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Abstract

Cadmium sulfide (CdS) thin films were deposited using chemical bath deposition (CBD) technique on fluorine-doped tin
oxide glass substrates. Cadmium sulfate, thiourea, and ammonium hydroxide were used as Cd source, S source, and the
complexing agent, respectively in the reaction bath. The post-deposition CdCl, activation of chemical bath deposited CdS
(CBD-CdS) thin films was done by dip coating in a saturated CdCl, bath. X-ray diffractograms show the growth of large
CdS grains with better crystalline quality over the recrystallization process due to CdCl, treatment. The development of large
clusters was determined to be due to coalescence of smaller clusters. The photoelectrochemical (PEC) cell (CdS/Na,S,0,/
Pt) parameters, such as V. and I for CdCl, activated CBD-CdS thin films were found to be higher compared to untreated
CBD-CdS thin films. The improved effective surface area of the film and higher carrier concentration due to grain bound-
ary passivation could be the reason for higher V- and I values found in CdCl,-treated CdS films. Additionally, all the
CdCl,-treated CdS films showed an increase in the optical transmittance spectra and bandgap compared to untreated CdS
films. Relative energy band edge position of the grown CdS films was found to be adjustable with the CdCl, treatment time.

The best photoactivity was found for the CdS films which were dip-coated for 10 min in CdCl, solution.

1 Introduction

Polycrystalline CdS thin films have shown potential pho-
tovoltaic applications due to its direct bandgap, high trans-
mittance, low resistivity, and relative ease of film growth
[1, 2]. Among the dozens of growth techniques, chemical
bath deposition (CBD) is considered as a favored technique
of CdS thin film deposition due to its simplicity, low cost,
adaptability, and reliability [3—8]. Additionally, the effect
on growth kinetics, deposition bath temperature, chemical
concentration, film thickness, and surface morphology to
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achieve improved photo active CBD-CdS thin film has been
comprehensively reported in previous studies [9—12]. Sub-
ject to the growth condition and technique, CdS film can be
found in either metastable cubic or highly stable hexagonal
phase [13]. Since better crystallinity of the window layer in
photovoltaic devices is a must to achieve superior light to
current efficiency, it is crucial to improve the crystallinity of
CdS to produce superior devices [2, 14].

CdCl, heat treatment on CdTe is well known since the
1970s to improve the conversion efficiency of CdTe/CdS
solar cells [15-17]. Also, CdCl, treatment offers several sig-
nificant benefits such as grain boundary passivation, increase
of grain size, reduction of lattice mismatch between the CdS
and CdTe layers, resulting in improved efficiency of conver-
sion of light to current in the CdS/CdTe solar cells [18].
However, few articles have been reported the CdCl, heat
treatment on CdS [19]. Among different types of post depo-
sition heat treatment methods, CdCl, treatment on CdS thin
films can be considered as a crucial method to grow high-
quality CdS thin films [19].

Conventionally, there are three major CdCl, treatment
methods; wet treatment [20], evaporated treatment [21], and
vapor treatment [22]. In this manuscript, a comprehensive
investigation is reported on conventional wet treatment on
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chemical bath deposited CdS (CBD-CdS) by the means of
photoelectochemical (PEC) cell measurements, C—V meas-
urements, field emission scanning electron microscopy (FE-
SEM), optical measurements, and grazing incidence X-ray
diffraction (GIXRD).

2 Experiment

0.001 mol dm~ 3CdSO,-8H,0 (cadmium sulfate, Sigma
Aldrich, 99%, USA), 0.002 mol dm™3 CS(NH,), (thiourea,
Sigma Aldrich, 99%, USA) and 1.1 ml NH; (ammonia,
Sigma Aldrich, 35% w/w, USA) were used as the starting
chemical for the growth of CBD-CdS thin films. Bath tem-
perature was kept at 80 °C for 1 h over the course of CBD
process using FTO (~10 Q /O, TEC 10, Sigma Aldrich,
USA) glass substrates. Cleaning of the substrate and grown
films was carried out according to the procedure explained
in Kumarage et al.[23]. All the grown CdS thin films were
about 80 nm in thickness. Later, the grown films underwent
dip coating with saturated CdCl,-methanol (CdCl,, Fluka,
99%, USA; methanol, Sigma Aldrich, 99.8%, USA) solution.
The CdCl, treatment duration was varied from 2 to 20 min.
Later, all the grown films were annealed at 200 °C for 1 h.
The coding of the grown films corresponding to the treat-
ment duration time is denoted in Table 1.

3 Characterizations

The morphological study of the grown CdS films was
done using an FE-SEM model LEO 1525. All the GIXRD
analysis of grown films were examined in a PANalytical
diffractometer (Empyrean) with a monochromatic beam
of CuKa (1=1.54184 A) with 2° incident angle, working
under 40 mA tube current at 40 kV. UV-1800 Shimadzu
spectrophotometer was employed to examine the optical
properties of the grown CdS films in the optical window of
300-800 nm. Profilometer (XP-1) was used to measure the
thickness of grown CdS films. All the photoelectrochemical
(PEC) cell analyses were carried out for the structure of Pt/

Table 1 CdS film codes and

. . Dipping dura-  CdS film code
the dipping durations for CdCl, tion (minutes)
treatment
0 S-0
2 S-2
6 S-6
10 S-10
14 S-14
18 S-18
20 S-20
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Na,S,0,/CdS/ FTO using PEC Cell LO1. A 150 W short-arc
xenon lamp was used to illuminate the CdS/electrolyte junc-
tion. The same PEC cell configuration was used for the C—V
measurements. A sinusoidal signal of 1000 Hz with a volt-
age of 20 mV corresponding to the Ag/AgCl electrode was
used to bias the CdS/electrolyte junction. The electrolyte
used for all the electrical characterizations was 0.1 mol dm™>
Na,S,0; (Baxter Smith Labs, 97%, USA) and the semicon-
ductor to electrolyte contact area was 0.25 cm?.

4 Results and discussion
4.1 Optical measurements

The optical bandgap (E,) values of the grown films were cal-

culated by extrapolating the straight portions of the curves

of (ahv)’ vs. hv onto the “hv” axes using the Stern relation

[24-27]:

N Gl i )
hv

where a is the optical absorption coefficient, # is the Plank’s
constant, A is a constant and for direct bandgap materials
such as CdS, n is equal to 1. Variation of E, of the grown
CdS thin films corresponding to the CdCl, dipping times is
shown in Fig. 1. The film S-10 demonstrations the highest
value of 2.41 eV in Eg, whereas the lowest 2.33 eV was
observed in S-0. The variation in E, of CBD-CdS thin films
could be associated with changes in the lattice strain due
to the recrystallization as a result of CdCl, heat treatment
[28]. Additionally, the results propose that the E, values of
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Fig. 1 E, variation of the CdCl,-treated CdS thin films
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the CBD-CdS can be tuned between 2.33 and 2.41 eV by
varying the CdCl, treatment time.

The optical transmittance results in the optical window
of 300—800 nm of the grown CdS on FTO corresponding to
CdCl, treatment times are presented in Fig. 2. The optical
transmittance edge of all the CdCl, activated films shows a
blue-shift compared to the untreated, justifying the altera-
tion of E, value with the CdCl, treatment time observed in
Fig. 1. Further, it can also be seen that all the CdCl, acti-
vated films have comparatively high transmittance below the
optical bandgap compared to the untreated films, though the
films are in the same thickness range. The highest optical
transmittance was yielded for the films grown with a CdCl,
treatment time of 10 min. The improvements in the optical
transmittance also suggests low concentration of defects and
better CdS crystal quality. The improvement in the crystal
quality may diminish the absorption of light in the longer
wavelength region, subsequently enhance the electrical prop-
erties [27, 29].

4.2 Structural characterization

Figure 3 shows GIXRD diffractograms of (a) CdCl,-treated
film which showed the highest optical bandgap and the high-
est transmittance, (b) untreated CBD-CdS, and (c) bare FTO
glass. Results suggest that the deposited CBD-CdS films are
in the hexagonal phase. Five diffraction peaks were found
to originate from diffraction angles 25.07°, 26.46°, 28.32°,
44.10° and 48.34°. The peaks were identified to be hexagonal
reflections of (100), (002), (101), (110) and (103) planes of
CdS (JCPDS 98-009-5006). The rest of the peaks belong
to the FTO substrate. Figure 3a and Table 2 show the exist-
ence of broad asymmetric peaks (25.19°, 26.52° and 44.18°)
in CdCl,-treated films with a tail extending towards higher
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Fig.2 Transmittance variation of the CdCl,-treated CdS thin films
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angles. These asymmetric peaks can be originating from
the primary recrystallization of CdS due to broken Cd-S
bonds since CdCl, behaves as a fluxing agent [29]. Hence
it is worth to discuss the mechanism that could potentially
affect the recrystallization.

Conventionally, there is an excess number of sulfur
vacancies in CdS films associated with that of the intersti-
tial cadmium (Cd;). The chemical route of forming Cd; and
releasing S from the CdS along with the CdCl, treatment can
be explained as follows [19]:

CdS + CdCl, — 2CI; + 2Cd; + 1/2S,,, )
where X; and X, denote the interstitial position and substitu-

tional position of an element respectively. Hence, a signifi-
cant quantity of Cl atoms diffuses into the CdS films along

Table 2 Two theta angle and the corresponding reflection plane

Plane Untreated CdS CdCl,-treated CdS
(S-10)
20 ) d(A) 20 () d(A)
100 25.1196 3.54522 25.1960 3.53464
002 26.4882 3.36506 26.5289 3.35999
110 44.1554 2.05111 44.1835 2.04987
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with the annealing process and create CI state. Furthermore,
with the introduction of CI state in the CdS, V> and Cl,
are formed to create deep and shallow levels (V, denote a
vacancy) [30]. Thereby it can be concluded here, most of
the sulfur vacancies are chemically engaged by the C1™ ions
to form Cl,. As the Cl occupied in V, it prevents oxygen
incorporation on CdS during the CdCl, treatment. Thereby
in the annealing process, nanoscale grains will coalesce to
form a dense film [19]. Also, Cd vacancies are created in the
CdS matrix to maintain the overall charge neutrality along
with the incorporation of CI™ ions. This formation of Cd
vacancies enables enough space for the rearrangement of
atoms during the recrystallization process, promoting coa-
lescence of neighboring clusters.

In order to examine the preferential crystallite align-
ment of the grown CdS films, the texture coefficient (7C,,,)
of CdCl,-treated (10 min) films and untreated was calcu-
lated. For the TC,,, calculation following equation was
used [31-35]:

— I(hkl)/IO(th)
TCy = n [il I ] 3)
b= (hkl)/ £0(hkl)

where n is the number of X-ray diffraction peaks, [
is the measured intensity and /y,, is the standard inten-
sity of the plane (hkl). The standard intensity of the plane
(hkl) was taken from the JCPDS 98-009-5006. The TC,,,
for films S-0 and S-10 are displayed in Fig. 4. The figure
illustrates that the relative intensity of the peaks (100) and
(101) increase with the CdCl, treatment, while the intensity
of (002) decreases. Yet, the results indicate that the reflec-
tion plane (002) seems to be the favored orientation for both
investigated films S-0 and S-10.
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Fig.4 The texture coefficient of a CdS, b CdCl,-treated CdS films
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4.3 Morphological characterization

The SEM images of four different films are presented in
Fig. 5a—d. The figure suggests that the cluster sizes have
increased with the CdCl, treatment. Additionally, Fig. 5b
shows the established large grains over the course of CdCl,
annealing are made due to the coalescence of small clus-
ters. These coalesced grains could be due to a result of the
division of bigger grains into smaller grains and reorienting
themselves as discussed earlier, affecting the overall micro-
structure [36, 37]. As the CdCl, treatment time increases up
to 10 min, spherical clusters about 50—100 nm appear on the
surface which have not coalesced together. Pinholes were
not found in the film. The increment of the grain size of the
CdCl,-treated films can potentially be due to the diffusion of
CdCl, into the CdS film, reorienting the microstructure [16].

4.4 PEC cell characterization

Figure 6 illustrates the variation of V. and Ig. with CdCl,
treatment time. The figure manifests both the superior /g~
and V. values shown by all the films that underwent CdCl,
treatment (Table 3). Consequently, the highest I~ and V.~
values were shown by the film S-10. The observed supe-
rior /4 values in the CdCl,-coated films potentially resulted
from the improved gain size as observed in Fig. 5. Addition-
ally, the highest I5-X V,, was seen for S-10, suggesting bet-
ter photoactivity of the film.

Improved electrical properties of CdCl,-treated films can
be understood by looking into the structural changes which
undergo as a result of the CdCl, treatment. The presence of
CI™, resulting from CdCl, treatment has been identified to
act as a fluxing agent that supports the grain growth process
[38]. Also, the existence of large grains reduces the num-
ber of grain boundaries as well as the scattering of charge
carriers at the grain boundaries [38]. Therefore, a detailed
explanation of the improvement of electrical properties is
worth discussing here.

The mobility of the carriers in the films is affected by
several factors including carrier concentration, annealing
temperature, and defect complex formation. As the anneal-
ing temperature was kept at constant (200 °C) throughout
the work, the effect of annealing temperature can be ruled
out from the discussion. The increment of the /g value up
to 10 min of CdCl, treatment time can be attributed from the
increment of carrier concentration with the CdCl, treatment
time as shown in Table 3. The decrement in the /g~ value
beyond the treatment time of 10 min can be due to the incre-
ment of charged defect complexes with a growing diffusion
concentration of CI™. These defect centers surge the scat-
tering rate for the carriers, reducing the mobility of carriers
in the deposited films. Additionally, with the increment of
Cl diffusion into CdS, vacant centers are filled with charge
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Fig.5 Scanning electron microscope images of the grown CdS films; a CdCl, treatment time O min, b CdCl, treatment time 2 min, ¢ CdCl,

treatment time 10 min and d CdCl, treatment time 20 min
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Fig.6 Open circuit voltage (V(), short circuit current (/g-) and
I X Vo for the CdCl,-treated CdS thin films

carriers. Subsequently, these filled centers create potential
barriers near the grain boundary which limits the mobility
of carrier charges.

4.5 C-V measurement

Carrier concentration (Np) and Vj, were found from the
slope and the X-axis intercept of the linear fit of the Mott-
Schottky equation [39]:

1 2 kT
—=—=_(v-v,- —)
C? AseOND< o, 4

where e is the electron charge, A is the area, ¢, is the per-
mittivity in a vacuum and € (=8.5) is the dielectric constant
[40]. The shape of the gradient of Mott-Schottky plot (1/
C? vs. V) confirms all the grown films are n-type in nature.
Fig. 7 and Table 3 show the variation of Vj, of grown films
corresponding to the CdCl, treatment time. These results
facilitate visualization of the altering nature of the relative
energy band edge position in the bandgap of the grown films
corresponding to CdCl, treatment time.

All the CdCl,-treated films showed significantly high V,
(with S-10 presence the highest), suggesting the existence
of different energy band edge positions in the CdCl,-treated
films compared to untreated. The relative band edge position
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mdopic gt e TS LeGA) Vocm¥) - LoVocG) BV 1 @¥) N 10 en)
CdCl,-treated films

0 23.32 254.00 5.92 2.33 —-45777 104

2 23.41 274.23 6.42 2.35 -603.36  1.31

6 30.20 303.5 9.16 2.37 —611.80 3.84

10 33.77 341.5 11.53 241 -657.05 5.11

14 31.86 305.50 9.73 2.36 —549.59 493

18 31.66 268.16 8.49 2.33 -562.36  4.85

20 31.87 273.00 8.70 2.34 — 55875 4.62

Best opto-electrical properties are presented in bold
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Fig.7 Flat band potential (V) variation of the CdCl,-treated CdS
thin films

variation, which is caused by the CdCl, treatment, can be inter-
preted in terms of variation of carrier concentration (Table 3)
in the material or due to the presence of intermediate energy
states. This suggests, as a result of the CdCl, treatment, the
concentration of donor atoms (V) increases due to the recrys-
tallization process which in turn improves the (N, —N,), where
N, is the concentration of acceptors. Additionally, higher V,
produces greater electric field strength in the space charge
region, improving the V,, value, hence the photoactivity of
the film. Additionally, the tunability of the relative energy band
position of the material leads to the improvement of the electri-
cal transport properties of the film, since the formation energy
of V4> causes band edge position to shift upwards.

5 Conclusions
CdCl, treatment has significantly improved the electrical

properties of CdCl,-treated films compared to untreated
conventional CdS films. The enhancement of V. in the

@ Springer

CdCl,-treated films can be concluded as a result of electri-
cal passivation by CdCl, and electrons states in the grain
boundaries. The superior I value seen for CdCl,-treated
films can be resulted from the improvement in the grain
growth process due to diffusion of C1™ in to the CdS grains.
The E, value was found to vary from 2.33 to 2.41 eV along
with the CdCl, treatment time with the highest E, value
yielding at a dipping time of 10 min (S-10).

Furthermore, the occurrence of different relative energy
band edge positions can also be a reason for the reported
better electrical properties of CdCl,-treated CBD-CdS films
in comparison to untreated CBD-CdS. Films dipped for
10 min in CdCl, solution appeared to have the highest flat
band potential and V.

Therefore, it can be concluded that the tunability of the
relative band edge position, higher effective surface area due
to higher roughness, recrystallization, and grain boundary
passivation due to CdCl, treatment has enhanced the elec-
trical properties of the grown thin films. Best electrical and
optical properties can be achieved with the treatment time
of 10 min in CdCl, solution.
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