surface modication procedure and
shell composition enhances the functionalities, such as charge
transport and electron mobilities, of the solar cells. The phys-
ical origin of the impact of the surface modication procedure
on charge separation, electron and hole mobilities process is
still limited in BHJ solar cells. However, such an analysis
provides a deeper insight into the elementary process occurring
in the hybrid blends and, therefore, promotes the development
of strategies to improve the PCE of an HSC.

In recent years, organic polymer as the donor material and
inorganic semiconductor as the acceptor material are efficiently
used to fabricate HSCs.18 The PCE of HSCs while using CdS,14

ZnO,11 and Si19 nanoparticles as an acceptor in HSCs are
2.17%,14 2%,11 and 1.06%,19 respectively. The nano Si shows low
HOMO–LUMO level, which in turn enhances electronmobilities
and PCE compared to other acceptor materials. The strategies
such as deposition of donor and acceptor materials,20 substrate
heating during deposition,21 ratio combinations,22 solubiliza-
tion of small molecules to enable material blending via solution
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Basic Structure of HSC.
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processing,23 and improvement of PCE are efficiently
implemented.

In solution-processing method, solvents are mainly shown
with a packed chain of donor and acceptor materials through
blending.23 Photoactive layer solvents are used to improve the
optical absorption, morphology and electron mobility. The
choice of solvent on a photoactive layer increases its tuning
absorption and the interface spectral region of the HSC.18,24 The
exciton of electron in acceptor material in the HSC is limited
due to its percentage weight ratio and hence, its affects the
generation of photocurrent density.18 The current density of the
HSC generally depends on the weight ratio of acceptor material.
Although limited studies are carried out on the selection of
solvent and solution concentration, a comprehensive knowl-
edge on the performance of the HSC device is essentially
required.

Nano Si-based HSCs are intensively studied due to their
unique advantages such as easy fabrication, high electron
mobility, and higher efficiency compared with traditional solar
cells.24,25 In our recent study, cost-effective fabrication of HSC
with high-purity nano Si as an acceptor material revealed the
PCE to be 1.06%.19 The magnesiothermic reduction process19

for preparing nano Si is a chemical-free and cost-effective
method in which a natural raw material (quartz sand) is
used.26,27 The quartz sand, which contains high amounts of
silicon dioxide, is the most useful source to prepare high-purity
silicon for solar cell applications.19,27 The magnesiothermic
reduction process is one of the best conversion methods to
obtain silicon from silicon dioxide with enhanced purity
without changing the original morphology.28 The use of nano Si
in the HSC opens up a new dimension in research to increase its
light-trapping ability, that is, tunable absorption and PCE.

In this study, we aimed to produce nanostructured Si parti-
cles from quartz sand by magnesiothermic reduction reaction
technique. The bilayered HSC solar cells were fabricated with
ITO/PEDOT:PSS/P3HT : nano-Si/Al conguration. The blended
(ALS) of P3HT : nano Si with two composition ratios, namely
1 : 1 and 1 : 0.8, were prepared using three organic solvents,
namely 1,2-dichlorobenzene (DCB), chlorobenzene (CB), and
chloroform (CF). The characterization properties such as PCE
and tunable absorption were explored and compared among
the various HSCs fabricated using two active-layer composition
blends in three solvents.

Materials and methods
Nano Si from quartz sand

Quartz sand was collected from southern part of Indian
Peninsula (i.e., Tuticorin, Tamil Nadu, India). The collected
sand was washed with 50 ml of 10% HCl for 2 h to remove the
metal ions. The leached quartz sand was ltrated and washed
with double-distilled (DD) water, and then dried at 100 �C. The
dried residue and sodium hydroxide pellets were mixed in
a ratio of 1 : 1 and then fused at 400 �C for 3 h. The fused
mixture was leached with DD water. The obtained mixture was
ltered and then titrated with 10 N of H2SO4 to get a gel. The
obtained gel was washed with DD water several times and then
This journal is © The Royal Society of Chemistry 2018
dried at 200 �C for 8 h in a hot-air oven to attain silica particles.
The obtained silica particles were blended with Mg powder in
a ratio of 1 : 1 using high-energy ball mill (PM100; Resteh,
Germany) without losing their structure. Further, the mixture
was heated at 600 �C at a rate of 10 �C min�1 for up to 4 h in Ar
(95 vol%)/H2 (5 vol%) atmosphere. The heat-treatedmixture was
immersed in 1 M of HCl solution for 5 h and then immersed in
a 10 wt% HF solution for 10 min. The obtained mixture was
vacuum-dried at 100 �C for 3 h, to get the nanostructured Si
particles.
Active layer solution

The HSC structure consists of an active layer sandwiched
between a transparent indium tin oxide (ITO) anode and metal
cathode aluminum (Al), as shown in Fig. 1. The active layer was
prepared by mixing P3HT (poly(3-hexylthiophene)) and nano Si
powders in two ratios, namely 1 : 1 and 1 : 0.8. The powders
were dissolved in three different solvents, namely DCB, CB, and
CF. Initially, P3HT (regioregularity of 96.6%; Ossila Ltd.) (25 mg
ml�1) and nano Si (25 mg ml�1) powders at a stoichiometric
ratio of 1 : 1 were dissolved in the DCB solvent separately. The
dissolved solution was stirred for 5 h at 50 �C in N2 atmosphere
inside a glove box to avoid unwanted molecule formation in the
solution. The dissolved solutions were mixed and stirred for
12 h at 50 �C inside the glove box. The obtained blended active-
layer solution was termed as ALS1. Then, the solution was spun-
coated onto quartz substrate surface to record ultraviolet-visible
(UV-Vis) absorption of ALS1. A similar procedure was used to get
uniform P3HT : nano-Si blended ALS in solvents CB and CF,
termed as ALS2 and ALS3, respectively. The above experimental
procedure was repeated to prepare the uniformly blended ALS
with P3HT (25 mg ml�1) and nano-Si (20 mg ml�1) powders in
1 : 0.8 ratio in the three solvents. The obtained blended ALS in
solvents DCB, CB, and CF were termed as ALS4, ALS5, and ALS6,
respectively.
Device fabrication

Using nano Si obtained from quartz sand, the HSCs were
fabricated employing four steps. In step 1, the ITO-coated
substrate with a sheet resistance of �10 U cm�2 was cut into
12.5 cm � 12.5 cm plates. These plates were rst cleaned
RSC Adv., 2018, 8, 35162–35169 | 35163
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sequentially with DD water, acetone, and isopropyl in an
ultrasonic bath for 10 min each. The cleaned plates were dried
in N2 gas and subsequently placed under vacuum treated with
oxygen (O2) plasma for 10 min with 150 W power. This resulted
in an increased porosity and hydrophilic nature of the coating
surface. In step 2, the poly(3,4-ethylenedioxythiophene)/
poly(styrenesulfonate) (PEDOT:PSS; Aldrich) solution was
initially ltered through a 0.45 mm lter.

The ltered solution was spun-coated (�40 nm thickness)
onto the surface of the ITO at 3000 rpm for 60 s. Then, the
substrate was heat-treated at 150 �C for 10 min in N2 atmo-
sphere to obtain uniform coating. Step 3 involved the coating of
the prepared active layer solution on the surface of the prepared
PEDOT:PSS. The blended active layer solution, that is, ALS1 was
initially ltered through a 0.45 mm lter. Then, the ltered
solution was spun onto the PEDOT:PSS surface at 1000 rpm for
50 s and le to baking at 120 �C. Step 4 included the process of
completion of fabrication of the HSC device. An aluminum layer
(�100 nm) was coated on the top surface of the active layer to
provide contacts by using a vacuum evaporator (�10�5 mbar)
through a shadow mask and monitoring its thickness (SQM-
310). The fabricated HSC device with an active area of 0.045
cm2 was termed as D1. Similar procedures were used to fabri-
cate the HSC devices, namely D2, D3, D4, D5, and D6, by using
the blended active layer solutions, namely ALS2, ALS3, ALS4,
ALS5, and ALS6.
Characterization

The structures of the prepared nano SiO2 and Si particles were
analyzed through an X-ray diffractometer (XRD; X'Pert PRO;
PANalytical, he Netherlands). The XRD patterns were obtained
using CuKa as a radiation source (l ¼ 1.54060 Å) with an
applied constant current and voltage 30 mA and 40 kV,
respectively, at a scan range of 10–80�. The particle size distri-
bution measurement was carried out with a submicrometer
particle size analyzer (Nanophox; Sympatec, Zellerfeld, Ger-
many) using dynamic light-scattering technique. The average
particle size d90 (i.e. d90, average diameter of 90 particles) of the
nano SiO2 and Si particles were measured at a scattering angle
of 90�.

The samples were characterized by an X-ray photoelectron
spectroscope (XPS, PHOIBOS HSA3500; SPECS, Germany) to
reveal the chemical composition and the relative concentration
of nano Si particles. The XPS spectra were recorded using a (VG
Microtech) at a base pressure �10�10 mbar. The XPS setup used
in this study was incorporated with a dual-anode Mg–Al X-ray
source with a hemispherical analyzer and a Channeltron
detector with a resolution of 1.3 eV.

The morphology, microstructure, and composition of the
prepared nano SiO2 and nano Si particles were measured using
a eld emission scanning electron microscope (FESEM, Ultra
55; Zeiss, Gemini, Australia) coupled with energy-dispersive
spectroscopy (EDS).

The absorption spectra of the nano Si particles were ob-
tained using a UV-Vis spectrometer (Cary 8454; Agilent, Singa-
pore) over a wide range (180–800 nm) at a step size of 5 Å.
35164 | RSC Adv., 2018, 8, 35162–35169
Thereaer, 0.1 mg nano Si was dispersed in ethanol and then
transferred to a 2 ml cuvette for UV-Vis analysis. The bandgap
energy (Eg) of the nano Si particles was obtained using the
following equation:

Eg ¼ h
c

l
(1)

where Eg is the bandgap energy (eV), h is the Plank's constant, c
is the velocity of light, and l is the wavelength. The absorption
spectra for various blended active layers such as ALS1, ALS2,
ALS3, ALS4, ALS5, and ALS6 aer coating on the quartz plates
were measured using a UV-Vis spectrophotometer (Genesys 10S;
Thermo Scientic, Singapore). The surface morphology of the
samples was recorded employing atomic force microscopy
(AFM) (Vecco-di Innova-SPM, version 7; USA) with a scan area of
100 mm at a scan rate of 25 mm s�1 (probe-Antimony–Silicon)
under tapping mode.

During the J–V characterization in forward bias measure-
ment, the ITO electrode was used as a positive electrode
whereas the coated Al was used as a negative electrode. The J–V
characteristics of all the fabricated HSC devices were studied
with a computer-controlled source meter (2400 SourceMeter;
Keithley) along with a solar simulator (CT 100 AAA; Oriel Sol3A,
Newport Corporation) with an AM 1.5G spectral correction lter
with 100 mW cm�2 light intensity.

The ll factor (FF) and the overall incident light power to
electrical power conversion efficiency of the solar cell was
calculated using the following equations:

PCE ¼ Jmax Vmax

Pin

(2)

FF ¼ Jmax Vmax

Jsc Voc

(3)

where Jsc is the short circuit current density (mA cm�2), Voc is
the open circuit voltage (V), Pin is the incident light power, Jmax

and Vmax are the current and voltage maximum power point
obtained from J–V curves respectively. External quantum effi-
ciency (EQE) spectra were obtained from Bentham's PVE300.
EQE measurers the ratio between the incident photons on the
fabricated HSCs from the input source.

Results and discussion

The XRD patterns for nano SiO2 and Si particles are shown in
Fig. 2. The observed hump in the XRD pattern in the 2q range
from 15 to 30 indicates the disorder structure of nano SiO2, due
to its amorphous nature.29 The XRD pattern for the nano Si
reveals its crystalline nature. The major peaks observed at q ¼
28, 47, 56, 69, and 76 correspond to the planes (111), (220),
(311), (400), and (331), respectively. The average crystallite size
measured from the full-width at half maximum of the corre-
sponding peaks using the Scherrer formula30 was 54 nm. All the
peaks revealed the formation of face-centered cubic structure of
Si (JCPDs le no. 27-1402, 1999), which is more suitable for
energy conversion applications.31

Fig. 3 shows the particle size distribution of nano SiO2 and Si
particles. The particle size distribution for nano SiO2 shows
This journal is © The Royal Society of Chemistry 2018
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Fig. 5 XPS binding energy of nano Si particles (a) Full survey of nano Si,
(b) 2p region of nano Si and (c) 2s region of nano Si.

Fig. 4 FESEM images of (a) nano SiO2 and (b) nano Si.

Fig. 3 PSD of nano SiO2 and nano Si.

Fig. 2 XRD pattern of nano SiO2 and nano Si.
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a broad range distribution, that is, in the range of 8–79 nm. The
average particle size of nano SiO2 (i.e., d90) is 26 nm. Aer
magnesiothermic reduction process, a larger shi in particle
size distribution of the obtained nano Si particles was observed.
A narrow particle size distribution in the range of 5–47 nm was
noticed in nano Si compared with nano SiO2 particles. The
average particle size distribution for nano Si was 15 nm.

The FESEM image and EDS pattern for the nano SiO2 parti-
cles are shown in Fig. 4a. The FESEM image of nano SiO2

particles (Fig. 4a(i)) clearly indicates that the particles are
agglomerated and have spherical morphology. The EDS pattern
shows the presence of silicon and oxygen atoms, and also
conrms the formation of nano SiO2 particles. Fig. 4a(ii) shows
that the elemental composition oxygen-to-silicon ratio in nano
SiO2 is 64 : 36. The surface morphology of nano Si shown in the
SEM image in Fig. 4b(i) illustrates its spherical morphology with
the absence of interfacial gaps. The absence of interfacial gaps
helps to enhance the conductivity32 of the nano Si particles. The
elemental composition of nano Si is 92%, as shown in
Fig. 4b(ii). The structures of nano Si and SiO2 are same due to
modied magnesiothermic reduction process.

The XPS measurement shows the high purity of the prepared
nano Si particles. As shown in Fig. 5a, two main peaks, Si2p and
Si2s, are observed. The binding energy of nano Si at Si2p and Si2s
is 99.0 and 154 eV, respectively (Fig. 5b and c). The peak
This journal is © The Royal Society of Chemistry 2018
position of Si2p exhibits a stronger and higher energy region of
Si. The weak peak observed at 103 eV shows the existence of
a small amount of amorphous SiO2, as reported earlier.33 In
contrast, the Si2p spectrum of completely reduced silicon
nanoparticle formed by using the modied magnesiothermic
reduction process contains mainly a peak for Si–Si bonds at
99 eV. The high purity of nano Si particles shows that they can
be used in electronic and energy conversion applications.34

The UV-Vis absorption spectra for the nano Si are shown in
Fig. 6. The absorption takes place at 480 nm in the visible
region. The energy bandgap is obtained using the following
relation:

ahv ¼ A(hv � Eg)
n/2 (4)

where a is the absorption coefficient, A is a constant, Eg is the
band gap, and n is the exponent depending on quantum
RSC Adv., 2018, 8, 35162–35169 | 35165
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Fig. 8 AFM images of P3HT : nano Si thin films on tapping mode: (a)

Fig. 7 Effect of UV absorption on different ratios and solvents.
Fig. 6 UV-Visible absorption for nano Si and inset photon energy.
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selection rule n ¼ 1 in case of material with direct transition.35

According to the above relation, the intercept of the tangent on
the photon energy axis corresponds to the optical band. The
electron absorption at lower band gap photon energy (2.58 eV)
obtained for nano Si particles is shown in the inset in Fig. 6. A
similar observation made in an earlier study28 supports the
formation of pure phase and good absorption. The above
studies show that the electron transport properties in the UV-
Vis region are high, showing it as a potential candidate for
solar cell fabrication.35

The absorption spectra of P3HT : nano-Si active layer in two
weight ratios (1 : 1 and 1 : 0.8) blended in three solvents aer
coating on quartz substrate are shown in Fig. 7. The absorption
spectra for the P3HT : nano-Si (1 : 1) active layer in ALS1 (DCB),
ALS2 (CB), and ALS3 (CF) solvents are shown in Fig. 7. In all
three solvents, the absorption peak is observed in UV-Vis
spectra region between 300 and 550 nm. The absorption spec-
trum for P3HT : nano Si active layer in CF (ALS3) solvent shows
a weak absorbance in the range of 300–550 nm due to absence
of a conjugated double bond of the solvent.36 The existence of
polymer–solvent disorder in the ALS may strongly lead to
reduction in the absorption intensity. A high peak intensity is
observed in ALS2 with CB as a solvent at 350 and 550 nm with
relatively high interactions of chainmolecules in the active layer
materials.37 A small but noticeable intensity peak is observed in
ALS1 in DCB solvent, which shows the presence of lmax with
a conjugated double bond.38 The DCB solvent shows higher
absorption intensity peak compare with other two solvents (CB
and CF), which supports photon excitons and electron transfer
between donor and electrode. The absorption spectra for
P3HT : nano Si active layer with 1 : 0.8 ratio in three solvents,
that is, ALS4 (DCB), ALS5 (CB), and ALS6 (CF), are shown in
Fig. 7.

ALS6 shows a broad absorption peak with low intensity
between 350 and 550 nm, which affects the interaction between
donor and acceptor in active layer. ALS4 shows a higher inten-
sity peak at 350 and 550 nm in DCB solvent. The observed peak
can be attributed to the (p–p*) transitions of the ALS4 active
layer.39,40 ALS5 in CB solvent shows higher absorption than ALS4
and ALS6, which in turn helps to enhance the generation of
exciton and interaction of molecules. The knowledge on the UV-
35166 | RSC Adv., 2018, 8, 35162–35169
Vis absorption spectra of the active layer is key to fabricate the
polymer HSC with higher conductivity pathways, improved hole
and electron mobility using different stoichiometric composi-
tions of active layer materials and solvents. Among all six ALSs,
a signicant enhancement in the UV-Vis absorption spectra for
ALS1 (DCB solvent, 1 : 1) and ALS5 (CB solvent, 1 : 0.8) can be
noticed from Fig. 7. The observed higher absorption intensity in
DCB (ALS1) and CB (ALS5) solvents may attribute to enhanced
photon harvesting and hence leads to higher exciton genera-
tion. This in turn reects on Jsc, which depends on the
absorption coefficient of the active layer, the exciton-
dissociation rate, and electron transport property.24 The
magnitude of the absorption of P3HT : nano Si blends
improved the light harvesting from visible region. The obtained
higher Jsc and PCE by improving the optical absorption in the
visible region, dissociation of excitons, and the electron trans-
port then already reported standard HSCs.25,41

The nanoscale morphology of P3HT : nano Si thin lms is
studied using tapping-mode AFM. Variation in the surface
morphology and RMS surface roughness of P3HT : nano Si
active layer in three different solvents and two different ratios
(1 : 1 and 1 : 0.8) coated in thin lms as shown in Fig. 8. The
1 : 1 ratio of DCB(ALS1) solvent coated lm reveals a smooth
surface with rms roughness of 2.33 nm.42 On the other hand,
CB(ALS2) and CF(ALS3) solvents coated lms shows higher
surface roughness with rms values of 2.73 nm and 3.24 nm
respectively. The ratio of 1 : 0.8 coated lm revealed better
ALS1, (b) ALS2, (c) ALS3, (d) ALS4, (e) ALS5 and (f) ALS6.

This journal is © The Royal Society of Chemistry 2018
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Table 1 Photovoltaic parameters for the P3HT : nano Si active layer in different weight ratios and solvents

Device name

Characteristics parameters

Jsc (calc.), (mA cm�2)Jsc (mA cm�2) Voc (V) FF PCE%

P3HT : nano Si (1 : 1)
D1 9.84 0.49 0.43 2.12 9.45
D2 8.86 0.45 0.42 1.71 8.23
D3 6.13 0.39 0.41 0.97 5.84

P3HT : nano Si (1 : 0.8)
D4 9.98 0.47 0.44 2.06 9.53
D5 11.02 0.52 0.41 2.37 10.75
D6 7.44 0.44 0.38 1.26 6.67

Fig. 9 Jsc–Voc characteristics of fabricated devices by using different ratio in different solvent.
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distribution and diffusion of P3HT with nano Si matrix. The
rms value for the DCB(ALS4), CB(ALS5) and CF(ALS6) solvent
coated lms is respectively 2.04 nm, 1.64 nm, and 2.89 nm. This
variation in the surface roughness appears to have signicant
effect on the performance of devices. In general, ALS5 coated
thin lm reveals less rms value leading to an enhanced light
absorption and the number of exciton generation.42 The distri-
bution of active layer in ALS5 coated thin lmmay also facilitate
the electron transportation as well as better diffusion results in
good interpenetrating network which in turn supports to
improved the performance solar cell.43

The current voltage characteristics (Jsc–Voc) of the fabricated
HSC devices D1, D2, and D3 using the ALS1, ALS2, and ALS3,
respectively, are shown in Fig. 9a. However, the Jsc–Voc
Fig. 10 FESEM of fabricated architecture of HSC.

This journal is © The Royal Society of Chemistry 2018
characteristics of HSC devices, namely D4, D5, and D6, fabri-
cated using ALS4, ALS5, and ALS6, respectively, are shown in
Fig. 9b. A comprehensive analysis of Jsc–Voc characteristics of all
the fabricated HSC devices helps in exploring the electron and
hole mobility between P3HT and nano Si, as reported earlier.44,45

The current–voltage characteristics parameters, namely Jsc, Voc,
FF, and PCE for all HSC devices are shown in Table 1. In any
chosen active layer composition, that is, 1 : 1 or 1 : 0.8, the
solvent is changed to explore the electron and hole mobility
between P3HT and nano Si. The FESEM images of the fabricated
architecture ITO (120 nm)/PEDOT:PSS (60 nm)/P3HT : nano-Si
(160 nm)/Al (100 nm) for D5 are shown in Fig. 10. It can be
seen that the overall active layer thickness remains constant
and indicates a well-dened interaction between molecules in
P3HT : nano Si in D5, as reported earlier.23

The Jsc and Voc of D1 show higher values than D3 whereas for
D2, they lie in between. Further, the PCE of D1 is 75% higher
than D2 (Table 1), which is ascribed to enhanced molecular
interactions and electron transitions. The enhanced PCE is
ascribed to absorption coefficient of the solvent and conjugated
double bond as evident from UV-Vis results (Fig. 7). Similarly,
the PCE of D1 is 40% higher than that of D2. The observed
higher Jsc values for D1 (9.84 mA cm�2) than D2 (8.86 mA cm�2)
and D3 (6.13 mA cm�2) reveal the enhanced electron mobility of
nano Si used as an acceptor material. The above studies conrm
that ALS1 in DCB solvent leads to generation of more excitons,
which in turn separates the electron hole pairs of HSCs.44
RSC Adv., 2018, 8, 35162–35169 | 35167

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra05440a


Fig. 11 EQE spectra for fabricated HSCs using different ratio in
different solvent.
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Therefore, the interaction between P3HT : nano-Si ALSs in DCB
solvent is higher than that of solvents CB and CF, resulting in an
increased intermolecular excitons, as reported earlier.19,20,27

The current–voltage characteristics of D4 and D6 reveal
similar behaviors as those of D1 and D2, whereas the current–
voltage characteristics of D5 reveal a different behavior. The
observed higher magnitude of Jsc for D5 in CB solvent can be
due to the enhanced UV-Vis absorption of ALS5. This results in
enhanced generation of photon excitons in the ALS5 and hence,
may lead to a 2.37% increase in PCE (Table 1). The observed
increase for D5 is due to improved absorption in ALS5s, as
noticed from the spectra shown in Fig. 7. The PCE of the device
D5 is two times higher than that of HSC obtained using nano Si
(1.06%).19 The observed higher Voc value (0.52) in D5 than that
in D1, D2, D3, D4, and D6 indicates an improvement in the
energy level between the valence and conduction bands of the
active layer, as reported earlier.24 The observed higher PCE
(2.37%) in D5 is due to higher level of excitons of HOMO–
LUMO. In case of D1, the possibility of HOMO–LUMO level is
less because of the lower recombination rate resulting in lower
Jsc (9.84 mA cm�2) of D1 than D5 (11.02 mA cm�2).46 The above
observation shows that D5 fabricated with P3HT : nano-Si in the
ratio 1 : 0.8 in CB solvent exhibits higher PCE (2.37%) than the
previously reported PCE (1.06%).19 This clearly shows that the
HSC can be fabricated using nano Si as a potential active
material with enhanced PCE.

Fig. 11 shows a comparision of the EQE spectra of fabricated
all six hybrid solar cells with different active layer. The higher
absorption wavelengths ranging from 400 nm to 600 nm. The
maximum EQE is 46% at 530 nm obtained by the device D5 with
active layer ASL5 (CB solvent) this difference is due to the
complex index of refraction of the active layer.47
Conclusion

High-purity nano Si was extracted from natural mineral (quartz
sand) by magnesiothermic reduction reaction method. The
prepared nano Si was used as an acceptor material for the
fabrication of HSC devices. The active layer with a mixture of
materials P3HT and nano-Si in the ratios 1 : 1 and 1 : 0.8 was
taken to obtain ALSs using solvents DCB, CB, and CF. The
35168 | RSC Adv., 2018, 8, 35162–35169
absorption spectra for all six ALSs reveal that ALS1 (DCB) and
ALS5 (CB) show higher magnitude of absorption. Six HSC
devices (i.e., D1, D2, D3, D4, D5, and D6) were fabricated using
the prepared ALSs such as ALS1, ASL2, ALS3, ALS4, ALS5, and
ALS6, respectively. Among six fabricated HSC devices, the PCE
of ALS5 coated D5 (2.37%) is 11.79% higher than ALS1 coated
device D1 (2.12%) and also exhibits better performance. Our
best results, in this work are achieved 2.37% of PCE, 11.02 mA
cm�2 of Jsc and 46% of EQE in a ratio of 1 : 0.8 in CB solvent
devices its enhanced absorption coefficient and electron
mobility while compare with other solvent devices. The EQE
results higher absorption in this study reveals the possibilities
of preparation of nano Si from natural mineral sand as an
effective acceptor material to fabricate HSCs with enhanced
PCE.
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