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Abstract

The cadmium sulfide (CdS) and lead sulfide (PbS) materials have been chosen in order to boost solar energy conversion from
ultraviolet region to the near-infrared (NIR) spectral region. These materials belonging to the II-VI group have suitable direct
band gaps and in solar energy conversion. CdS and PbS layers are used as window and absorber materials, respectively, in solar
cells. This paper presents structural, morphological, and optical properties of PbS and CdS thin films prepared by chemical spray
pyrolysis at different temperatures as well as its photovoltaic performance. The X-ray diffraction results show the PbS films have
cubic structure and CdS films have hexagonal structure. FESEM measurements reveal the films have homogeneous surfaces with
spherical particles. Optical analyses exhibit the optical band gap redshifts as the substrate temperature increases. Illumination
current density—voltage test of ITO/CdS/PbS/Au heterojunction with different thicknesses of PbS layer has been evaluated. The
optimal results are obtained in ITO/CdS/PbS/Au solar cell where thickness of PbS layer is of 0.9 um with maximum short circuit

current, open circuit voltage, and fill factor as well as highest efficiency.
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Introduction

The ever-increasing power demand has pushed the research
community to find more efficient, environmentally safely, re-
newable, and low-cost energy sources to replace the actual
dominant oil and fossil fuel [1]. Because of the inexpensive
development and the moderately high theoretical power con-
version efficiency, thin-film solar cells are appearing as a
highly interesting kind of renewable power sources [2].
They also have versatile features such as capability of multiple
exciton generation, high stability against heat, and tunable
band gap because of the quantum confinement effect [3].
PbS is a significant semiconductor compound material in the
manufacturing of absorber layers for photovoltaic applications
due to small band gap approximately from 0.36 to 0.42 eV,
appropriate exciton Bohr radius of around 18 nm, and pro-
vides electrons and holes with efficient quantum confinement,
driving to a raise in the absorption of the solar spectrum in the
near infrared range [4]. These features make lead sulfide plays
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significant role in the photovoltaic applications [5]. CdS thin
films are regarded as one of the most important substances for
solar cell applications [6]. It has wide band gap (2.5 eV) with
high optical transmittance and high electrical conductivity [7].
For these reasons, CdS can be used as the window layer beside
with other semiconductors such as CdTe, CIGS, and ZnO
[8-10].

There are various routes for thin-film fabrication, for instance,
chemical bath deposition (CBD) [11], spin coating [12], pulsed
laser deposition [13], chemical vapor deposition [14], sputtering
method [15], successive ionic layer absorption and reaction
(SILAR) techniques [1], and chemical spray pyrolysis (CSP)
[16]. The development of low-cost polycrystalline thin-film pho-
tovoltaic devices is significant for future power production. The
CSP technique has been more attractive technologies, which are
well suited for large area coating, low-temperature processing,
simple, economical, and energy-effective approach for fabricat-
ing thin films of semiconductors [17]. CSP is particularly a pre-
cursor undergo to chemically react by spraying a solution into a
substrate heated at elevate temperature, after that the precursors
react to produce the demanded material [18].

This paper reports for first time the CSP method for pre-
paring CdS thin film as window layer and PbS thin film as
absorber layer for photovoltaic applications. The impacts of
substrate temperature on structural, morphological, and
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optical properties of the prepared films were investigated by
XRD, FESEM, and UV-Vis spectroscopy, respectively. Also,
photovoltaic properties of the ITO/CdS/PbS/Au solar cells
were characterized by illumination with power of 50 mW/
cm?. The fabricated solar cell showed a significant enhance-
ment of efficiency from 0.07 to 0.85% by increasing absorber
layer thickness from 0.3 to 0.9 um. The photovoltaic results
are discussed and compared to the results reported in the
literature.

Experimental Part
Solution Preparation

A cadmium chloride (CdCl,) and thiourea (CS (NH,),) were
used as precursor materials to deposit CdS thin film. The
CdCl, and CS(NH,), were dissolved in deionized water in a
separate manner, then mixing together at molarity of 0.02 M
via magnetic stirrer for 30 min at room temperature. For PbS,
lead nitrate (Pb (NOs),) and thiourea were dissolved in deion-
ized water at molarity of 0.05 M, then magnetically stirred for
20 min at room temperature.

Device Preparation

The ITO-coated glass substrate was used for depositing thin
films. First, the slides were cut into small pieces with dimen-
sions 1 cm X 1 cm and washed with acetone and hydrochloric
acid (HCI, 20%), then placed in vacuum furnace at 50 °C to
dry prior using. The PbS, CdS, and CdS/PbS thin films were
grown on ITO/glass slides by utilizing the CSP route, as
shown in Scheme 1. Briefly, the prepared solution was poured
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Scheme 1 Chemical spray pyrolysis system
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into the container of the nozzle and the slide was located on
the heater to heat the slide to the desired temperature (200,
250, and 300 °C). The distance between the nozzle and the
heated slide was maintained to be 30 cm. Then, the solution
was sprayed in vertical type and the droplets of precursor were
applied in good way on the slide for 30 s. After deposition, the
slide was left to cool down to the room temperature [16]. To
finish cell structure, a gold layer of thickness of 30 nm was
performed as an Ohmic contact substance by a sputtering
method, as presented in Scheme 2.

Characterization

Morphological features of prepared thin film were character-
ized by field emission scanning electron microscope (FESEM,
ZEISS-SIGMA300), and the statistical distribution of the par-
ticle size was measured by using ImageJ software. UV-Vis
spectroscopy (double beam, SolidSpec-37001) was employed
to determine the optical properties of prepared films. The op-
tical absorption coefficient () was evaluated by utilizing fol-
lowing equation [19]:

o =2.303 (lnl> X l
T t

where ¢ is the film thickness and T is the transmission. The
optical band gap (E,) was determined by Tauc equation [20]:

o= A(hV—Eg)%

where A, A, and v are a constant, Plank’s constant, and the
photon frequency, respectively. The X-ray diffraction tech-
nique (XRD, Philips PW 1840, A =1.5406°A from Cu-Ko)
was accomplished to study the structural properties of pre-
pared films and compared with JCPDS reported data. From
XRD data, the interlayer spacing (d) was determined by
Bragg’s law [21]:

n\ = 2d sinf

where n, A\, and 6 are the order diffraction, X-ray wavelength,
and diffraction angle, respectively. The Debye—Scherer rela-
tion was accomplished to calculate the average crystallite size
(L) of prepared thin films as follows [22]:
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Scheme 2 ITO/CdS/PbS/Au solar cell system
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where K and B are a constant (0.9) and full width at half
maximum (FWHM), respectively. The cubic lattice constant
(a) of the PbS thin film was calculated by using following
relation [23]:
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Fig. 2 XRD for PbS films prepared at different temperatures

Number of particles

80 20 40 60 80 100 120
Particles size (nm)

where (hkl) are Miller indices. Also, the hexagonal lattice
constants (a and ¢) of CdS thin film were determined by fol-
lowing equation [24]:
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Capacitance—voltage (C-V) measurements in the reverse
bias manner were evaluated with a frequency of 100 kHz via
a PM 6306 Programmable LRC meter supplied by Fluke. J-V
characteristics were accomplished in the forward bias manner
under illumination. A DC power supply (type L, voltage range
from 0.1 to 5 V), a Keithley (602) electrometer, and halogen
lamp (50 mW/cm?) were used for this purpose. The thick-
nesses of PbS and CdS films were evaluated by laser interfer-
ence and found to be 0.3, 0.6, and 0.9 um for PbS and 150 nm
for CdS.

Table 1 XRD parameters for PbS thin films

Temperature (°C) FWHM (deg.) L (nm) a (nm)
200 0.534 11.92 0.591
250 0.505 12.76 0.591
300 0427 14.21 0.592
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Fig. 3 XRD for CdS films prepared at different temperatures
Results and Discussion
Morphological Analysis

The surface morphology of films was characterized by utiliz-
ing FESEM technique, which generates topological images of
surfaces at very high resolution. Figure 1 a, b displays the
FESEM images of PbS and CdS thin films deposited on the
ITO substrate at 300 °C. It is obvious that the nanoparticles
have diverse size values; however, the geometry of the surface
has a high degree of regularity. Figure 3 c, d displays a statis-
tical distribution of the particle size over the surface and indi-
cates that the value of the distribution occurs between 10 and
100 nm.

Structural Analysis

The X-ray spectra of the PbS films grown on ITO by CSP
route at different temperatures are demonstrated in Fig. 2. The
spectra show six peaks at 260 =26.1°, 30.2°, 43.1°, 51.4°,
53.2°, and 62.5°, respectively, related to the (111), (200),
(220), (311), (222), and (400) diffraction planes of the poly-
crystalline of lead sulfide cubic phase. This observation is
close to the values of the standard data of JCPDS card (05-
0592) as reported in the literature [25]. All the PbS spectra
exhibit that the diffraction plane intensities of major peaks
increased with increment temperature of the substrate, which
may due to the increasing of crystallite size and thickness. The
lattice constants (a) of cubic PbS thin films are depicted in

Table 2 XRD parameters for CdS thin films

temperature (°C) FWHM (deg.) L (nm) a (nm) ¢ (nm)
200 0.654 15.33 0412 0.664
250 0.783 12.05 0412 0.666
300 0.547 16.17 0412 0.668
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Fig. 4 Transmittance spectra for PbS films. Absorption coefficient
variation (inset)

Table 1, and the estimated values were close to the standard
lattice constant (@, =0.593 nm). Figure 3 shows the X-ray
spectra of CdS thin films formed on ITO by CSP method at
different temperatures. The CdS thin films are appearing poly-
crystalline with a hexagonal phase. The intensive peaks are
located at 20 =24°.8, 26°.52, and 28°.24, which are corre-
sponding to (100), (002), and (101) planes, respectively.
Besides, other peaks with less intensity are centered at 26 =
36.6°, 47.8°, and 50.84° corresponding to (102), (103), and
(200) planes, respectively, as reported in the previous work
[26] (Table 2).

Optical Analysis

The UV-Vis transmittance spectra of the PbS and CdS films
deposited at different temperatures are presented in Figs. 4 and
5, respectively. We notice that the PbS films have high trans-
mission at high wavelengths (60-70%), and reducing to (20—
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Fig. 5 Transmittance spectra for CdS films. Absorption coefficient
variation (inset)
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Fig. 6 Band gap for PbS thin films estimated by Tauc plot

30%) at low wavelengths. The transmittance spectrum of the
PbS minimized with increment in substrate temperature; this
may be the variation in particle size distribution from one
sample to another [27]. On the other hand, the CdS films have
high transparency in the visible region about 80% and sharp
absorption band is appearing at 470 nm. All CdS film exhibits
a window layer behavior of visible light, which is useful for
optoelectronic applications [28]. The increase in transmittance
of the films and CdS may be attributed to the less light scat-
tering due to the better crystal structure and surface properties.
The inset of Fig. 4 demonstrates the absorption coefficient
recorded with wavelength for the PbS films at different sub-
strate temperatures. It is clear that the PbS has a high absorp-
tion coefficient at the short wavelength range (300-550 nm),
then reduces at different rates to reach constant values at long
wavelengths which it is above (700 nm), where the films be-
come transparent at this wavelength. The inset of Fig. 5 shows
the absorption coefficient variation with wavelength for CdS
film at different temperatures. Absorption coefficient in-
creased slightly with substrate temperature; this may be due
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Fig. 7 Band gap for CdS thin films estimated by Tauc plot

Table 3 Energy gap

variation with Material ~ Temperature (°C)  E, (eV)

temperature for PbS and

CdS thin films PbS 200 1.65
250 1.58
300 1.4

Cds 200 2.57

250 2.52
300 231

to increasing of thickness and the degree of crystallization.
The influence of the substrate temperature on the energy gap
value of PbS and CdS films is shown in Figs. 6 and 7, respec-
tively. As expected the increasing in the substrate temperature
will lead to reduce in the magnitude of energy gap due to
crystallization enhancement (see Table 3). These results are
in good agreement with the references [29, 30]. The obtained
band gap values for PbS are higher than the 0.42 eV reported
for bulk PbS. In literature many authors have reported similar
band gaps for films having small crystallite sizes [31]. It has
been attributed to the quantum confinement. In the present
study, the crystallite size is in the range of 10-14.5 nm, as
determined from XRD patterns, which is smaller than the
Bohr radius of PbS (18 nm). The decreasing dimension of
the spherical crystallites might have influenced the density
of states resulting in a red-shifting the fundamental absorption
edge [32].

Electrical Measurements

Figure 8 presents the changing of capacitance with reverse
bias voltage for ITO/CdS/PbS/Au heterojunction solar sys-
tem produced in different thickness of the PbS film. A
nonlinear reduces in capacitance with increment the re-
verse voltage; this resulted from alters of the width of the
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Fig. 8 C-V measurements for ITO/CdS/PbS/Au solar cell
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Fig. 9 Voltage versus 1/C? for ITO/CdS/PbS/Au solar cell

depletion layer [33]. From Fig. 9, it is obvious that the Vy;
becomes higher as the thickness of PbS film increases (see
Table 4) due to more charge carriers present in thick PbS in
comparison with thin PbS. The linear relation between
1/C* and voltage suggests the abrupt kind of the
heterojunction [34]. The PbS film represents absorber
sheet, and its thickness plays a significant role, which con-
trols the electrical measurements of the solar cells. J-V
behavior of the ITO/CdS/PbS/Au heterojunction with dif-
ferent PbS thicknesses and under illumination is presented
in Fig. 10. From Table 5, we notice that the high values of
Jsc and Vg was observed at the large thickness of the PbS
film, because of a high absorption of radiation, which led
to high photocurrent produced. The fill factor (FF) for solar
cells can be measured via the below formula [35].

_ JmVm
~ JscVoc

From Table 5, we can see that the FF varies with the thick-
ness of the PbS film. As the PbS thickness increases, the
characteristics of the prepared solar cells enhanced; this can
be ascribed to the decreasing of series resistance. The efficien-
cy of the prepared solar cell was obtained by the following
relation [35]:

Table4  Built in potential for ITO/CdS/PbS/Au solar cell with different
PbS thickness
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Fig. 10 J-V characteristic for ITO/CdS/PbS/Au solar cell
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From Fig. 10 and Table 5 it is clear that the short circuit
photocurrent density (J,.) of the cell has increased from 0.36
to 1.87 mA/cm?® by increasing of absorber layer thickness,
which is an impressive 50% increase. Correspondingly, the
cell efficiency has also increased. The highest value of effi-
ciency is around 0.85% of PbS thickness of 0.9 um. The ITO/
CdS/PbS/Au solar cell fabricated with 0.9 um showed a dense
and pinhole-free highly crystalline CdS/PbS film with im-
proved optical and electrical properties. On the other hand,
the ITO/CdS/PbS/Au solar cell fabricated with 0.3 pm suf-
fered from low efficiency and severe recombination problems
at the CdS/PbS interface. The comparison between the result
obtained by another researcher and this study can be seen in
Table 6. An improvement in solar cell performance can be
attributed to an increment in light-harvesting ability and an
enhancement in charge transport ability (reduction of charge
recombination) at the CdS/PbS junction.

Conclusion

In order to obtain solar cell structures of ITO/CdS/PbS/Au,
window (CdS) and absorption (PbS) layers have been

Table 5 Parameters of ITO/CdS/PbS/Au solar cells with different PbS

thickness

Thickness of PbS Jgc (mA/ Vo Vv, J,(mA/ FF g

Thickness of PbS (um) Built-in voltage (V) (pum) cm?) (mV) (mV) cm?) (%)
0.3 0.18 0.3 0.36 200 154 0.25 0.53 0.07
0.6 0.49 0.6 0.62 285 223 0.48 0.61 0.24
0.9 0.54 0.9 1.87 340 271 1.49 0.63 0.85
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Table 6 Values of CdS/PbS solar
cell efficiency for this study and

previous studies

Researcher Process for PbS Intensity (mW/cm?) Obtained efficiency (%)
Kiripal Singh [36] CBD 100 No photovoltaic response
L. Pean-Cabrera et al. [37] CBD 100 0.0335

CE Pérez-Garcia et al. [38] SILAR 100 0.127

Jayesh Patel et al. [25] Spin coating 80 0.24

Result of this study CSpP 50 0.82

Ahmed.S. Obaid et al. [32] CBD 40 1.35

sequentially synthesized on ITO substrates using the CSP
method. The structural and optical properties of prepared thin
films were strongly depended on the changing of substrate
temperature. XRD proved that all thin films are polycrystal-
line. Using FESEM, the present work showed that the films
have a uniform surface morphology over the substrate without
pinholes or cracks. It was found that the performance of fab-
ricated solar cell depended on the thickness of the absorber
sheet (PbS). The output power density and the cell efficiency
have been increased with increasing the thickness of absorber
layer. The photovoltaic performance of the ITO/CdS/PbS/Au
solar cells showed that the solar cell fabricated with thickness
0.9 um of the PbS film exhibited higher efficiency of 0.85%
including Jsc = 1.87 mA/em?, Voc =340 mV, and FF =0.63
than the PbS film deposited with thickness 0.3 um (= 0.07%,
Jsc=0.36 mA/em?, Vo =200 mV, FF =0.53).
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