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Abstract
Near nano limit of [vanadium sulfate hydrate / porous silicon] heterojunction using zinc sulfide as a window for solar
cell applications were investigated. Nanoparticles of vanadium sulfate hydrate were prepared by the electrochemical
method followed by deposited in the form of thin films on bases of conductive glass and porous silicon to study the
structural properties. The transmittance, absorbance and energy gap for the active material and the nanolayer window
were performed. Grain size and roughness rate were determined via the surface topography test. The electrical
parameters were measured, including the electrical conductivity. Nano crystalline porous silicon (PSi) films from
p-type silicon (p - Si) wafer are synthesized using electrochemical etching (ECE) process of p-silicon wafer. Effective
reflectance was obtained by (ZnS/VOSO₄.H₂O/PSi/p-Si) thin film that display excellent light-trapping at wavelengths
ranging from (200 – 900) nm. The energy band gap of (VOSO4.H2O) NPs was calculated and found (4.2 - 5) eV. The
average grain size ranged (67.7 – 82.9) nm. The electrical measurements current – voltage (I-V) were examined in
dark and illumination conditions, for the heterojunctions fabricated. The efficiency of solar cell was reached (12.96%)
while the power conversion efficiency was reached (51.8%).
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Introduction
Nanomaterials are taking a big and fast evolution in
recently since it has upright characteristics and
possibility employments in a vast assortment of
technological fields like photovoltaic applications
(Paul, Bappi, et al. 2021). Porous Silicon (PSi)" which
is made as a device bound the sir holes (pores) in
silicon thin film" in nano size obtained strong
luminescent properties, where it can be keened
photoluminescence (PL) efficiency in the visible
range of spectrum at room temperature (MartınPalma, R.J., Pérez-Rigueiro, J. and Martınez-Duart,
J.M., 1999). Sometimes, word nano porous used for
a smallest - pore pattern to ensure the nanometric
dimensions. The volumetric fraction of air of the
material is called porosity (P %). the internal surface
of PSi per unit volume can be very large, of the order

of 500 m²/cm³ (Zilkie, A.J., Meier, J., Mojahedi, M.,
Poole, P.J., Barrios, P., Poitras, D., & Aitchison, J.S.
2007).
Vanadium (V23) is a chemical element, it is a
malleable transition metal exist naturally occurring
element that is widely distributed in the
environment in a number of minerals in oxidation
states III, IV and V. In most of the minerals the
vanadium is found as an oxide but occasionally it
assumes the role of a metal cation. Vanadyl sulfate
hydrate VOSO4.H2O, appears as a blue crystalline
solid, denser than water and highly soluble in water.
It is also generally stable under recommended
storage conditions. Vanadyl sulfate is extremely
toxic when ingested and great care should be taken
not to touch or inhale the compound during use.
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Numerous literatures had been published on the
subject of porous silicon and the use of the
electrochemical etching method in addition to the
method of preparing thin films using the droplet
casting technique and studying the physical and
technological properties of the membranes of the
different systems for manufacturing solar cells with
various windows of the type n or p like zinc sulfide,
where these research provided important
information in support of the research that followed;
some of these literatures" ultraviolet to visible light
sensing
property
of
metal-semiconductormetal was reported to enhance the optical
properties of
ZnS-PS: p-Si hybrid heterostructure
(M Das, S Sarmah, D Sarkar 2021), the synthesis and
the optical response of gold nanoparticles and thin
nanostructured films grown by pulsed laser
deposition are studied (M Ghidelli et al. 2018), the
thermionic vacuum arc technology has found its
firm place among the different procedures for thin
film deposition (R Vladoiu et al. 2020)".
The Aims of the study summarized by preparation
and characteristic of VOSO4.H2O NPs prepared by
using the hydrothermal method, and deposition on
porous silicon and glass by the aid of drop casting
method, then it will be studied its structural and
morphological properties. As well as fabricated
porous silicon substrate by the aid of
electrochemical etching (ECE), and investigate its
morphology and structural properties. Moreover,
calculate the efficiency of (Ag / ZnS / VOSO4.H2O /
PSi / Si / Al) heterojunction as solar cell.
Theoretical Considerations
Solar cells are electrical devices with an optical and
structural basis, through which light is invested to
produce electrical energy. Therefore, it is very
necessary to study the theoretical basis for the
physical and technological characteristics for the
components of the solar cell, since it is led to
determine the efficiency of these cells. By studying
X-ray diffraction (XRD), it is possible to determine
the structural properties, including the rate of
crystallite size (D). The rate of crystallite size can be
calculated from the x-ray examination using the
Sherrer formula (B Himabindu et al. 2021):
0∙94 × 𝜆
𝐷 = 𝛽 × 𝑐𝑜𝑠(𝜃)
(1)
𝛽: represent full width at half maximum (FWHM)
measured by radian angles.
The dislocation density is the number of dislocations
of lines that take off the unit area in that crystal. This
is the percentage of total length of all dislocation
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lines, and crystal volume, in practices the density of
the dislocations is measured using the giving
relationship (C Shang et al. 2021):
1
𝛿 = 𝐷²
(2)
Where δ: is the dislocation density (Lines/(nm)2),
D: represent the average crystallite size (nm). Micro
strain (ε) is a measure of the deformation of the
material due to stress and tensile tension in the
chain, which causes the lattice to continually deviate
from its regular card value. The thin film's growth
comes from the expansion of the compression
within the crystalline lattice, which could
be measured by the following equation
(S Chattopadhyay et al. 2021):
𝛽 ×𝑐𝑜𝑠𝜃
𝜀=
(3)
4
The optical properties of PSi have not been
determined with enough resolution to confirm the
quantum confinement model directly. The
absorption edge of the band to band transition is
affected by quantum confinement and it increases
with the increase in the confinement energies of
electrons and holes. It can be computed the energy
gap according to the following equation
[Y Matsuzaki et al. 2021]:
1240
𝐸𝑔 (𝑒𝑉) = 𝜆
(4)
57
Transmission represent the amount of intensity
light rays (I) that penetrated the thin film produced,
to the ratio of the fall light rays from the source (Io)
[Hegazy, H. et al. 2021]:
𝐼
𝑇=
(5)
𝐼0

Absorbance (A) defines by the ratio between the
intensity radiations absorbed by thin films prepared
(Ia) and the intensity incident radiation (Io) (Goblet,
M. et al. 2021):
𝐼
𝐴 = 𝐼𝑎
(6)
0

Absorption describes a reduction in electromagnetic
radiation intensity when reaching a certain medium.
Absorptions can be also being expressed in terms of
transmission (T) and reflectivity (R) (Aggoune, W.,
et al. 2021):
𝐴=1−𝑇−𝑅
(7)
Reflectance (R) can be explained as the ratio of the
reflected beam intensity (IR) at the two-sided
bordered and the intensity of the incident beam.
Reflectivity is dependent upon the wavelength and
nature of the surface of the thin film surface. It can
be estimated based on the following relationship
(Zhao, Y., et al. 2021):
𝐼
𝑅 = 𝐼0
(8)
𝑅
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One of the most basic parameters of the electrical
properties of a solar cell is the filling factor. It defines
as the ratio between ability from heterojunction and
real abilities (ImVm / ISC VOC). The ability can be
obtained from the solar cell and can be written as the
following relation (Green, M., et al. 2021):
(𝐼 𝑉 )

𝐹. 𝐹 = [(𝐼𝑚𝑉𝑚 )] × 100%
𝑠𝑐 𝑜𝑐

(9)

𝑃𝑚 = [𝐼𝑚 𝑉𝑚 ]
(10)
Where Vm: highest voltage. Im: highest current. Pm:
maximum electrical power. Conversion efficiency
(η) represents by the ratio between the biggest
external electrical powers (Pm) to the incident light
power (Pin) on an active area (Aac), determine by
relation (Akman, E., et al. 2021):
(𝑃𝑚 )

𝜂 = [(𝑃

𝑖𝑛 𝐴𝑎𝑐 )

] × 100%

(11)

The power conversion efficiency (PCE) is defined as
"the percentage of the solar power that is changed
from absorbed light to electrical energy" (Zhao, L., et
al. 2021):
(𝐹𝐹×𝐽 ×𝑉 )
𝑃𝐶𝐸 = [ (𝑃𝑠𝑐 ) 𝑜𝑐 ] × 100% (12)
𝑖𝑛

Experimental
One of the most common way to prepare thin films
solvent, which considered as the simplest method to
fabricate thin films is (Drop casting method), where
the nanoparticles prepared from (VOSO4.H2O) and
mixed with distilled water. In addition to this
composite process, the granulate material dissolved
in the distilled water to prepare a solvent with
heated the mixture then prepared specific
concentration, at the last deposited on porous
silicon and glass substrates.
Monocrystalline silicon wafer (p-type) having
resistivity of (10 Ω.cm), and an orientation of (100).
The porous of (p – type) silicon layers were
fabricated by electrochemical etching where a
p-type silicon substrate was placed in the Teflon
etching cell using a mixture (1:1) of hydrofluoric
acid (purity 40%) and ethanol (purity 99.99%) at
room temperature. The substrates were cut into
rectangles with areas of (1.5 × 1.5) cm². The sample
was etched at a current density of (10) mA/cm² at
etching time (10) min. After chemical treatment,
(0.1) μm thick (Al) layers were deposited, by using
an evaporation method, on the backsides of the
silicon wafer as electric electrode, besides using
(ZnS) to make window on the surface of
(VOSO4.H2O) follow the making (Ag) electrode on
the surface of (ZnS) layer.
In brief, the properties for this study included the
structural, optical and electrical measurement for
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the active areas (Aac) of (Ag / ZnS / VOSO₄.H₂O / PSi
/ p-Si / Al) solar cell.
Result and Discussion
The results came in order to achieve the goals set for
this study, which included the structural, optical and
electrical properties of the heterojunction for the
purpose of using there to improving the solar cell
efficiency. The structural properties were verified
through an x-ray examination. Figure (1) shows the
XRD examination of the nanofilm (VOSO₄.H₂O)
deposited on a glass base with one mole
concentration. The result was matched with the
standard card (this Figure shows peaks which
agreement with the cards (JCPDS 20-1224:
S, 73-0514: VO₂). The highest value of the compound
was at the angle (2ϴ = 13.09 0). From the matching it
can be seen that the most of XRD peaks are indexed
to hexagonal structure.
Figure (2), represents an X-ray test of each of the
standard crystalline silicon thin film in addition to
the porous silicon sample prepared as coming in the
procedure of experimental work. A single strong,
sharp and narrow peak is seen at 2θ = 69.14°
oriented only along the (100) direction and
confirming the single-crystal structure of the PSi 58
layer, belonging to the reflective plane (100) of Si
(According to ICDDN 1997 and 2011 JCPDS).
Through the Figure, a wide sharp peak can be seen,
and the slight width of the zigzag peaks can be
explained as being due to the increase in the
thickness of the porous silicon layer at the nano size.
Through the XRD results, it was found that the
porous silicon was formed into thin crystalline
silicon, which helped to increase the absorption
range of the visible spectrum.
Figure (3) summarizes the x-ray examination of the
window material n - type (ZnS), and it can be seen
from the Figure that the highest direction of growth
of the compound was at the angle (2ϴ = 27.9 0). All
results of x – ray examinations are illustrated in
Tables (1).
Table 1. XRD characteristics of PSi, (VOSO₄.H₂O) and ZnS.

Sample
Type

2ϴ
deg.

β
deg.

D
nm

PSi
VOSO4.H2O
ZnS

69.14
13.09
27.9

2.28
0.236
0.073

60.79
33.47
22.42

δ x 10-4
Lines /
nm2
2.70
8.92
1.989

ε x 10-4
(lines-2
nm-4)
82.16
8.44
0.309
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formation of uniform porous structure on the silicon
wafer as shown in Figure (4). The pore average
diameter, average roughness and root mean square
have been estimated. Figure (4) shows 3D AFM
image for PSi, VOSO4.H2O and ZnS NPs. The
morphology of the fabricated PSi layer by the AFM
analyses is shown homogeneous and smooth
structures. It has columnar grains measured from
AFM analysis using software (imager 4.62) their
average grain size, average roughness and the RMS
are listed in Table (2). The AFM image of the
irradiated surface exhibits coarser grind and rough
surface.

Figure 1. The XRD pattern of VOSO4.H2O NPs solvent

Table 2. The Grain size, Roughness average and Root mean square of
PSi. VOSO4.H2O and ZnS.

Sample
type
PSi
VOSO4.H2O
ZnS

Figure 2. The XRD pattern: (A) of PSi sample anodized etching current
density at (10) mA/cm² and etching time (10) min. (B) Crystalline
Silicon wafer

Figure 3. The XRD pattern of (n – ZnS) NPs

The specific investigation AFM images of PSi
prepared from p-type silicon samples, which
synthesis with fixed current density (10 mA/cm2)
and time etching (10 min) are illustrated the

Grain
size
nm
82.9
45.92
73.33

Roughness
nm

Root Mean
Square nm

18.9
2.34
4.52

9.7
2.7
4.83

Essential investigations on (PSi) show the result of
an important signal of material represented via
photoluminescence spectra of the (PSi / Si), 59
(VOSO4.H2O / PSi / Si) and (ZnS / VOSO4.H2O / PSi /
Si) heterojunctions as shown in Figure (5).
The emission peak of PSi are displayed at (770 nm)
for the excitation wavelength at (650 nm). In this
specific test, PL spectrum of NPs solution prepared
with different concentration deposited on porous
silicon
(PSi)
substrate,
VOSO4.H2O/PSi
heterojunction, the results done at room
temperature with an excitation wavelength (550
nm), as illustrated in Figure (5). A single broad beak
given at the area of green color 550 nm (2.25 eV)
observed from the NPs fabricated films in (1 mole)
concentration. The PL spectrum of (ZnS / VOSO4.H2O
/ PSi / Si) shows the Gaussian curve.
Table (3) represents the measurement and
calculations of electric properties to get the
efficiency of the (Ag / ZnS / VOSO4.H2O / PSi / Si /
Al) heterojunction as the solar cells device.

Table 3. The parameters of I-V curve characteristics of active heterojunction solar cell

Sample type

Voc (V)

Ag / PSi / Si / Al
Ag / VOSO4.H2O /PSi / Si / Al
Ag / ZnS / VOSO4.H2O /PSi / Si /Al

4.3
7.25
6.92
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Isc
[mA]
5.2
8.8
12.8

Jsc [mA
/cm2]
5.2
8.8
12.8

Im
[mA]
4.24
6.76
9.6

Vm (V)

F.F %

η%

3.6
4.9
5.4

68.2
51.9
58.5

3.81
8.28
12.96

PCE
%
15.2
33
51.8
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(a)

(b)

60

(c)
Figure 4. AFM of a) PSi, b) VOSO4.H2O and c) ZnS NPs
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Figure 5. Photoluminescence spectra of the (PSi / Si), (VOSO4.H2O / PSi / Si) and (ZnS / VOSO4.H2O / PSi / Si) heterojunctions
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Conclusions
Fabrication of heterojunction (Ag / ZnS / VOSO₄.H₂O
/ PSi / p-Si / Al) by deposition of nanoparticles on
the fabricated porous silicon and glass substrate,
show good parameters and characteristic of the
solar cell manufactured and enhanced the efficiency
of the solar cell where the best efficiency observed
for heterojunction (Ag / ZnS / VOSO₄.H₂O / PSi /
p-Si / Al) is 18.34 % by utilize the solvent
concentration (1Mole).
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