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Abstract This paper presents the fabrication and charac-
terization of CdS thin film solar cells synthesized by
chemical bath deposition using acid as a complexing agent
with pH values between 10.1 and 11.3. We studied the
influence of pH control of the reaction solution on the
structural and optical properties of chemically deposited
CdS thin films. Different films thicknesses of CdS were
deposited onto a glass substrate. The structural surface
morphology of as-deposited CdS thin films was character-
ized by scanning electron microscope, x-ray diffraction,
profilometer, and ultraviolet—visible spectroscopy. The

This article is an invited paper selected from presentations at the 2014
Microscopy & Microanalysis Conference, held August 3-7, 2014, in
Hartford, Connecticut, USA, and has been expanded from the original
presentation.

P A. Garcia-Barrientos
agarciab@ieee.org

Jose L. Bernal
jberponce @yahoo.com

Renewable Energy Engineering, Universidad Tecnoldgica
Tula-Tepeji, Avenida Universidad Tecnolégica No. 1000, El
Carmen, 42830 Tula de Allende, Hidalgo, Mexico

Faculty of Science, Universidad Auténoma de San Luis
Potosi, Zona Universitaria, 78290 San Luis Potosi, Mexico

Department of Electronics, Instituto Tecnoldgico de
Hermosillo, Av. Tecnoldgico y Periférico Poniente S/N,
Colonia Sahuaro, 83170 Hermosillo, Sonora, Mexico

Electronics Engineering, Research Center on Information
Technology and Systems (CITIs), Autonomous University of
Hidalgo State, Carretera Pachuca - Tulancingo Km. 4.5,
Colonia Carboneras, 42184 Mineral de la Reforma, Hidalgo,
Mexico

Department of Mechanics, Universidad Politecnica de
Pachuca, Zempoala, Mexico

@ Springer

investigation of the effect of the synthesis method on the
change the ammonium hydroxide by buffer pH 11 con-
tributed in increases the growth kinetics, resulting thicker
films. The films show high absorption and band gap values
were found from 2.38 to 2.58 eV with different time depo-
sition. The results are quite appreciable and high efficiency
can be obtained from these CdS thin-film solar cells.

Keywords Cadmium sulfide - Structural properties -
Optical properties - Chemical deposition

Introduction

Over the last decade, thin films of II-VI semiconductor
compounds are the most promising to build solar panels
with the world record for highest efficiency. For example,
cadmium sulfide (CdS) has received intensive attention,
since its band gap lie very close to the range of maximum
theoretically attainable energy conversion efficiency [1].
CdS is an inorganic compound of yellow solid color. Also,
it has a wide band gap, a high electron affinity and a high-
gain photoconductivity, and it is known to be an excellent
heterojunction partner for p-type cadmium telluride or
p-type copper indium diselenide. It has been widely used as
a window material in high efficiency thin film solar cells
based on cadmium telluride or copper indium diselenide
[2-5]. In these kinds of devices, light penetrates the CdS
layer and is absorbed in the p-type semiconductor close to
the p—n junction [6]. Also, CdS is an interesting crystal
material in the areas of photodetectors, semiconductor
lasers, nonlinear integrated optical devices, optoelectronic
devices, etc. Wide band gap materials is really important,
because this characteristic is related to the possibility of
fabricating light emitting diodes or laser heterostructures
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for emission in the visible spectral range [7], however, this
area is out of this research work. In the last decade, the
interest to develop CdS films as semiconductor active
layers in thin-film transistors has increased significantly.
And then, the studies on CdS film deposition have been
focused on obtaining CdS films with better structural,
electrical and optical properties, in order to increase their
performance in optoelectronic devices, such as solar cells.

CdS films can be deposited by different deposition
techniques such as Chemical Bath Deposition (CBD),
metal organic vapor-phase, vacuum evaporation, spray
pyrolysis, thermal evaporation, chemical vapor deposition,
metal organic vapor-phase epitaxy, close space vapor
transport, photochemical deposition, radio frequency
sputtering, vapor transport deposition, screen printing,
electro deposition, pulsed laser deposition, etc. [7]. How-
ever, the method widely used for this kind of the deposition
is the CBD technique, because with it is possible the
deposition of different metal chalcogenide thin films easily.
That means that with the CBD process, the precipitation
from the solution of a compound on a suitable substrate can
be controlled. The CBD method offers many advantages
over others deposition methods more common, because
with it is easy to carry out the deposition of the semicon-
ducting materials too. The principal advantages of this
method are that one can control the film thickness and
deposition rate by varying the solution pH. Also, large
areas can be deposited controlling the deposition temper-
ature and reagent concentration. These advantages make it
as a reproducible and low-cost process [8—11]. Due to the
simplicity and the very economical experimental facilities
needed in the film deposition, the CBD is the best method
to obtain low-cost CdS thin films that have optimal features
for photovoltaic device applications [12—19]. In the present
work, we reported the deposition of good quality CdS thin
film by CBD method at 60 °C with different time deposi-
tion to study their properties and to have a better efficiency
in the solar cells. In this work, we have focused on the
influence of the control of the pH parameter of the reaction
solution on the properties of chemically deposited CdS

films. For this, we used the CBD technique to deposit CdS
thin films using different types of solutions. The differ-
ences between the reaction solutions was, that, in one of
them, ammonia was substituted completely by sodium
citrate as the complexing agent and pH from 10.1 to 11.3
values buffers were included in the precursor solution to
attain the pH required value and to control the pH of the
solution during the whole deposition process. Both kinds of
deposited CdS films were studied to determine the influ-
ence of the pH control in the reaction solution on the
properties of the films. The results are quite appreciable
and a high efficiency can be obtained from these CdS thin
films and can be useful for solar cells applications.

Experiments

The process to analyze the CdS thin films by chemical-
bath-deposited method was carried out in [20], but in this
research work we only used three different pH levels with
different time’s deposition, 30, 45, and 60 min. In the same
way as in [20, 21], we deposited the CdS polycrystalline
thin films on 25 mm x 75 mm glass substrates from a
chemical bath containing 25 ml of ammonium hydroxide
(NH4,OH) and 150 ml of deionized water. Before the
deposition, the glass substrates were cleaned with acetone
and methanol ultrasonically, and then rinsed with deionized
water, and subsequently it was dried by argon. The beaker
containing the mixed solution was placed in the water bath
tank with a magnetic force after the water bath temperature
reached the set temperature value. The glass substrate was
then kept vertically in the beaker and, we began to count
the deposited time. The bath was maintained under con-
stant stirring during the deposition. The temperature was
regulated at 60 °C for different deposited time, and we got
three samples. After deposition, the CdS film was washed
with distilled water to remove the loosely adhered CdS
particles on the film and finally dried in argon. The sum-
mary compositions of the chemical bath are presented in
the Table 1. Where, we present the composition of the

Table 1 The composition of

the chemical bath, temperature, Sample pH Temperature (°C) Thickness (nm) Eg (eV) Deposited time (min)

thickness, Eg, and the time 1 10.1 60 273 236 30

duration of the film deposition ' '
2 10.1 60 398 2.37 45
3 10.1 60 529 2.38 60
4 10.6 60 90 245 30
5 10.6 60 120 2.49 45
6 10.6 60 160 2.58 60
7 11.3 60 40 2.38 30
8 11.3 60 56 2.40 45
9 11.3 60 66 2.44 60

@ Springer



64

Metallogr. Microstruct. Anal. (2016) 5:62-68

(a) 600 T J T T T T
500 | < i
2 L
- [ 8
S 400 | S .
£
S
< 300 o 4 .
z ] = Q
2 200 iy W"M%M 5 g
o Q 4
Q " ~ 60 min
E L M | MMMWWWM
100 Mﬂm L LTI
g it 30 min |
P R . T e
20 30 40 50 60 70 80
2 theta (deg)
(C) 600 T T T T T T
Q
—~ 500 = -
2 P
N
= 400 S .
T 0
< [SYEENGY
2. 300 S i
-; E N .
5] ol 60 min
3 200} \'M MM A
- WM 45 min
100 | MM“M’WWWMN?&?MT@T A
1 1 i 1 i 1 i 1 i 1 i
20 30 40 50 60 70 80

2 theta (deg)

Fig. 1 (a) X-ray diffraction patterns of CdS thin films deposited at
60 °C, pH 10.1, deposition times of 30 (red), 45 (green), and 60
(blue) min and thicknesses 273, 398, and 529 nm, respectively. (b) X-
ray diffraction patterns of CdS thin films deposited at 60 °C, pH 10.6,
deposition times of 30 (red), 45 (green), and 60 (blue) min and

chemical bath, temperature, thickness, Eg, and the time
duration of the film deposition of three samples with three
different deposition times to produce nine samples with
different thickness. The surface and cross-sectional mor-
phology of films were observed using field emission
scanning electron microscope (SEM). The structure of the
films was analyzed by the x-ray diffraction (XRD). Optical
transmission measurements have been done at room tem-
perature with polarized light at normal incidence in the
wavelength range from 200 to 900 nm.

Results and Discussion

The chemical bath deposition of high quality CdS thin films
for solar cells applications are based on the chemical pre-
cipitation of CdS in the bath. The precipitation control can
be achieved by controlling the free cadmium metalions
concentration; generally ammonia is used as a complexing

@ Springer

(b) 900 1ttt 1
3 Q
~ 80F T -
2 R
5 700 § -
= L S ]
=~ 600 [ T E
N i (\ S = l
£ 500 F {( = i
g I ‘td \w 60min |
g 400 \ -
= pH MM \ 45min
300 | ‘k,w A i
L ‘M«;;Mwﬂ %MM’MW 30 min
200 PP T P I i s
20 30 40 50 60 70 80

2 theta (deg)

thicknesses 90, 120, and 160 nm, respectively. (¢) X-ray diffraction
patterns of CdS thin films deposited at 60 °C, pH 11.3, deposition
times of 30 (red), 45 (green), and 60 (blue) min and thicknesses 40,
56, and 66 nm, respectively (Color figure online)

agent. In this research work, the fabrication and character-
ization of CdS thin film for solar cells applications syn-
thesized by chemical bath deposition using acid as a
complexing agent with pH values between 10.1 and 11.3.
Several techniques were used for the structural, morpho-
logical, optical, and electrical characterization of the Cds
thin films. We obtained nine samples of the CdS thin film
solar cells with three deposition times of 30, 45, and
60 min. The diffractogram of as-deposited CBD-CdS
samples are showed in Fig. 1. The patterns show the
increasing presence with deposition time of polycrystalline
structure in these films, displaying diffraction lines at 26°,
44° and 53°, situated on a broad reflection produced by the
amorphous substrate. In the Fig. 1(a), the four peaks are
produced by the (002), (220), and (311) crystalline planes,
respectively, of the hexagonal CdS structure. The increase
in intensity of the crystalline peaks with deposition time is
due to the increase of the film thickness. This presented very
low intensity in the thinnest films; it was an expected result
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Fig. 2 (a) Optical transmission and reflection spectra of CdS thin
films deposited at 60 °C, pH 10.1, deposition times of 30, 45, and
60 min and thicknesses 273, 398, and 529 nm, respectively. (b) Op-
tical transmission and reflection spectra of CdS thin films deposited at
60 °C, pH 10.6, deposition times of 30, 45, and 60 min and

due to the small quantity of material compared to the thicker
films. The relative intensity of the reflection indicates a
preferred orientation along the (002) direction. These
results are in agreement with the structural data reported in
the literature for chemically deposited CdS films prepared
with a similar reaction solution. The Fig. 1(b) shows the
XRD patterns for the second sample of the CdS thin films.
These patterns also display the (002), (110), and (201)
diffraction lines of the hexagonal CdS structure. However,
the (311) diffraction line does not appear or it is very weak.
The intensity of the peaks also increases with deposition
time. The ratio of the (002) peak intensity is larger than the
one for the others films, indicating a stronger (002) pre-
ferred orientation. It is known that the surface mobility of
adsorbed species at the substrate surface has a strong
influence on the crystalline structure during the growth
process. In the Fig. 1(c), the pH in the solution is 11.3,
which means a higher concentration of OH™ ions and thus
faster generation of S*~ ions by the thermal hydrolysis of
thiourea.
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thicknesses 90, 120, and 160 nm, respectively. (¢) Optical transmis-
sion and reflection spectra of CdS thin films deposited at 60 °C, pH
11.3, deposition times of 30, 45, and 60 min and thicknesses 40, 56,
and 66 nm, respectively (Color figure online)

The optical properties such as transmittance, absorption
coefficient and band gap energy of CdS thin films are
determined from the variation of the optical transmission
with wavelength (1) in the range from 200 to 900 nm.
Figure 2 shows the optical transmission and reflection
spectra for the CdS thin film solar cells (for the three
samples with different deposition times). They have the
same absorption edge at ~500 nm. The transmission of the
films at larger wavelengths than the absorption edge is
between 70 and 90% and drops to 10% at lower wave-
lengths. The reflectance of the films is between 10 and 20%
over the entire wavelength range. In these spectra the
absorption edge of CdS is also manifested at about 500 nm.
The oscillations of both transmission and reflection of the
films in the semi-transparent region are due to interference
with the light reflected at the substrate—layer interface.

The optical band gap energy (E,) of the CdS thin films
have been determined by extrapolating the linear portion of
the curves of (ochv)2 versus (hv) as shown in Fig. 3. From
the Fig. 3, it is observed that all the films have direct band
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gap values of 2.38-2.58 eV for the films with different
ammonia concentration. The deviation of the energy gap
values from the standard bulk value of 2.42 eV is due to
the use of greatly wide range of ammonia concentration in
the present CBD process. Hence, the CdS thin films can be
considered to be good for use as visible transmitting thin
films since the range of band gap for visible transmitting
film is 1.5-3.0 eV.

Figure 4 shows SEM images of the three samples of the
CdS thin films at different deposition times. It is observed
that the surface morphology of as-deposited films is almost
smooth and no grains are observed clearly at a low molar
concentration, see Fig. 4(a). The size of the grain in the
deposited films has been observed with the high pH values.
Thus, the change in the surface features and the improve-
ment in the grain growth are clearly noticed from the SEM
images of the film deposited at a higher concentration. The
films deposited in pH buffered conditions (10.6 and 11.3)
are having predominant grains (Fig. 4b—c). The develop-
ments of uniformly distributed roughly spherical grains
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Fig. 3 (a) Band gap energy values of CdS thin films deposited at
60 °C, pH 10.1, deposition time of 60 min, and thickness 529 nm.
(b) Band gap energy values of CdS thin films deposited at 60 °C, pH
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Fig. 4 (a) SEM photos of CdS thin films deposited at 60 °C withp
deposition time of 60 min, thickness 529 nm, and with pH 10.1, for
20, 5, 2, and 1 pm. (b) SEM photos of CdS thin films deposited at
60 °C with deposition time of 60 min, thickness 160 nm, and with pH
10.6, for 20, 5, 2, and 1 pm. (¢) SEM photos of CdS thin films
deposited at 60 °C with deposition time of 60 min, thickness 66 nm,
and with pH 11.3, for 20, 5, 2, and 1 pm

grown perpendicular to the surface of the substances are
observed for these films. The estimated average grain size
is observed to be increasing with the increase of the con-
centration of ammonia. The SEM photo (see Fig. 4c)
shows a surface of some porous homogeneous film having
a grain size between 107 and 125 nm.

Conclusions
CdS thin films were deposited on glass substrate by CBD

method. The optimal deposition parameters were used to be
T = 60 °C, deposition time equal to 30, 45, and 60 min.
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10.6, deposition time of 60 min, thickness 160 nm. (¢) Band gap
energy values of CdS thin films deposited at 60 °C, pH 11.3,
deposition time of 60 min, thickness 66 nm
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For the sample 3, the film thickness was 66 nm and band
gap 2.44 eV, this is an evidence of disorder effects or
presence of amorphous components in the film. The use of
the buffer also increases the growth kinetics, resulting in
thicker films. However, the optical properties, such as
energy band gaps at the critical points of the electronic
band structure of CdS, are not affected by the use of the
buffer; with this analysis a high efficiency can be obtained
from these CdS thin-film solar cells.
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