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Abstract: The impact of N, purging in the CdS deposition bath and subsequent N, annealing is
examined and contrasted with conventional CdS films, which were deposited without purging
and annealed in ambient air. All films were fabricated using the chemical bath deposition method
at a temperature of 80 °C on fluorine-doped tin oxide glass slides (FTO). N, purged films were
deposited by introducing nitrogen gas into the deposition bath throughout the CdS deposition process.
Subsequently, both N purged and un-purged films underwent annealing at temperatures ranging
from 100 to 500 °C for one hour, either in a nitrogen or ambient air environment. Photoelectrochemical
(PEC) cell studies reveal that films subjected to both N, purging and N, annealing exhibit a notable
enhancement of 37.5% and 27% in Igc (short-circuit current) and Voc (open-circuit voltage) values,
accompanied by a 5% improvement in optical transmittance compared to conventional CdS thin films.
The films annealed at 300 °C demonstrate the highest Isc, Voc, and Vg values, 55 uA, 0.475 V, and
—675 mV, respectively. The improved optoelectrical properties in both Np-purged and Nj-annealed
films are attributed to their well-packed structure, enhanced interconnectivity, and a higher sulfur to
cadmium ratio of 0.76 in the films.
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1. Introduction

CdS is a common choice for the “window layer” of CdTe heterojunction solar cells.
Thanks to the large and direct bandgap (2.42 eV) of CdS, the majority of the solar spectrum
is transmitted rather easily, making CdS an appropriate window layer above the CdTe
absorber in which photogeneration of excess minority carriers takes place [1]. There are
many deposition techniques for CdS thin-film deposition [2]. These deposition techniques
are either purely physical or purely chemical or a combination of both [1]. Among different
methods of CdS deposition, the chemical bath deposition (CBD) method emerges as a sim-
ple and economical technique to grow high quality thin films for large-area deposition [3,4].

The properties of CdS thin films, along with many other binary metal chalcogenides
produced through CBD, are significantly influenced by various growth parameters. These
parameters include the concentrations of metal and chalcogenide ions, pH of the chemical
bath, deposition temperature, duration of deposition, and the oxygen percentage in the
solution [5]. The pH level of the bath has been documented to cause changes in both grain
size and optical bandgap of CdS films [6]. Moreover, the temperature of the chemical bath
can impact the grain size, subsequently affecting the effective surface area [7]. Numerous
studies in the literature have extensively discussed the influence of the bath temperature on
the optoelectronic properties of CBD-CdS deposited films [8,9]. Furthermore, it is suggested
that bath temperature and deposition duration may play a crucial role in adjusting the film
thickness and growth rate of CdS films [10].
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It is known that thermal annealing at the proper temperature is crucial to improve
the thin-film crystallinity and hence the electrical properties of CdS thin films [11,12].
Furthermore, annealing CdS films under a hydrogen or nitrogen environment decreases
the resistivity as a result of increased electron density [13]. Also, annealing treatments
can modify the morphology of the film, which in turn alters the optical properties [14].
The possibility of alteration of relative band position, and hence, the Fermi levels of CdS
depending on the different annealing environments such as Ar + Hp, Ar + S, Ar + CdCl,
and O; has also been reported [15].

In the reporting work, the preparative procedure of the conventional CdS films
has been altered with the purging of N, gas into the deposition bath followed by post-
deposition N, annealing, potentially improving the uniformity and homogeneity of the
films deposited. The structural, morphological, electrical, and optical properties of the
deposited films are discussed using respective characterization techniques to assess the
effectiveness of the deposition mechanism proposed for CdS.

2. Materials and Methods

The fluorine doped tin oxide (FTO, Sigma-Aldrich, St. Louis, MO, USA) glass sub-
strates were first washed with detergent and running de-ionized (DI) water before ul-
trasound sonication. Later, glass substrates were cleaned following a method described
elsewhere [8,15-17].

During the deposition, cleaned FTO glasses were placed inside a beaker at an angle of
45° to the horizontal using a homemade sample holder. The chemical bath deposition was
performed in a reaction solution consisting of 10 mL of 0.01 mol.dm 3 cadmium sulphate
(3CdS0O4.8H,0, 99%, Breckland Scientific, Stafford, UK), 1.1 mL of ammonia solution (NHj3,
5% w/w, Surechem Products Ltd., Ipswich, UK), and 118.9 mL of DI water, while 10 mL of
0.02 mol.dm 3 thiourea (CS(NH,),, 99%, MRS Scientific Inc., Wickford, UK) was added
drop by drop for 1 h into the reaction solution. Magnetic stirring (200 rpm) was utilized for
a homogeneous growth of CdS [18,19].

N, purged films were deposited by bubbling N into the reaction solution over the
course of CdS deposition process. Prior to deposition, the chemical solution was Nj purged
for more than 30 min at a high bubbling rate of (200 bubbles per minute, 3000 standard
cubic centimeters, sccm). During the deposition of CdS, N, flow rate was slow, and it was
set to 100 bubbles per minute (1500 sccm) to eliminate agitation by the gas flux during the
growth of CdS. Both the N, purged and un-purged films were later annealed at 100, 200,
300, 400, and 500 °C in BiichiTo-51 tube furnace for one hour. Employing the deposition
and annealing methodologies outlined above, we fabricated four distinct CdS film vari-
ants to systematically examine their optical, electrical, compositional, morphological, and
structural attributes. Table 1 provides details regarding the deposited films.

Table 1. Details of the four different types of grown films.

Purging Annealing Environment Code
No Air Cds/A
No N> CdS/N,
Nz Air NQ-CdS / A
N» N> N-CdS/N,

2.1. Chemical Reaction Route

The formation of CBD-CdS has been discussed by many researchers [20-23]. The
reaction route initiates with the hydrolysis of ammonia in the water giving out OH~;

NH; + H,O <> NH,* + OH~ (1)
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Then, CdSO; begins to dissolve as follows,
CdSO, — Cd** + 50,2~ 2)

The above Equation (1) makes the medium basic with a pH of about 11. The sulfur
source, thiourea, which is added drop by drop throughout, then hydrolyzes in alkaline
solution to give S?~.

CS(NHy), + 20H™ <+ $>~ + CN,H, + 2H,0 (3)

The CdS deposition mechanism is known to be two-fold, depending on the bath
temperature at which the deposition occurs. At low temperatures, deposition is through
the “ion-by-ion” mechanism, which is given by the reaction route.

Cd** + 5%~ — CdS| 4)

At higher temperatures, the deposition is through a “cluster-by-cluster” mechanism.
There, Cd?* reacts in the basic medium as in Equations (5)—(7).

Cd?** + 20H™ « Cd(OH), (5)
nCd(OH); + nS*~ < (CdS)n! + 2nOH~ (6)
Cd(OH), + 4NH,OH < [Cd(NH3)4]** + 4H,0 + 20H ™ 7)

Finally, [CA(NH3)4]*" and sulfide ions react to form CdS.
[CA(NH3)4]?" + S?~ «» (CdS)nl + 4NH; (8)

Since the concentration of [Cd(NH3)4]%* is not rich enough to hinder the growth
of Cd(OH),, a small amount of Cd(OH), could be precipitated. Subsequently, CdS is
deposited by the gradually generated S>~ ion as in Equation (6) [24].

In the reporting work, all the depositions were conducted at 80 °C, where the cluster-
by-cluster deposition mechanism is encouraged. All the deposited films were about 80 nm
in thickness.

2.2. Characterizations

The I-V measurements were carried out using the photoelectrochemical (PEC) cell with
configuration FTO/CdS/0.1 mol.dm~3 Na,S,03 /Pt using PEC Cell LO1 solar simulator
with Keithley 2400 series source meter. The cell area was 0.25 cm?, and the CdS/ electrolyte
junction was irradiated using a 150 W Xenon lamp. C-V measurements were conducted
within the potential window from —0.8 to +0.4 V for the PEC Cell configuration described
above using Gamry potentiostat G-300 at a frequency of 1000 Hz. Ag/AgCl and a Pt
plate were used as the reference and counter and electrode, respectively, for all the PEC
characterizations. UV-vis spectrophotometric measurements of films in both transmittance
and absorbance modes were obtained from double-beam UV-vis spectrophotometer (UV-
1800 Shimadzu) in the optical window from 300 to 800 nm. The morphology of the films
was observed by SEM images using Zeiss EVO | LS15 SEM, while the composition was
assessed using Energy Dispersive X-ray (EDX) by INCA X-act SN 67217 EDX under an
accelerating voltage of 10 keV. The thickness of the grown films was measured by using
the SEM cross-section images. The surface roughness was investigated using a Veeco
Atomic Force Microscope (AFM, model 840-017-900R). Grazing Incidence X-ray Diffraction
(GIXRD) was carried out by using a PANalytical X-ray diffractometer.
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3. Results and Discussion
3.1. Optical Properties

The optical transmittance spectra of the grown thin films are shown in Figure 1. Ac-
cording to Figure 1, the optical transmittance of all the grown films was found to reduce
with increasing annealing temperature. It is evident from Figure 1 that the transmittance
edges of almost all the N, unpurged films are subjected to a red shift with the increas-
ing annealing temperature. However, all the N, purged films showed almost identical
transmittance behavior irrespective of the annealing temperature. Additionally, it was
noted that the average transmittance values of all the films are greater than 80% in the
wavelength range of 600 to 900 nm, and N»-CdS/Nj has the highest optical transmittance
out of all the films deposited. The optical transmittance in the visible region depends on
crystal defects, dislocation density, and grain boundaries of the film [25]. Hence, optical
transmittance results suggest a low density of defects and relatively higher crystal quality
of the N»-CdS/Nj films compared to that of other films [18].
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Figure 1. Optical transmittance of the CBD-CdS annealed from 100 to 500 °C; (a) CdS/A; (b) CdS/Ny;
(c) N,-CdS/ A; (d) N,-CdS/Ns.

The optical band gap values (Eg) of the films were obtained by (ahv)? vs. hv plots
derived from Equation (9) [26,27].

o —Ep)™” o
*= hv ©)
where A is a constant, h is Plank’s constant, and n is equal to 1 for direct bandgap mate-
rials such as CdS. The absorption coefficient («) was calculated by using Lambert’s law,
Equation (10) [28].

oad = ln(%) = 2.303Abs (10)
where It and Ij are intensities of transmittance and incidence radiation, respectively, Abs is
the optical absorbance, and d is the thickness of the film [29]. The derived Eg values are
plotted in Figure 2.

Figure 2 reveals that irrespective of the type of film, all of the samples are subjected
to a reduction in Eg with the increasing annealing temperature. The highest decrement
in Eg over the range of temperatures was observed for CdS/N;. The decrement in Eg
with annealing temperature can be due to factors such as re-organization of the film, S
evaporation, and self-oxidation [30].
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Figure 2. Variation of Eg of the four different types of samples with respect to annealing temperature.

Re-organizing the film is a common cause in all annealing temperatures. The re-
organizing process is twofold: (a) the film becomes more orderly due to the filling of empty
sites and (b) evaporation of absorbed water from the film. Filling up of voids encourages
them to form denser films and hence a reduction in Eg. However, the second route may
cause empty sites in the film due to the evaporation of absorbed water. It is also a known
factor that S in the CdS films can be subjected to evaporation at temperatures higher than
375 °C, turning the yellowish film to brownish yellow [31]. S evaporation can also decrease
the Eg of the annealed CdS film. Also, the self-oxidation process can occur, even if the film
is annealed under N, atmosphere due to a couple of possible oxidation agents. One of
them is the absorbed/adsorbed water in the film from the bath solution, and the other is
the remaining residues of Cd(OH); in the film. As a result, when the film is subjected to
annealing, CdO can form through the following means.

Cd(OH), — CdO +H,0 (11)

This process can influence the decrease in Eg in two means: (a) the creation of CdO
and (b) H,O formed during the process causing further oxidation of the film. Therefore,
even with a small percentage of oxidation, a decrement in Eg is possible to observe.

Based on the findings, enhanced transparency of CdS films can be realized through
the introduction of N, purging into the CdS bath, coupled with subsequent annealing
in a nitrogen environment. An additional crucial criterion for the production of highly
efficient CdS/CdTe solar cells involves attaining elevated photoconductivity of CdS to
mitigate electrical losses [25]. Hence, it is imperative to evaluate alterations in the electrical
properties resulting from the application of nitrogen purging and annealing processes.

3.2. Electrical Properties
3.2.1. PEC Cell Analysis

The variation in V¢ (open circuit voltage) in the PEC cell with respect to annealing
temperature for all four types of films is given in Figure 3. According to the result, irrespec-
tive of the type of annealing followed, 300 °C seems to have produced the films with the
highest Voc. Furthermore, film N»-CdS/Nj; has shown the highest Voc at an annealing
temperature of value 300 °C compared to the rest.
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Figure 3. The variation in Voc value of the four different types of CdS films at different annealing
temperatures.

The variation in Isc (short circuit current) in the PEC cell with respect to different
annealing temperatures for the four different types of films is shown in Figure 4. From
the result, it is evident that all of the films show an initial increase in Igc before it starts
decreasing beyond 300 °C, similar to the behavior of Voc. It is also observable that, out
of the four different films, N,-CdS/Nj, has shown higher Isc values at all of the annealing
temperatures, with the highest Isc value recorded at an annealing temperature of 300 °C.
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Figure 4. The variation in Igc value of the four different types of CdS films deposited at different
annealing temperatures.

Figure 5 shows the variation in the Isc X V¢ value in the PEC cell for all of the grown
films. Due to the recorded high Isc and Vo values, the film N»-CdS/Nj results in the best
Isc x Voc value compared to the rest, at any given annealing temperature. According to
Figures 3-5, it can be concluded that the PEC cell of the N,-CdS/Nj films results in higher
Isc, Voc compared to the rest and hence exhibits superior photoconductivity.
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Figure 5. The variation in Isc x V¢ value of the four different types of CdS films deposited at
different annealing temperatures.

It is a known fact that annealing improves the crystallinity of materials because it helps
the motion of atoms to reach a stable position owing to thermal energy [32]. Therefore,
an improvement in the crystallinity of the CdS films can be expected when the annealing
temperature is increased, irrespective of the method of deposition and method of annealing.
Therefore, improved electrical properties of the films up to an annealing temperature of
300 °C can be justified [33,34]. However, S can leave the CdS films when subjected to
annealing temperatures greater than 375 °C. This effect can leave non-stoichiometric CdS
films [31]. Small grain size, a lower degree of crystallinity, and the occurrence of defects
such as surface imperfections, structural dislocations, and disorders lead to the sinking
of electrical properties [35]. Evaporation of S from CdS films can also introduce a lower
degree of crystallinity to the film and hence could be the reason for poor electrical properties
observed at higher temperatures.

3.2.2. C—V Measurements

The Vpp (flat band potential) value of all the grown films was calculated from the
x-axis intercept of the linear fit of the Mott-Schottky equation [36]. The obtained Vg results
are shown in Figure 6. The result confirms the n-type electrical character of all the CdS
films which were annealed at different temperatures. According to the results, it is evident
that both N»-CdS/N; and N»-CdS/ A films display higher Vgp values compared to the rest,
at any given annealing temperature. For the N, purged films, an annealing temperature of
300-400 °C was found to produce the highest Vg values.

The previously observed enhancement in the Vpc value irrespective of the growth
method could be due to the higher Vg [24]. This tendency of variation is evidently seen
in Figures 3 and 6, where both Voc and the Vyg show a similar trend of variation. The
electrical properties of the grown films depend on surface morphology as well as the inter-
particle connectivity [8,16,17,19]. Therefore, topological and structural characterizations
were conducted for a better understanding of the variation in optoelectrical properties
when subjected to N, purging and annealing using the films annealed at 300 °C, which
yielded the best electrical and optical characteristics.
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Figure 6. The variation in Vg value of the four different types of CdS films deposited at different
annealing temperatures.

3.3. Morphological Analysis

Figure 7a—d show the SEM images of CdS/A, CdS/Nj, N»-CdS/A, and Ny-CdS/Ny,
respectively. All the films were annealed at 300 °C. The figures suggest that the surfaces
of the grown CdS films contain spherical topographies with diverse sizes. According
to the results, it is possible to state that N, purged films (N-CdS/A and N»-CdS/Nj)
show smooth morphology compared to the non-purged CdS/A and CdS/N; (Table 2). It
is also evident from the SEM images that both N»-CdS/A and N»-CdS/N; have better
interconnectivity compared to CdS/A and CdS/Nj. Therefore, better electrical properties
obtained for N, purged samples compared to the rest of the samples is understandable.

Table 2. S:Cd ratio and roughness for CdS/A, CdS/N,, N,-CdS/A, and N,-CdS/Nj.

Sample S:Cd Roughness (nm)

Cds/A 0.86 25.6

CdS/N, 0.81 19.7
N,-CdS/A 0.80 11.6
N,-CdS/N, 0.71 11.0

Furthermore, as seen in SEM images in Figure 7a,b, the film surface of films CdS/A
and CdS/N; have rougher topography compared to N»-CdS/A and N,-CdS/N; (Table 2).
Rough surfaces tend to scatter more light and hence give way to low transmittance [37].
Hence, the higher transmittance recorded for N, purged films, as seen in Figure 1, could
potentially be due to this effect besides the better crystallinity.
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Figure 7. SEM images of the CdS films; (a) CdS/A; (b) CdS/Nj; (c) N,-CdS/A; (d) N»-CdS/N,
annealed at 300 °C for 1 h.

Figure 8a,b show the SEM images obtained for un-purged/un-annealed and N,
purged /un-annealed CdS films, respectively. It is evident that N, purging has improved
the size of the clusters. The improvement of the cluster size is due to the merging of small
clusters which are about 25 nm in size. This can be the reason for the observed relative
smooth surface in the N, purged samples as seen in Figure 8c,d.

At a deposition temperature of 80 °C, CdS is expected to be deposited through the
cluster-by-cluster process. This occurs via agglomeration of colloidal Cd(OH); particles
pre-formed in solution through homogeneous nucleation as mentioned in Equations (5)—(8)
above. When a CdS film is deposited by the cluster-by-cluster method, one possible
shortcoming is the adherence of loosely bound large Cd(OH); particles onto the substrate.
But with the introduction of N, purging into the solution bath, adherence of loosely bound
large Cd(OH); can be minimized, potentially due to solution agitation. According to
Figure 4, both the N, purged films (irrespective of whether air annealed or N, annealed)
show better I, values compared to the rest. This result may well be because of the better
interconnectivity between the CdS clusters as a result of N, purging.
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\ . ]
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Figure 8. SEM and AFM images of the CdS films; (a,c) unannealed and unpurged CdS; (b,d) N,
purged and un-annealed CdS.

3.4. Compositional Analysis

Compositional analysis of the films CdS/A, CdS/Nj,, Np-CdS/A, and N»-CdS/N;
were conducted using EDX analysis. All the films were annealed at 300 °C. The S:Cd ratio
was determined using the EDX spectra, and the results obtained from the analysis are given
in Table 2. According to the results, the highest S:Cd ratio was observed for the film CdS/A,
while the lowest ratio was seen for Np-CdS/Nj.

A lower S:Cd ratio can lead to a decrement in the resistivity of the films and hence
an improved electrical property [38]. Therefore, the result also suggests that the better
electrical properties of N»-CdS/Nj; can also be due to apparent S deficiency.

In the literature, the deficiency in S compared to Cd has been explained as a result of
the existence of oxygen in the sub lattice of sulfur due to the transformation of Cd(OH); in
the as-grown films as explained in Equations (2)—(5) and Equations (2)—(7) [39]. Also, itis
known that the dimensions of oxygen atoms are smaller than the dimensions of sulfur [40].
Hence, the variation in the crystallite size can be resulted from the variation in the S:Cd
ratio. Formation of O, can be one of the reasons for the increment in the S:Cd ratio which in
turn potentially affect the residual stress of the film. Furthermore, annealing some Cd(OH),
(Equation (11)) precipitates in the film may convert to CdO, releasing water vapor that
triggers additional oxidation. Even a small percentage of oxidation can lead to a significant
decrease in the optical energy gap, which represents the minimum energy required for
band-to-band transition. Consequently, in a mixture of CdS and CdO, the measured energy
gap corresponds to that of CdO during transmission measurements [31].

3.5. Structural Analysis

It is a known factor that the optical, as well as the electrical, behavior of thin films
can be affected by the structural properties. The obtained results for all four types of films
annealed at 300 °C for 1 h along with GIXRD results for bare FTO substrate is shown in
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Figure 9. The diffraction peaks at 25.00°, 26.52°, 28.28°, 43.94°, and 48.01° in Figure 9a—e
were identified to be corresponding to hexagonal (010), (002), (011), (110), and (013) planes
of CdS (JCPDS 98-009-5006). The rest of the peaks appearing are from the FTO substrate on
which the films were deposited on. According to the result, irrespective of the method of
annealing, there is no evidence to support the formation of oxides in the grown films.

- (a) —— CdS/A

Intensity (x10°)
O N OO DNMMOOGOGODNMMOOGOGODN MO

20 (deg.)

Figure 9. X-ray diffractograms of the (a) CdS/A; (b) CdS/Np; (c¢) No-CdS/A; (d) N»-CdS/N, thin
films annealed at 300 °C for 1 h; (e) as-deposited CdS; (f) bare FTO.

The crystallite size of the grown films can be investigated using Williamson Hall (WH)
plots by [41,42].

KA
Bhii cosO = D + 4¢sin © (12)

where A is the wavelength of X-rays used for the measurement, K is the shape factor, €
is the macrostrain, D is the crystallite size, and 0 is the diffraction angle. The intercept
of the linear plot between (31,4 cos 6 and sin 8 can be used to calculate the crystallite size
of the grown films. Calculated crystallite sizes are shown in Figure 10. According to the
figure, N, purging seems to adversely affect the crystallite size. Nevertheless, the reduction
in crystallite size within CdS thin films demonstrates a notable augmentation in both
open-circuit voltage (Voc) and short-circuit current (Isc) characteristics, as illustrated in
Figure 6, attributed to the corresponding increase in surface area [43,44].
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The preferential crystallite orientation in the films was investigated by calculating the
texture coefficient (T'Cpy) of the samples. The TCpy; was calculated for all the grown CdS
film using Equation (13) [45,46].

I(hkl)/IO(hkl)
1/n Yl Ty /Io(hkl)

TCh = (13)

where 7 is the number of X-ray diffraction peaks, Iy is the standard intensity of the plane
(hkl) taken from the JCPDS data (JCPDS 98-009-5006), and Iy, is the measured relative
intensity of a plane (hkl). The calculated TCpy for samples CdS/A, CdS/Ny, No-CdS/ A,
and N»-CdS/N, are shown in Figure 11. The figure demonstrates that (002) appears to be
the greatest preferred orientation for all the samples investigated.

25 ] =—010

= 002
—u—101
20 F =— 110
=103
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0.0 1 1 1 !
Csd/A CdS/ N2 N2-CdS/ A N2-CdS/ N2
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Figure 11. Texture coefficient of CBD-CdS/A, CdS/Nj, N,-CdS/ A, and Np-CdS/N; films.

The obtained crystallographic data do not support a significant change in the crystal
structure of the grown films or the existence of oxides. Hence, the improvement in the
electrical and optical properties seen due to N, purging and annealing is more likely a
result of the improvement in the surface morphology, composition, and roughness of the
grown films as described earlier.
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4. Conclusions

Two different sets of CdS thin films were successfully grown on FTO glass substrates
under N, purged and un-purged conditions. Later, both sets of films were annealed in two
different annealing environments: N, annealing and air annealing in the temperature range
of 100-500 °C. The films that underwent both N»-purging and Nj-annealing showed a 5%
improvement in optical transmittance compared to the conventional CdS thin films. The
Isc and V. values of all the grown films in the PEC cell of FTO/CdS/0.1 M NayS,03 /Pt
were found to be increased irrespective of the deposition method before it decreased
beyond the annealing temperature of 300 °C. The films that underwent both N,-purging
and Nj-annealing showed the highest Isc and Vo in the PEC cell of FTO/CdS/0.1 M
NayS;03/Pt under an annealing temperature of 300 °C. The Isc, Voc, and Vg values of
Ny-purging and Nj-annealing films showed 37.5%, 27%, and 24% improvements with
respect to conventional CdS films.

The better electrical properties observed in N, purged samples could be resulted
from the well-packed nature and better interconnectivity, which was evident from the
SEM images. Additionally, the higher S:Cd ratio in the N,-purged and Nj-annealed films
compared to the rest can also be a possible reason for the improved electrical properties of
the proposed novel CdS deposition method. The study suggests that N, purged and N,
annealed CBD-CdS films yield better optical as well as electrical properties compared to
conventional deposition methods.
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