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Annealing Effects on the Properties of Electrodeposited CdSSe Thin Films
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Abstract: The effect of post heat treatment on structural, morphological and optical properties of electrodeposited CdSSe solid solution
thin films were studied using X-ray diffractometer (XRD), scanning electron microscopy (SEM), and UV-Vis-NIR spectrophotometer, re-
spectively. X-ray diffraction patterns revealed that polycrystalline nature with hexagonal structure of CdSSe thin films. Also the micro-
structural properties are calculated tends to increase and the face centred hexagonal orientation of CdSSe thin film is enhanced signifi-

cantly by increasing the annealing temperature. Scanning electron microscopic images revealed that the hexagonal shaped grains are

occupying the entire surface of the film. The optical transmittance and absorption spectra were recorded in the range 400 tol1100 nm. The
band gap of the CdSSe thin films was found to decrease from 2.0 eV to 1.8 eV due to annealing temperature. The real part of the complex
refractive index (n) and the imaginary part extinction coefficient (k) were calculated before and after annealing.
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1. INTRODUCTION

Cadmium sulphoselenide (CdSSe) is a ternary chalcogenide
semiconductor whose bandgap varies from 1.7 eV (CdSe) to 2.5
eV (CdS). It is widely used as a semiconducting material, mainly
as photoconductors, but with increasing interest focused on their
use in photovoltaic and photoelectrochemical (PEC) devices. [1].
CdSSe is photoconducting material sensitive to the visible wave-
length of light. Vapour phase crystal growth of CdSSe has been
carried out [2]. CdS,CdSe system in the entire range of X has the
same crystal structure and type of conductivity. For many applica-
tions, thin layer of CdSSe on sub strates are normally required.
There are many methods of preparing sucha thin films, such as by
evaporation, CVD, spray pyrolysis and electrochemical deposition.
CdSSe thin films from aqueous medium have been electrodepos-
ited and used in PEC cells. It was observed that Se incorporation
in CdS lowers ithe bandgap energy, Eg of CdS material and en-
hances its photoelectrochemical solar cell conversion efficiency
[3]. Literature survey showed that very little work has been re-
ported on the preparation of CdSSe thin films by chemical method
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[4-5]. In recent years, a lot of work on CdS;,Se, focused on the
dynamical properties of localized excitons because they represent
a model system for fundamental studies, concerning the effect of
disorder on the carrier dynamics. The well-known phenomenon of
disorder-induced exciton localization has also been observed in
other II-VI and III-V solid solutions [6-8]. Mane et al [9] have
reported the optical properties showed that Se incorporation in
CdS film decreases the optical bandgap. All the films deposited by
chemical bath deposition are n-type and semiconducting evidenced
by electrical measurement studies.

In the present study, we report the annealing effect of electrode-
posited CdSSe solid solution thin films on indium tin oxide (ITO)
coated glass substrates by potentiostatic mode. The structural,
morphological and optical properties of the prepared thin films in
as-deposited condition were studied using X-ray diffraction, scan-
ning electron microscopy (SEM) and optical absorption tech-
niques.

2. EXPERIMENT DETAILS

CdSSe thin films were grown by electrodeposition technique
using potentiostatic method. The deposition process depends on
various parameters such as deposition potential, bath temperature,
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Figure 1. X-ray diffraction patterns of electrodeposited CdSSe thin
films (a) un anneal (b) 200°C (c) 300°C and (d) 400°C.

solution pH and electrolyte concentration. A standard three elec-
trode cell was used for the electrodeposition CdSSe. Indium doped
tin oxide (ITO) was used as working electrode, graphite rod as
counter electrode, and a saturated calomel electrode (SCE) as the
reference electrode. ITO coated glass substrates were first cleaned
in acetone, and thoroughly rinsed with distilled water. The electro-
deposition of CdSSe was carried out cathodically from an aqueous
bath composed of CdSO4, Na,S,03 and SeO,. The deposition of
CdSSe thin films was carried out from an aqueous electrolyte con-
taining 0.02 M, 0.1 M and 0.002M concentrations of CdSOy,
Na,S,0; and SeO,at a deposition potential and bath temperature
are -750mV vs SCE and 75°C, respectively. The solution pH was
adjusted to 3.0 £ 0.1 by the addition of H,SO, solution. For air
annealing the samples a furnace is employed. The post annealing
temperatures and time were selected by the stability of the samples.

Electrodeposition was carried out using an electrochemical sys-
tem consisting of PAR (EG&G Princeton Applied Research, USA
Model 362A) potentiostat/galvanostat unit. An X-ray diffractome-
ter system [X’PERT PRO PANalytical, Netherlands] with Cuk,
radiation (A = 0.1540) nm was used to identify the crystal structure
of the films. Surface morphological was carried out using a scan-
ning electron microscopy (Philips Model XL 30, USA). Optical
properties of the samples were analyzed using a UV- Vis- NIR
double beam spectrophotometer (HR - 2000, M/S ocean optics,
USA).

3. RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns of the CdSSe thin films unan-
neal and various annealing temperatures such as 200°C, 300°C and
400°C. The ‘d” (interplanar spacings) values of the XRD reflec-
tions were compared with standard ‘d” values taken from JCPDS
diffraction file (No. 50-0721). The observed good agreement d
values are very good agreement with standard d' values and it is
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Figure 2. Crystallite size and micro strain with various annealing
temperatures for CdSSe thin films.

represent that films are deposited primitive hexagonal phase with
(110) crystallographic orientation. Annealing the films at 200° C ,
300°C and 400° C for 60 min in air produces a considerable im-
provement in crystallinity, showing more intense and sharper XRD
peaks. The interpretation of the X-ray diffraction pattern of the 800
nm thick CdSSe film on conducting glass substrates (Fig. 1) shows
that it is exhibit polycrystalline in nature hexagonal crystal struc-
ture. The highest peak at angle 20 = 43.51° corresponds to the (110)
reflection, the other peaks are at angles 24.30, 27.521, 34.98, 48.10
and 51.70 and corresponding to the crystallographic planes (100)
(101) (102) (103) and (201), respectively. The large peak at 43.5 1°
indicates that CdSSe thin film is preferentially oriented along the
(101) plane. An increase of annealing temperature in the CdSSe
films sharpened the (110) peak. It can be seen that there is sharp
and strong peaks observed in all patterns. When annealing the sam-
ples some new peaks are appeared also broadening of the predomi-
nant peak decrease it may be due increase crystallinity of the sam-
ples. But (100) plane intensity decrease when increase annealing
temperature till 200°C, hereafter increase annealing temperature in
this peak has been disappeared. The post heat treatment is affect
only the crystallinity and microstructure of the film but no phase
transformation take place. Similar findings were also reported by
other authors [10,11]. This suggests that the annealing process of
the investigated system brought about a progressive increase in the
degree of crystallinity of CdSSe hexagonal phases and led to a
progressive increase in their grain size. There is very good changes
occur in the annealing x-ray diffraction pattern when compared in
as-deposited films.

Figure 2 shows that calculated crystallite size and micro strain
with their corresponding annealing temperatures. The crystallite
size D of the films was calculated from the Debye-Scherer’s [12]
formula from the full-width at half-maximum intensity (FWHM)
expressed in radians, using the formula D = [0.94/BcosB],where D
is crystallite size and P is the FWHM. The larger full-width at half-
maximum (FWHM) observed for unannealed CdSSe films made of
nanocrystallites. When increase annealing temperature the film as
increase crystallite size shown figure. Because post heat treatment
to grow the crystallite of its thermal expansion properties. X-ray
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Figure 3. Dislocation density and number of crystallites per unit
area with various annealing temperatures for CdSSe thin films.

line profile analysis revealed that the crystallite size increases with
annealing temperature and the films are found to have maximum
value of crystallite size in 40.5 nm. Due to the removal of defects
in the lattice with increase in annealing temperature the microstrain
in the films get released and attained a minimum value at 400°C.
The calculated crystallite size is range between 32 and 40.5 nm.

The calculated crystallite size of the film and their corresponding
micro strain (€) is estimated. The microstrain (€) is calculated using
the relation [13].

E = A - 'B
DCos8 Tan@

ey

A sharp increase in crystallite size and decrease in microstrain
with annealing temperature is shown in Figure 3. Such release in
microstrain reduced the variation of interplanar spacing and thus
leads to increase in crystallite size and minimum values are ob-
tained for films annealed at 400°C.

The dislocation density & defined as the length of dislocation
lines per unit volume of the crystal and can be evaluated from the
particle size D by the relation:

n
52; (2

where n is a factor, when equal unity giving minimum dislocation
density. The number of crystallites per unit area (N) of the films
was determined with the using formula,

N=— 3)

where t is thickness of the film, N number of crystallites per unit
area and D crystallite size. Such release in micro strain reduced the
variation of interplanar spacing and thus leads to decrease in dislo-
cation density and number of crystallites per unit area of the film
(Figure 3) and minimum values are obtained for films deposited at
maximum annealing temperature. CdSSe films with lower micro
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Figure 4. Texture coefficient with various annealing temperatures
for CdSSe thin films.

strain, dislocation density and number of crystallites per unit area
improves the stoichiometry of the films which in turn causes the
volumetric expansion of thin films. The CdSSe solid solution thin
film is due to the presence of Se ion vacancies within the lattice.
Crystallinity improvements with deposition potential enhance the
concentration and mobility of Se ion vacancies within the lattice
and hence reduce the resistivity of the films. The studies on func-
tional dependency of micro structural parameters on CdSSe thin
films indicate that the micro strain, dislocation density, number of
crystallites per unit area increases with deposition potential
whereas the crystallite size decreases.
The texture coefficient was calculated using an expression,

-1
Ihk.l) [ I(hk.lL)
T (h.k.l.)= L 11 2 L 11 4)
CHT T T (hk, L) [ 1 (hk; L)

where I represents the standard intensity, I is the observed inten-
sity of (hik;l;) plane and n is the reflection number. The crystallite
shape of the cadmium sulfoselenide film is strongly related to the
texture coefficient of the film. The texture coefficient of different
lattice planes of CdSSe thin films are shown in Figure 4. The pre-
dominant plane orientation of the film has high texture coefficient
value. Also annealing temperature increase the texture coefficient
value is decreases it may be owing to some new peaks are ap-
peared. Because of this changes may be due to the some new crys-
tallographic oriented peaks are emerged also peak intensity is in-
creased. It has been reported for copper oxide film [14] earlier that
texture coefficient is higher than 1 indicates preferential orientation
and also indicates the abundance of grains in a given (h;,k;,1;) direc-
tion.

Figure 5 shows the transmittance of un annealed and 400°C an-
nealed CdSSe thin films. The un annealed films have a transmit-
tance in the visible of 55% and annealed sample increases the
transmittance in the visible to 75%. The increase in the transmit-
tance is due to an increase in the band gap with carrier concentra-
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Figure 5. Optical transmission spectra of unanneal and maximum
annealing temperature(400°C) for CdSSe thin films.
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Figure 6. Plot of hv vs (ahv)? of un anneal and maximum anneal-
ing temperature (400°C) for CdSSe thin films.

tion. To study the optical properties of the materials, the transmit-
tance versus the photon energy of the CdSSe was determined. The
nature of transition is determined using the following equation (2)
[15],

ahv=A(hv—Eg}" (5)

where o is absorption coefficient in cm™ , hv is photon energy,
Eg is an energy gap, A is energy dependent constant and n is an
integer depending on the nature of electronic transitions. For the
direct allowed transitions, n has a value of 1/ 2 while for indirect
allowed transitions, n = 2.

The band gap energy of the grown thin films can be determined
by extrapolation of the linear part of the plot of (ahv)” versus the
incident radiation energy, hv , as shown in Figure 6; which indi-
cates that the near band edge optical absorption coefficient has
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Figure 7. Refractive index and extinction coefficient of various
annealing temperatures for CdSSe thin films.

spectral dependence of only the joint density of states in samples.
The optical absorption edge has been observed at a wavelength of
about 685 nm corresponding to band gap energy of about 1.81 eV
for non- annealed sample. This value is quite consistent with the
literature for as-deposited CdSSe films grown [16]. The observed
band gap energy of the annealed sample is about 1.89 eV corre-
sponding to a wavelength of 656 nm. These results show that the
band gap energy of CdSSe thin film shifts to higher energy values
after annealing. The increase of the band gap energy after annealing
is quite consistent with some of the following studies in the litera-
ture for various thin films. For example, Bouhssira et al. have
shown that the ZnO band gap energy increases from 3.3 eV in as-
grown up to 3.7 eV after systematic annealing experiments at tem-
peratures from 100 to 600° C [17]. They attribute the blue shift of
the optical absorption edge to the increasing crystallinity quality of
the CdSSe films. Most of these films are on much larger substrates
in terms of melting point such as sapphire so that they can anneal at
higher temperatures.

We have further investigated the experimental data of optical
reflectance and transmittance for CdSSe thin film to calculate the
refractive index. Optical reflectance spectra were recorded at room
temperature in air to obtain information on the optical properties of
CdSSe thin films. Refractive index (n) of CdSSe thin films are
estimate using the expressions [18-19],

1+R 4R
n= +
I=R \(1-r

2
? —k 6)

The variation of refractive index with wave length of incident
radiation for CdSSe thin films is shown in Figure 7. Refractive
index found to decrease as a function of wave length in CdSSe thin
film prepared at optimized deposition condition. The extinction
coefficient can be calculated by using the relation [20].
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ous annealing temperatures for CdSSe thin films.

ol

“ar (N

where a is absorption coefficient, A is wave length of the CdSSe
thin films. The refractive index and extinction coefficient of the
thin films are estimated from following equations (10) and (11).
Figure 7 shows the refractive index, n, and the extinction coeffi-
cient, k, respectively, for electrodeposited CdSSe thin film as a
function of wavelength. It is obvious that a remarkable variation is
observed in both n and k values. The refractive index is found to
decrease with increase in wavelength of the incident photon. At
higher wavelength of the incident photon, the refractive index tends
to be constant [21]. The refractive index tends to decrease for both
films as we approach longer wavelength regime. The refractive
index was found to constant value after visible region. The refrac-
tive index and extinction coefficient of the films are increased
when increasing the annealing temperature shown in fig. 7. The
refractive index of the films increased rapidly with the increase of
annealing temperature also extinction coefficient values. The initial
sharp increase of ‘n” with ‘k’ indicated a rapid change in the ab-
sorption energy of the unannealed films.

The complex dielectric constant is known to be a fundamental
intrinsic material property. The real part of dielectric constant is
associated with the property of slowing down the speed of light in
the material. The real and imaginary parts (Figure 8) of the dielec-
tric constant were determined using the relation [22]

E=& +E =(n+ik)2 (8)

where ‘€.’ and ‘g’ are the real and imaginary parts of the dielec-
tric constant respectively and are given by
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Figure 9. SEM picture of CdSSe thin film annealed at 400°C.

£ =2nk (10)

The imaginary part of the dielectric constant resembles the varia-
tion similar to extinction coefficient values and the variation is
plotted simultaneously. The trend showed is typical of a semicon-
ductor. The knowledge of the real and imaginary parts of the di-
electric constant provides information about the electronic band
structure; details of it are found [23]. €, and €; are found to vary
with the increase in photon energy. This is based on stoichiometry
of samples and the formation energy of defect levels. This is be-
cause the band gap increases with the deposition potential.

The surface morphology of 400° Cannealed CdSSe thin films
was examined by scanning electron microsopy (SEM). Figure 9
shows the SEM picture of CdSSe electrodeposited annealed at
400°C. At annealed (400°C) films there is an increase in crystallite
size. This result in an increase in nucleation over-growth and the
deposits are more compact with uniform grain structure. An in-
crease in the size of the crystallites with anneal temperature was
also evident from the SEM picture. It is observed from scanning
electron micrographs that the average grain sizes of CdSSe films
annealed at 400°C is 100nm. The grains become distinct larger by
connecting to neighbors and appear as a number of stacking flakes
in sizes up to more than 100 nm as shown in figure.

4. CONCLUSIONS

The optical and structural characterization on both un-annealed
and annealed samples have shown that the thermal treatment car-
ried out at 200°C, 300° C and 400°C has a great influence on the
physical parameters of the grown structures. The XRD results re-
veal that the deposited thin film has a good polycrystalline hexago-
nal structure. On the films without annealing films has the crystal-
lite size are lower than those films annealed temperature of 200°C,
300°C and 400°C. The microstructural parameters were estimated
and were found to depend on the post heat treatment the CdSSe
thin films. It has been observed that the direct band gap energy was
increased from 1.81 to 1.89 eV after annealing from 0 to 400°C for
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60 min under air medium. We propose that this increase in band
gap energy may be due to the decrease cadimium compositiion
after thermal treatment. The refractive index and extinction coeffi-
cient showed some variation with rise in annealing temperature of
CdSSe film. An increase in the size of the crystallites with anneal
temperature was also evident from the SEM picture. The annealing
effects on the structural and optical properties of CdSSe thin film
on conducting glass substrate will be useful for the formation of
CdSSe based polycrystalline films for the application of optoelec-
tric devices.
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