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Abstract—The deposition temperature of the bath in chemical-bath-deposited cadmium-sulfide thin films
can directly affect the optical, electrical, structural as well as morphological properties of deposited thin
films. The reporting work discusses the properties of chemical-bath-deposited cadmium-sulfide thin films
deposited under steady chemical-bath temperature conditions at both 40 and 80°C and compares with films
formed under variable bath-temperature conditions by varying the temperature of the chemical bath from 40
to 80°C and 80 to 40°C while depositing. The optical, electrical, structural, and morphological properties of
the deposited films were examined by using ultraviolet-visible spectroscopy, photo-electrochemical cell,
Mott—Schottky measurements, grazing incident X-ray diffractograms, scanning electron microscopy, and
profilometry. According to the results, films deposited under steady chemical-bath temperature conditions
show better optoelectronic properties compared to the rest, while films fabricated at 40°C are the best.
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1. INTRODUCTION

Cadmium sulfide (CdS) has been identified as a
popular candidate for applications such as large-area
electronic devices and solar cells when considering the
group II and VI semiconductor compounds [1]. CdS is
also considered as a good partner to be used as the
window layer material for cadmium telluride (CdTe)
based solar cells due to low resistivity [2], high trans-
parency [3], better interconnectivity [4], and rough-
ness [5].

Chemical-bath deposition (CBD) is a process
which is used to produce high quality CdS thin films at
various temperature conditions and it is a popular
deposition technique compared to the other deposi-
tion methods of CdS because of its advantages such as
its simplicity, ability to large-area deposition and low
cost of production, better adherence and reproducibil-
ity [6, 7]. The bath temperature of the CBD CdS is a
conclusive factor which can affect optical, electrical,
morphological and structural properties of deposited
thin films [8].

In CBD, solid material is formed after the solution
bath is supersaturated. There are two prominent reac-
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tions of forming solid materials called; homogeneous
(within the bulk of the solution) and heterogeneous (at
a surface, the substrate or random reaction on the
reaction vessel surface) precipitation. The heteroge-
neous reaction has the tendency of film formation.
When considering the formation of thin films, there
are two main possible mechanisms or models; (a) ion
by ion mechanism where the ions condense at the
reacting surface to form film and (b) cluster by cluster
mechanism where agglomeration of colloidal particles
pre-formed in solution leads by absorption at the sur-
face to form films [9].

The reporting work focuses on deposition and
characterization of CBD-CdS thin films grown under
stable bath-temperature conditions at 40 and 80°C
(where ion-by-ion and cluster-by-cluster mechanisms
take place, respectively) and under variable bath con-
ditions by varying the deposition bath temperature
from 40 to 80°C and 80 to 40°C. The optical, electri-
cal, structural, and morphological properties of the
fabricated films have been examined by using UV—Vis
spectroscopy, photo-electrochemical (PEC) cell, 1/C?
vs. V measurements, grazing incident X-ray diffrac-
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Fig. 1. An illustration of the processes that lead to thin film formation: (a) ion-by-ion; (b) cluster-by-cluster; (c) ion-by-ion infill-

ing on cluster-by-cluster CdS.

tometer (GIXRD), scanning electron microscopy
(SEM), and profilometry.

2. EXPERIMENTAL DETAILS
2.1. Growth Kinetics

Formation of CdS thin films at lower temperatures
through ion-by-ion mechanism occurs by sequential
ionic reactions. The basis of this mechanism is given by

Cd** +S8° — Cds. )

If the ion product [Cd*"][S?>~] exceeds the solubil-
ity product (K,) of CdS then, neglecting kinetic prob-
lems of nucleation, CdS will form as a solid phase.

During this process, the presence of a surface (sub-
strate or the walls of the reaction vessel) introduces a
degree of heterogeneity that facilitates nucleation.
Hence, the ion-by-ion depositions are more likely to
take place on the substrate or the other surfaces. Here,
the surface can be considered to be a catalyst for the
nucleation process [10].

In the cluster-by-cluster process, agglomeration of
colloidal cadmium hydroxide (Cd(OH),) particles
that are pre-formed in solution through homogeneous
nucleation gets adsorbed to the substrate surface to
form a solid thin film through the following reactions:

Cd* +20H < Cd(OH),J, (ii)
nCd(OH), + nS7? < (CdSnd + H,0, (i)
Cd(OH), + 4NH,OH <> [Cd(NH,),], + H,O. (iv)

Finally, the sulfide ions and [Cd(NH;),]*" react to
form CdS as mentioned below:

[CA(NH,),In"" +S* < (CdS)nl + 4NH,. (V)

As indicated in reaction (iv), the metathetical reac-
tion between the surface-bound “Cd(OH), nuclei”
and sulfide ions or thiourea through a heterogeneous
process forms good-quality CdS thin films. Those
adherent thin films are only obtained from baths
which are supersaturated with respect to the precipita-
tion of cadmium hydroxyl species, irrespective of the
substrate used [11].

Considering the mechanism of film formation, it is
expected that films produced through ion-by-ion

SEMICONDUCTORS Vol.54 No.8 2020

deposition tend to produce smoother films compared
to films that underwent cluster-by-cluster mechanism
as shown in Figs. 1a and 1b [12]. Therefore, it can be
hypothesized in the sample grown under variable bath
temperature from 80 to 40°C, that a CdS layer may
deposit through ion-by-ion mechanism on top of
another CdS layer deposited through cluster-by-cluster
mechanism and would generate a dense CdS film with
a smooth surface as shown in Fig. 1c, due to ion-by-ion
infilling on clusters. Contrariwise, cluster-by-cluster
layer deposition of CdS on top of ion-by-ion CdS layer
can produce rough surfaces compared to the previous,
in which ion-by-ion layer would act as a seed layer for
cluster-by-cluster deposited CdS thin film [9].

3. METHODOLOGY

CdS thin films were deposited onto fluorine-
doped tin oxide (FTO, ~10 Q/[1, TEC 10, Sigma-
Aldrich, USA) conducting glass substrates by CBD
method at different bath temperatures. The solution
was prepared in a ~250-mL container by adding 10 mL
of 0.001 M cadmium sulfate (CdSO,, 99%, Sigma-
Aldrich), 1.1 mL of ammonia solution (NH;, 35 wt %,
Surechem) and deionized water to make the final vol-
ume 140 mL while 10 mL of 0.002 M thiourea
(CS(NH,),), 99%, Sigma-Aldrich) was added drop by
drop into the bath throughout the experiment. Glass
substrates were cleaned by using the standard proce-
dure [13, 14] and positioned inside a bath at an angle
of 45° using a Teflon sample holder for the CBD-CdS
process. The bath was maintained under constant stir-
ring during the deposition and the temperatures were
kept constant for the films deposited under steady bath
temperature conditions at 80°C (Sg,) and 40°C (S,),
while the bath temperature was varied from 40 to 80°C
and 80 to 40°C for the samples deposited under vari-
able bath-temperature conditions (S4y_go and Sgq_40,
respectively) for one hour. All the samples were depos-
ited so that the film thicknesses were almost similar
(~80 nm). After deposition, the CdS films were
washed ultrasonically to remove the loosely attached
CdS particles on the film. Then, CdS was removed
from the non-conducting side of the substrate by
chemical etching using diluted HCI. After washing the
films with de-ionized water, they were dried with N,
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gas and finally annealed at 200°C for one hour in a
vacuum furnace (Gallenkamp).

4. CHARACTERIZATION

Structural analysis of the grown thin films was con-
ducted using PANalytical diffractometer (Empyrean)
GIXRD using CuK, radiation with A = 1.54184 A,
glancing incident angle of 2° in continuous mode at
generator voltage of 40 KV in 40-mA tube current using
0.05° scan step size with step time 2 s and 26 in the
range of 20°—70°. Thickness measurements of the thin
films were made using an XP-1 Profilometer (Ambio-
sTechnology). A UV-1800 Shimadzu double-beam
UV—Vis spectrophotometer was used for optical trans-
mittance and absorbance measurements at room tem-
perature under normal incidence in the wavelength
range from 300 to 800 nm. Imaging of the microstruc-
ture was done using Zeiss EVO/LS15 scanning elec-
tron microscope. The I(V) (current vs. voltage) mea-
surements were obtained in a PEC Cell-L01 contain-
ing 0.1 M of Na,S,05 (97%, Baxter Smith Labs, USA)

keeping the area of the CdS/electrolyte was 0.25 cm?.
The junction was illuminated under an AM 1.5 simu-
lated solar light irradiation using a 150 W short-arc
xenon lamp. The 1/C? vs. V measurements were car-
ried out in the same PEC cell within the potential
range from +0.8 to —0.8 V, scanning in the cathodic
direction using Gamry (G300) potentiostat. The
solid|liquid junction was held at 0.2 V and 1000 Hz
with respect to the Ag/AgCl reference electrode
during the Mott—Schottky measurements. For I—V
and Mott—Schottky measurements, Pt and Ag/AgCl
electrodes were used as counter and reference elec-
trodes, respectively.

5. RESULTS AND DISCUSSION
5.1. GIXRD Results

The GIXRD diffractograms of samples S4y, S4o_s05
Seo_40> S0, bare FTO, and CdS on borosilicate glass
are shown in Fig. 2. All films were hexagonal with a
main (002) reflection and weaker (100), (101), (110),
and (103) planes of CdS (JCPDS 80-0006), to account
for the crystalline structure of CdS thin films depos-
ited. Further, the peaks other than explained above are
related to the FTO glass substrate which can be con-
firmed by diffractrogram of bare FTO in Fig. 2e. CdS
deposited on borosilicate glass substrate shown in
Fig. 2f also confirms that the films are primarily hex-
agonally oriented.

The texture coefficient (7C,,;) [15—18] can be used
to describe the preferential orientation of the crystal-

lites along a crystal plane (4kl) in a thin film and it is
determined from the GIXRD spectra of the CdS films

KUMARASINGHE et al.

L (a) S40

Intensity, 10°

N OO O R O W OO B 0O W A

—_—

L (D CdS on glass

0 30 40 50 60 70
20, deg

Fig. 2. GIXRD difrractograms of (a) Sy, (b) S49_go-
(c) Sgo—40> (d) Sgg, (e) bare FTO, and (f) CdS on borosil-
icate glass.

S40> Sa0-80> Sg0_a0> and Sgy, according to the formula
[19-21];

7C,, = Lty / Loy ’ (1)
1/ nZ 1 (h'k'l')/ 1 o'kl
Wl

where [, is the measured relative intensity of plane
(hkl), Ly is the standard intensity of the plane (hkl)
taken from JCPDS data (JCPDS 06-0314), and # is
the number of diffraction peaks that is equal to 5 in this
work, with most intense reflections (002), (100),
(101), (110), and (103). For a preferential orientation,
TC,, should be greater than one. According to the
results, (002) appears to be the most preferred orienta-
tion for all fabricated samples.

5.2. Optical Measurements

UV—Vis spectroscopy was used to measure the
transmittance and the absorption of deposited films.
Figure 3 shows the optical transmittance spectra of the
deposited CdS samples.

According to the UV—Vis spectroscopic results,
S4 has highest transmittance while the lowest trans-
mittance is recorded for Sg,. Additionally, according to
Fig. 3, there is a clear red shift of the transmittance
edge of the sample Sg, and Sg;_4, compared to the
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Fig. 3. The optical transmittance of samples Sy, S40_g0-
Sg0—40, and Sgy.

other two, suggesting that the band gaps of the depos-
ited films are subjected to alternation.

The band gap (£,) values of the deposited samples
were estimated using the Beer—Lambert’s law which
shows in the equations below,

1/2

ad = In [i] = 2.303A4bs, ()
Iy

ohv = A(hv — E,)'"°, (3)

where d is the film thickness, /, is the incident inten-
sity, I is the transmittance intensity, Abs is the absor-
bance, o is the absorption coefficient of the film, 4 is
a material-dependent constant, 4 is Planck’s constant,
E, is the band gap, and v is the frequency of the light.
The band-gap values of CdS thin films were obtained
by extrapolating the linear (0t4v)? vs. Av plots derived
from the Eq. (3), to (othv)? = 0 [22]. The calculated E,
shows that the sample Sy, has the highest E,, while
other samples are not found to show any significant
variation. Since the optical properties and electrical
properties of the films are correlated, the electrical
properties of the films were studied via PEC and
Mott—Schottky measurements.

5.3. Electrical Measurements

The electrical measurements of the deposited sam-
ples are shown in Fig. 4. According to Fig. 4, the high-
est short-circuit current (Igc), open-circuit voltage
(Voc) as well as Ig¢ - Vo was obtained for the sam-
ple S,. The variation of V, with respect to the depos-
ited different samples was also found to agree with the
variation of band gap.
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The flat-band potential (V) and carrier concen-
tration (N)) were calculated from the X-axis intercept
and the slope of the line fits of the Mott—Schottky
equation [23, 24];

12 (y_y, KT),
C° egy AN, e

where e is the electron charge, € (= 8.5) is the dielec-
tric constant, €, is the permittivity in vacuum [25]. The
Mott—Schottky plots (not shown) confirmed the n-type
behavior of all the fabricated CdS thin films. The
highest flat-band potential value was recorded for the
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Fig. 6. SEM micrograms of the fabricated CdS samples: (a) Sy, (b) S49_g0, (€) Sgg—_40, (d) Sgo-

thin film deposited at 40°C (Fig. 5). Higher V}, yields
higher electric field strength in the space-charge
region of the semiconductor, enhancing the V. value.
Therefore, the similar trends in the variation of both
Voc and the V;, in Fig. 4b and Fig. 5 might be due to
this effect.

Furthermore, one potential reason for the highest
I value observed in Fig. 4 for the thin film deposited
at 40°C (S,) can also be due to the high flat-band
potential [26]. When the carrier concentration values
were calculated using the above equation, it was found
that all the carrier concentrations were in the order of
10'® ¢cm—3, while samples S,y ¢, and Sg, 4 showed
higher values compared to the rest.

5.3. Morphological Results

Figures 6a—6d shows SEM micrographs for four
CdS thin films grown at different bath conditions.

According to the SEM images, both the samples
S4 and Sg, share a common feature, where smaller
clusters seems to be distributed on top of large clusters,
unlike in the case of samples Sgy_4o and Syy_go. This
feature can increase the effective surface area of the
samples S, and Sg, compared to the rest. In addition,
it is also evident from the SEM images that the sample
S, seems to have better interconnectivity compared to
sample Sg,. Therefore, it is possible to further justify
the higher /g value obtained for S,, compared to the

rest of the samples. Also, when comparing Sg,_4, and
Sa0-s0> Sg0_40 Shows better interconnectivity than the
S.40_s0» Which can be seen in Fig. 6. This effect can be
due to the ion-by-ion infilling on the cluster-by-clus-
ter CdS. Therefore, the /5 value of Sg,_4, is expected
to be comparably higher than S,,_g,. Furthermore, as
seen by SEM images in Fig. 6d, film surface of Sg, has
rougher topography compared to S,,. Rough surfaces
tend to scatter much light and hence give a way to low
transmittance [27]. Hence this could be the reason for
the higher transmittance recorded for S, as seen in
Fig. 3.

6. CONCLUSIONS

Cadmium-sulfide (CdS) thin films were success-
fully deposited by the chemical-bath deposition
(CBD) method under stable bath-temperature condi-
tions at 40 and 80°C and under variable bath condi-
tions by varying the bath temperature from 40—80°C
and 80—40°C while depositing. GIXRD analysis indi-
cates the formation of hexagonal phase of CdS with
(002) preferred orientation for films deposited under
both constant and variable temperature conditions
while the sample deposited at 80°C showed better
crystallinity. Moreover, SEM investigations suggest an
infilling of CdS in sample Sg,_,, when bath tempera-
ture is lowered from an initial high temperature.
Resulting lower surface roughness of Sg_4, suggests
lower effective surface area, which in turn facilitates
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low I—V values. According to the optical, morpholog-
ical, and electrical results, even though small clusters
formed due to ion-by-ion deposition may have acted
as seeds for cluster-by-cluster deposition of CdS in
S.0_s0, films deposited at 40°C display better electrical
as well as optical properties owing primarily to mor-
phological properties.
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