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ARTICLE INFO ABSTRACT

Keywords: Window layers, cadmium sulfide (CdS) thin films were synthesized on tin doped indium oxide coated glass

Cds substrates (ITO) with two different temperatures of 85 °C and 90 °C and ammonium hydroxide concentration of

Thin films 1M and 9.96 M, respectively via the chemical bath deposition (CBD) method, while absorption layers, lead

Solar cells N sulfide (PbS) thin film were deposited on ITO substrates at room temperature using the successive ionic layer

Chemlcél b_ath‘deposmon . . absorption and reaction (SILAR) technique. Then, these layers were integrated in ITO/CdS/PbS/Ag solar cell

Successive ionic layer adsorption and reaction . . . e . .
structures. The structural, morphological and optical properties of the thin films as well as electrical properties of
the solar cells were investigated. X-ray diffraction studies showed that the CdS thin films have hezagonal
structure while PbS thin films have cubic structure. The photovoltaic performance of the solar cells showed that
the solar cell fabricated with CdS film deposited at 90 °C exhibited higher efficiency (1) of 4.85% including Jsc
=12.44mAcm 2, Voc = 1V, FF = 0.39 than the CdS film deposited at 85 °C (n = 3.59%, Jsc = 9.43mA cm”2,
Voc = 1V, FF = 0.38. These results reveal that the crystal structure, surface morphology and optical properties
of CdS thin film have a significiant effect on device performance and the solar cell fabricated using CdS film
deposited at 90 °C shows better photovoltaic performance.

1. Introduction

The development of low-cost polycrystalline thin film solar cell
devices is important for future energy generation. The chemical bath
deposition (CBD) and successive ionic layer absorption and reaction
(SILAR) techniques have been more attractive technologies which are
well suited for large area coating, low temperature processing, simple,
economical and energy-efficient methods for preparing thin films of
chalcogenide semiconductors [1-5] such as cadmium sulfide (CdS),
lead sulfide (PbS), cadmium tellur (CdTe) and cadmium selenide (CdSe)
compared with other expensive techniques that need vacuum technol-
ogies such as molecular beam epitaxy, atomic layer deposition and
vacuum evaporation, etc. The CdS and PbS materials have been chosen
in order to enhance 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 (CdS = 2.28-2.45eV [1]
and PbS = 0.41 eV) and in solar energy conversion. CdS and PbS layers
are used as window and absorber materials, respectively [6-11] in solar
cells.

The CdS film surface has a crucial role in photovoltaic properties of
the solar cells. The selection of precursor solution is one of the most
important factors in determining the properties of CdS films such as
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film thickness, crystallinity, grain size, surface roughness and elemental
composition. Beside of the cadmium ion source, complex agents such as
ammonia [1,12], ammonium sulphate [13], ammonium hydroxide
[14], triethanolamine [15], tartaric acid [16], etc. play a crucial role in
nucleation and growth. Complex agents are used for shape control of
semiconductors and the surface properties including surface roughness
and grains of the thin film have a great influence on solar cell con-
version efficiency. In our previous work [1], we showed that the shape
and grain size of the CdS nanoparticles can be controlled by changing
ammonia concentration. Mir et al. [17] showed that complex agent
(ethanolamine, ethylenediamine, mercaptoethanol, 1,3-Diaminopro-
pane, and 2,2-dimethylpropylenediamine) has a critical effect on im-
proving surface properties of CdS/TiO, film and its photovoltaic
properties. Patil et al. [18] investigated the effect of complexing agent
on the photoelectrochemical properties of CdS thin films. They found
out that the existence of triethanolamine complex led to a better crys-
tallinity and marigold flower-like morphology. As a result, the im-
proved crystallinity and surface area led to enhanced optical absorp-
tion, the short circuit current density, as well as, open circuit voltage
which in turn increased conversion efficiency.

In this work, in order to obtain thin film solar cell structures of ITO/
CdS/PbS/Ag, window (CdS) and absorption (PbS) layers were
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Table 1

Preparative parameters of solar cells.
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Solar cells CBD deposited CdS thin films SILAR deposited PbS thin film

cd®* (M) $% (M) NH,4OH (M) Temperature “C) Pb2* (M) $% (M) Dipping time (s) Rinsing time (s) SILAR cycle
A 0.1 1 1 85 0.05 0,06 20 40 20
B 0.1 1 9.96 90

Ag
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Fig. 1. Shematic illustration of the ITO/CdS/PbS/Ag solar cell.
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Fig. 2. X-ray diffraction patterns of CdS thin films.
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sequentially synthesized on ITO substrates by means of the CBD and
SILAR methods, respectively. CdS thin films were produced at two
different deposition temperature of 85 °C and 90 °C using two different
ammonium hydroxide concentration as 1 M and 9.96 M, respectively.
Hence, we have fabricated two solar cells. The reason of using two
different ammonium hydroxide concentration in CdS film is to see the
effect of ammonium hydroxide on solar cell performance. It should be
noted that the effect of ammonium hydroxide on solar cell performance
is firstly investigated in the present work.

2. Experimental
2.1. Synthesize of CdS thin films

The CBD method was used for the deposition of CdS thin films on tin
doped indium oxide coated glass substrates (ITO) with sheet resistances
changing between 10 Q/sq and 15Q/sq (76 mm X 26 mm X 1 mm) at
room temperature (30 °C). Before deposition, the ITO substrates were
washed by detergent, boiled in ultrapure water and cleaned in me-
thanol, acetone and ultrapure water (18.2 MQ cm) for 15 min sequen-
tially. Cadmium nitrate [(CdN,044H>0); MA = 308.48 g/mol; = 99%
purity; Sigma Aldrich mark] and thiourea [(NH,CSNH,);
MA=76.12g/mol; = 98% purity; Merck mark] were used as the
source of Cd®>* and S%ions, respectively. The CdS thin films were
synthesized from 30 ml of 0.1 M cadmium nitrate, 12ml of 1 M tri-so-
dium citrate (TSS) [(C¢HsNasO; 5,5H,0); MA = 357,16 g/mol; = 99%
purity; Merck mark], 30 ml of 1 M and 9.96 M ammonium hydroxide
[(NH4OH); 25% purity; Merck mark] and 10 ml of 1 M thiourea. Then,
the rest of the solution was completed to 100 ml by adding ultrapure
water. In this experiment, tri-sodium citrate and ammonium hydroxide
were added into the solution to make a complex with metal ions. ITO
substrates were dipped into the beakers containing different tempera-
tures 85°C and 90 °C with different ammonium hydroxide quantities
1M and 9.96 M, respectively. The beakers were kept in a water bath
maintained at 85 °C and 90 °C and the films were waited for 2 h. After
deposition, the CdS films were rinsed with ultrapure water and dried in
air. The deposition of CdS films was based on the slow release of Cd>*
and S?~ ions in the solution, which are then condensed onto ITO sub-
strates. At the end of these experiments, we produced two CdS films:
one is deposited at 85 °C using 1 M ammonium hydroxide and other is
deposited at 90 °C using 9.96 M ammonium hydroxide.

2.2. Synthesize of PbS thin films

The SILAR method was used for the deposition of PbS thin films
onto ITO substrates at room temperature (30 °C). This technique is a
versatile method for the deposition of PbS thin films on to glass sub-
strates [3]. In order to obtain PbS thin film, ITO substrate was im-
mersed into a cation precursor solution for 20s, containing 20 ml of
0.05M lead acetate [(CH3COO),Pb 3H,0); MA= 379.34 g/mol;
99.5-102.0% purity; Merck mark], and 5 ml of 1.5 M NH,OH, and then,
it was rinsed with ultrapure water for 40 s before it was immersed into
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Table 2
Structural properties of CdS and PbS thin films.
Material T (°C) Observed values Standard values (hkI) JCPDS
26 () ad) 20 () d &) 1)
ITO/CdS 85 25.04 3.553 24.81 3.586 62.0 (100) 41-1049
26.07 3.415 26.51 3.360 91.0 (002) 41-1049
28.31 3.150 28.18 3.164 100.0 (101) 41-1049
43.09 2.097 43.68 2.071 48.0 (110) 41-1049
ITO/CdS 90 25.18 3.534 24.81 3.586 62.0 (100) 41-1049
26.67 3.339 26.51 3.360 91.0 (002) 41-1049
44.03 2.055 43.68 2.071 48.0 (110) 41-1049
52.25 1.749 52.80 1.733 15.0 (201) 41-1049
ITO/PbS 30 26.13 3.407 25.96 3.429 84 (111) 05-0592
30.19 2.958 30.08 2.969 100 (200) 05-0592
43.03 2.100 43.06 2.099 57 (220) 05-0592
50.61 1.802 50.98 1.790 35 (311) 05-0592
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Fig. 3. X-ray diffraction patterns of PbS thin film.

an anion solution containing 25ml of 0.06 M thioacetamide (TA)
[(CH3CSNH,); ACS, Reag. Ph Eur.] for additional 20s. The substrate
was rinsed again with ultrapure water for 40 s to remove the unreacted
ions. By repeating above SILAR steps 20 times, PbS thin film was de-
posited onto ITO and ITO/CdS substrates.

2.3. Formation of ITO/CdS/PbS/Ag solar cells

The CdS thin films were synthesized with two different tempera-
tures and two different molarity of NH4OH on ITO substrates as shown
in Table 1. In order to produce solar cells, the CdS and PbS thin films
are deposited sequentially on ITO substrates by the CBD and the SILAR
methods, respectively. Fig. 1 shows the structure of the solar cells with

0 T T T T T T T T T T T T T T T T T T T T 1
2025303540455055606570
26(°)

Fig. 4. X-ray diffraction patterns of solar cells.

silver contact made by hand using silver past. Fabricated solar cells are
labeled as follows: A-ITO/CdS/PbS (85°C; 1 M NH,OH), B-ITO/CdS/
PbS (90 C; 9.96 M NH,4OH).

Efficiency (7) is the most important parameter to make a comment
on the performance of a solar cell, which is determined by both short-
circuit current density (Jsc) and open-circuit voltage (V,.) via the fol-
lowing relation:

94
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Table 3
Structural properties of solar cells.
Solar cells Observed values Standard valuas (hkl) JCPDS
2000 dAd 2000 dd 10
A: ITO/CdS 25.07 3.549 24.81 3.586 62 (100) 41-1049
(85°C)/ 26.04 3.419 25.96 3.429 84 (111) 05-0592
PbS/Ag 28.34 3.146 28.18 3.164 100 (101) 41-1049
30.09 2.967 30.08 2.969 100 (200) 05-0592
43.20 2.093 43.06 2.099 57 (220) 05-0592
B: ITO/CdS 25.02 3.356 24.81 3.586 62 (100) 41-1049
(90°C)/ 26.12 3.409 25.96 3.429 84 (111) 05-0592
PbS/Ag 30.19 2.958 30.08 2.969 100 (200) 05-0592
43.19 2.093 43.06 2.099 57 (220) 05-0592
44.25 2.045 43.68 2071 48 (110) 41-1049
51.18 1.784 50.98 1.790 35 311 05-0592
= pp Yok
By M

where P, is the incident power and FF is the fill factor obtained using
the following equation:

_ Vialm

FF =

@

where V,,I,, is the maximum power point of the product of the voltage
and the current [19].

2.4. Characterization

XRD measurements were performed on a Bruker A8 advanced dif-
fractometer with Cu K, (0.154 nm) radiation. The surface morphology
of the thin films and solar cells were investigated using EVO40-LEO
scanning electron microscopy (SEM) and a park system XEI Atomic
Force Microscope (AFM) in non-contact mode. The absorption spectra
were measured by using a UV-Vis spectrophotometer (PG-T60) in the
wavelength of 300-1100 nm. The photovoltaic performance of the solar
cells was obtained from current (I-V) voltage measurements under
sunlight at mid-day and after lightining for 2 h with 7 W white led lamp
by a computer-controlled Keithley 2400 current-voltage (I-V) source
measuring system using 2-point probe technique. Thickness of the CdS
films were calculated from the interface patterns around 400-800 nm
wavelengths using the following formula [20]:

~ff-)

A o 3
where ¢ is the film thickness, n is the refraction index (2.53) and 4, 4,
are adjacent maxima or minima. Thickness of the PbS film was de-
termined by gravimetric method using the formula t = m/(pA), where
m is the mass of the film, A is the surface area of the deposited film and
p is the bulk density of cubic PbS (7.59 g cm™>). Moreover, thicknesses
of the solar cells were measured from the cross-sectional SEM images.

3. Results and discussion
3.1. Structural properties of thin films and solar cells

The microstructure of CdS films is one of the factors that have great
effects on film properties. Fig. 2 shows the XRD patterns of the CdS thin
films deposited on ITO substrates using CBD method. The XRD patterns
match well with the standard pattern of the hexagonal phase of CdS
(JCPDS No. 41-1049 (a = 4.14A; b = 4.144A; ¢ = 6.72 A; density =

95
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4.82 g/cm®). The present films exhibit a polycrystalline nature. Three
characteristik peaks corresponding to Miller indices (100), (101) and
(110) respectively are observed for the CdS film deposited at 85 °C,
while four diffraction peaks corresponding to (100), (002), (110) and
(201) planes are detected for the CdS film deposited at 90 °C. The
structural properties of the CdS thin films are listed in Table 2.

Fig. 3 indicates the XRD pattern of PbS thin film obtained using
SILAR technique. As can be seen, the present film is well indexed with
the cubic PbS (JCPDS No. 05-0592; a = 5.94 A; density = 7.597 g/
cm®). Five characteristic peaks corresponding to Miller indices (111),
(200), (220), (311) and (222) respectively are observed for the PbS film
in Table 2. The XRD pattern of CdS and PbS thin films are given in Fig. 2
and 3, respectively.

Moreover, Fig. 4 shows the XRD spectra for thin film solar cells A
and B. As can be seen from this figure, the solar cells exhibit mixing of
hexagonal CdS and cubic PbS phases. Cubic phase of PbS is more
dominant than hexagonal CdS phase. Substrate (ITO) effect is still seen
but it is less effective in solar cell B. Structural properties of solar cells
are given in Table 3.

3.2. Surface morphology

The surface morphology of the nanoparticles plays an important
role in the behavior of solarcells. Therefore, the solar cell performance
can be better investigated via understanding the image of these nano-
particles. The SEM and AFM images of CdS and PbS films as well as
solar cells were analyzed to make a better correlation between mor-
pholgy and photovoltaic performance. Fig. 5 shows the SEM micro-
graphs of ITO substrate, CdS films, PbS films and solar cells. Fig. 5(a)
shows micrograph of the substrate (ITO). It can be seen that the CdS
film deposited at 85 °C shows worthy like structure, whose distributions
on the surface are homogeneous and dense in Fig. 5(b), while other CdS
film deposited at 90 °C indicates spherical nanoparticles with different
size and shapes. Among the nanoparticles, voids can be observed in
Fig. 5(c). On the other hand, the PbS nanoparticles have randomly
grown islands with different size and shapes, whose distributions on the
surface are uniform [2] as seen in Fig. 5(d). It can be noticed that
surface morphology of solar cell A in Fig. 5(e) is similar to surface of the
PbS film while surface morphology of solar cell B in Fig. 5(g) looks like
surface of CdS film (Fig. 5(c)). Figs. 5(f) and 5(h) show cross sectional
images of solar cells A and B, respectively. The CdS and PbS layer
thicknessess measured from the cross sectional SEM image of solar cell
A is found to be ~384 nm and ~223 nm, respectively, while for solar
cell B, they are measured as ~375nm and ~219 nm, respectively.

Additionally, Fig. 6 shows two and three dimensional AFM images
of present thin films and solar cells. It is seen that solar cell B in
Fig. 6(h) exhibits a more smooth surface than the solar cell A in
Fig. 6().

3.3. Optical properties

The optical transmittance (T) and absorbance (A) spectra of thin
films and solar cells are given in Fig. 7. As seen in Fig. 7(a), the
transmittance values of the CdS thin films produced at 85 °C and 90 °C
are ~63% and ~37%, respectively. The PbS thin film has a very low
transmittance. The transmittance of solar cell A is higher than the solar
cell B as shown in Fig. 7(b). Moreover, transmittance values of solar
cells in Fig. 7(b) are lower in comparison with individual transmission
values of CdS and PbS thin films in Fig. 7(a). The thickness and optical
scattering mechanisms of the films and solar cells are very important
parameters in understanding the optical properties. The increase in
transmittance of the films and solar cells may be attributed to the less
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Mag =100.00 KX

Fig. 5. SEM micrographs of (a) ITO substrate, (b) ITO/CdS (85 °C) thin film, (c¢) ITO/CdS (90 °C) thin film, (d) ITO/PbS thin film, (e) solar cell A, (f) cross sectional
SEM image of solar cell A, (g) solar cell B and (h) cross sectional SEM image of solar cell B.

light scattering due to the better crystal structure and surface proper-
ties. The absorption value of solar cell B is higher than the solar cell A
as seen in Fig. 7(c). This means that the solar cell B absorbs more light
from UV to IR regions compared with the solar cell A. The optical
properties as well as crystal structure and surface properties of the
present films are very important for solar cell performance.

The optical band gap of the thin films and solar cells is evaluated
using Tauc's relation [21]:

ahv = B(hv — Ep)" (&)
where a is the absorption coefficient which is given by the relation of
a = -1/dInT, B is a constant, E, is the optical band gap of the material,
hv is the photon energy and n is a constant which is equal to %2 for
direct transition. The E, values were determined from the intercept of
the linear region part of (ahv)? against the hv graph on the hv axis. For
thin films and solar cells, (ahv)? versus hv were plotted in Fig. 8. The E,



F. Gode, S. Unlii

ITO/CAS (85 °C)

120

(d)

Materials Science in Semiconductor Processing 90 (2019) 92-100

n ITO/PbS ()

Fig. 6. Two and three dimensional AFM images of (a,b) ITO/CdS (85 °C) thin film, (c,d) ITO/CdS (90 °C) thin film, (e,f) ITO/PbS thin film, (g,h) solar cell A, (i,j)

solar cell B.

values of thin films and solar cells were given in Table 4, which were in
agreement with the values reported in the literature. Results in Fig. 8(a)
and (b) show that the E, values of CdS thin film deposited at 85 °C and
90 °C are 2.55eV and 2.41 eV, respectively. The E, value of PbS thin
film was obtained as 1.39 eV in Fig. 8(c). Fig. 8(d) and Table 4 illustrate
E, values [A; (E;; = 2.06eV and E;; = 1.55eV) and B; (E;; = 1.40eV
and E;; = 1.19eV)] of both CdS and PbS thin films. Moreover, optical
parameters of the films and solar cells such as refractive index (n),
extinction coefficient (k), real (g) and imaginary (g,) parts of dielectric
constant were calculated from absorbance and transmittance spectra as
seen in Table 4. These values are higher in solar cells compared with the
individual values of CdS and PbS thin films and the highest in solar cell

97

B.
3.4. Solar cell parameters

The current density voltage (J-V) and power voltage curves of the
solar cells A and B are given in Fig. 9(a) and (b), respectively. From the
J-V curves, short circuit current density (Jsc), open voltage (Voc), fill
factor (FF) and efficiency (7) values were calculated using Egs. (1) and
(2) and listed in Table 5. After lightining at 7 W led lamp, it could be
clearly seen that the 7 value of solar cell A increases from 2.17% to
3.59%, while that of solar cell B increases from 2.75% to 4.85%. It
could be concluded that synthesized solar cell B shows a better



Materials Science in Semiconductor Processing 90 (2019) 92-100

F. Gode, S. Unlii
100 20
o |TO/CdS (85 OC) (a) o go:ar ce:: g )

< 804 o ITO/CdS (90 °C) < 15 o Solar ce

< & |TO/PbS =

2 3

5 § 101

© 5 5.

= [

i R

00 500 600 700 800 900 1000 1100
A (nm)

e o Solarcell A (c)
- o Solarcell B

Absorbance (%)

0 T T T T T
500 600 700 800 900 1000 1100
A (nm)

Fig. 7. Transmittance spectra of (a) CdS and PbS thin films, (b) solar cells and (c) absorbance spectra of solar cells.
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Table 4
Thicknesses and optical properties of thin films and solar cells (1 = 560 nm).
Material Thickness (nm) Eg (eV) n k g &
ITO/CdS(85 °C) 384 2.55 2.06 0.28 4.17 1.16
ITO/CdS(90 °C) 375 2.41 3.07 0.83 8.72 5.12
ITO/PbS 451 1.39 426 1.17 16.82 9.99
Solar cell A: 607 2.06 5.53 1.10 29.39 12.20
ITO/CdS(85 °C)/PbS 1.40
Solar cell B: 594 1.55 8.64 1.77 71.52 30.67
ITO/CdS(90 °C)/PbS 1.19
10
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Fig. 9. Current density-voltage (J-V) and power-voltage (P-V) curves of syn-
thesized solar cells (a) A and (b) B.

fotovoltaic performance than the solar cell A. This case may be attrib-
uted to structure, morphology and optical properties of CdS layer which
is used in the production of solar cell B. The highest efficiency is de-
termined as 4.85% which is higher than those obtained for CdS/PbS
solar cells in experimental works [2] (1.63%), [1] (3%), [22] (4%) as
well as theoretical work [3] (4.13%). Nevertheless, it is lower than the

Table 5
Solar cells parameters.

Materials Science in Semiconductor Processing 90 (2019) 92-100

reported values (5.8% and 5.70%) by Manjceevan et al. [6,23]. Another
important parameter is the FF. As seen in Table 5, after lightining, it
increases from 0.30 to 0.38 for solar cell A and from 0.31 to 0.39 for
solar cell B. An increment light-harvesting ability (higher ability of the
absorption) and enhance charge transport ability of excited electron
(the reduction of charge recombination) at the p-n junction [24-27]
which can be verified by the UV-vis absorption spectra of solar cells
seen in Fig. 7(c) lead to a remarkable improvement in solar cell per-
formance.

4. Conclusion

In order to obtain solar cell structures of ITO/CdS/PbS/Ag, window
(CdS) and absorption (PbS) layers have been sequentially synthesized
on ITO substrates using the CBD and SILAR methods, respectively. We
have produced two solar cell in the structures of ITO/CdS/PbS/Ag using
two different temperatures of 85°C and 90 °C with two different am-
monium hydroxide concentration of 1 M and 9.96 M, respectively for
the CdS thin films. The structural, morphological and optical properties
of CdS, PbS thin films and solar cells have been investigated. The XRD
studies show that CdS films have polycrystalline hexagonal (wurtzite)
structure while the PbS film has polycrystalline cubic structure. The
SEM micrograph of CdS film surface deposited at 85 °C using 1 M am-
monium hydroxide shows worth like morphology when the other CdS
film deposited at 90 °C using 9.96 M ammonium hydroxide indicates
spherical nanoparticle. The structural, morphological, optical and
electrical properties of solar cells are influenced by an increment in
ammonium hydroxide concentration in the CdS films. Hence, we have
analyzed this effect on solar cell performance. The performance of solar
cells has been characterized by current density-voltage measurements.
After illumination with white led lamp, solar cell fabricated using CdS
layer deposited at 90 °C with 9.96 M NH,OH shows higher efficiency 7
= 4.85% (Jc = 12.44mAcm™2, Voc = 1V, FF = 0.39) then the solar
cell deposited using CdS layer deposited at 85 °C with 1 M NH,4OH in-
dicates efficiency 7 = 3.59% (Js¢ = 9.43mAcm™>, Ve 1V, FF =
0.38). 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 p-n junc-
tion. The results show that variation of ammonium hydroxide con-
centration has impact on CdS process and modifies the growth of a film
which leads to an improvement on thin film ITO/CdS/PbS solar cell
performance.
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Solar cell Dark Lightening (Led 7 w lamp)

Voc (V) Jsc (mA em™) FF 7 (%) Voc (V) Jsc (mA em™) FF n (%)
A 1 7.212 0.30 2.17 1 9.432 0.38 3.59
B 0.66 13.444 0.31 2.75 1 12.438 0.39 4.85
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