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Abstract Electroplated cadmium stannous selenide (Cd,Sn;
—Se) thin films were coated on indium-doped tin oxide (ITO)
conducting glass substrates from aqueous bath solutions con-
taining CdCl,, SnCl,, and Na,SeOj3. The x value was tuned by
change in metal ion source concentration of the electrolytic
bath solution. The various x values such as 1,0.7,0.45, and 0,
of Cd,Sn;_,Se thin films were characterized by structural,
morphological, compositional, and optical properties using
X-ray diffraction, scanning electron microscopy, energy dis-
persive analysis by X-rays, and UV-vis-NIR spectrophotom-
eter, respectively. X-ray diffraction (XRD) patterns revealed
that the deposited films exhibit polycrystalline nature Cd,Sn;
_,Se thin films. The microstructural parameters such as crys-
tallite size, dislocation density, microstrain, and number of
crystallites per unit area were calculated and presented. Mor-
phological studies revealed that spherical-shaped grains were
observed in cadmium-dominated films and nano-rod-shaped
grains were observed in tin-dominated films. Optical proper-
ties of CdSnSe films were determined from optical transmit-
tance data in the spectral range 400 to 1,100 nm. The optical
direct transition energy band gap was estimated using con-
ventional method, and band gap energy was lying between
1.02 and 1.83 eV. The refractive index, extinction coefficient,
and real and imaginary parts of dielectric constants were
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calculated using optical transmission spectra of Cd,Sn;_,Se
thin films.
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Introduction

The uses of thin film polycrystalline semiconductors have
attracted much interest in an expanding variety of applications
in various electronic and optoelectronic devices. The techno-
logical interests in polycrystalline-based devices are mainly
caused by their low production cost. Cadmium selenide is an
interesting material because of its efficient room temperature
electro-luminescence and nano-electric device [1, 2] applica-
tions. CdSe has been investigated for its potential applications
in solar cells [3], photoconductors [4], thin film transistors [5],
light-emitting diodes [6], and gamma-ray detectors [7]. Tin
selenide thin films have numerous applications as an efficient
solar cell material [8], memory switching devices [9, 10], and
holographic recording system [11]. CdSe and SnSe have been
studied in the form of both thin films [12, 13] and single
crystals [14, 15]. CdSe is a narrow band semiconductor, and
its optical band gap is 1.74 eV [16], whereas the band gap of
SnSe is 0.9 eV [17]. SnSe belongs to the group of layer-type
orthorhombic IV-VI compounds characterized by a strong
anisotropy of the chemical bonds and physical properties. In
earlier, Datta et al. [18] have reported electrocrystallized Cd-
Sn-Se thin films by varying Sn** concentration in the solution
bath. They have discussed about the X-ray diffraction, atomic
force microscopy, and scanning electron microscopy studies
of Cd-Sn-Se thin films. Also, they have observed that opto-
electronic properties were determined by spectroscopic anal-
ysis and electrochemical measurements. Among the various
methods used to prepare thin films are vacuum evaporation,
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chemical vapor deposition [19, 20], and electrodeposition [21,
22]. Electrochemical deposition is the cheapest known tech-
nique for preparation of thin films. It is a slow process, which
facilitates a better orientation of the crystallites with an im-
proved grain structure. Our group previously published in
electrochemical, structural studies of CdSnSe thin films with
different electrochemical bath solutions [23, 24]. In this paper,
we have reported the comparison studies of structural, optical,
morphological, and compositional properties of the electrode-
posited CdSe, Cd,Sn,_,Se, and SnSe thin films.

Experimental details

The electrodeposited Cd,Sn;_,Se thin films were grown using
potentiostatic mode. A standard three-electrode cell was used
for the electrodeposition of CdSnSe. Indium-doped tin oxide
(ITO) was used as a working electrode, graphite rod as a
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 deposition of CdSnSe thin films was carried out
from an aqueous electrolyte bath containing 0.01-0.02 M,
0.01-0.02 M, and 0.005 M concentrations of CdCl,, SnCl,,
and SeO,, respectively. Also, we haveused 0.02 M EDTA as a
supporting electrolyte. The solution pH was adjusted to 2.5+
0.1 by the addition of NaOH solution. Electrodeposition was
carried out using an electrochemical system consisting of PAR
(EG&G Princeton Applied Research, USA Model 362A)
potentiostat/galvanostat unit. An X-ray diffractometer system
(X’PERT PRO PANalytical, Netherlands) with Cuk,, radia-
tion (A=0.1540 nm) was used to identify the crystal structure
of the films. Surface morphology was carried out using a
scanning 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).

Results and discussion

X-ray diffraction analysis is a powerful tool for crystal structure
and crystal imperfections properties of thin films. X-ray dif-
fraction patterns are obtained for Cd,Sn;_,Se films deposited at
various x values such as 1, 0.7, 0.45, and 0, as shown in Fig. 1.
The observed d-spacing values are in good agreement with
standard JCPDS values (88-2346 & 89-0249). Figure la rep-
resents the diffraction pattern of Cd,Sn;_,Se thin film prepared
at x=1. In this, pattern revealed that the predominant peak
orientation is observed at 25.12° for (111) crystallographic
plane. Other dualistic peaks are observed at angles 42.85° and
48.80° for corresponding crystallographic plane (220) and
(311), respectively. No other impurity peaks are observed in
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this diffraction pattern. Figure 1b shows the X-ray diffraction
pattern of Cd, 7Sng 3Se thin film. When the x value is decreased
from 1 to 0.7, the diffraction pattern is entirely changed. Be-
cause of the inclusion of tin atoms in Cd and Se, diffraction
angles are shifted and novel SnSe diffraction lines are emerged.
SnSe-related diffraction lines are observed at 30.12° and 31.23°
corresponding to (111) and (130), respectively. In addition to
that, (220) and (311) peaks are disappeared by introduction of
x=0.3 atomic ratio Sn element in Cd,Sn;_,Se thin film.
Figure 1c shows the X-ray diffraction pattern of Cdg 45Sng 555¢
thin film, and it is discovered mix of cubic (CdSe) and ortho-
rhombic (SnSe) structures. The diffraction peaks of cubic CdSe
structure 26 value is observed at 25.50° for (111) lattice orien-
tation. While the diffraction peaks of orthorhombic SnSe struc-
ture diffraction angles are observed at 30.40°, 31.21°, and
44.18°, corresponding lattice planes are (111), (130), and
(022), respectively. There are more “Sn” ions combined with
surplus “Se” ions than “Cd” ions; it may be due to the bond
length and atomic radius. Even though “Sn” element is a noble
metal, it can easily access to form compound with chalcogen-
ides. When the x value decreases from 0.45 to 0, the predom-
inant peak is observed at (111) plane. Also, some other new
peaks are observed at 25.61°, 30.91°, 37.38°, 41.51°, and
44.25°, corresponding to crystallographic plane (021), (040),
(131), (002), and (022), respectively. All the peaks are identi-
fied from Cd,Sn;_,Se alloy formation; hence, no additional
lines observed correspond to individual elements of Cd, Sn,
and Se.

The crystallize size of the electrodeposited Cd,Sn;_,Se thin
film can be calculated using full width at half maximum
(FWHM) data and Debye-Scherrer formula [25]:
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Fig. 1 X-ray diffraction pattern of Cd,Sn;_,Se thin films at various
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where 3 is the full width at half maximum of the peak
position in radiant, \ is the wavelength 1.5401&, and 0p is
Bragg’s diffraction angles. The calculated crystallite size is
varied from 26.5 to 39.5 nm. It is observed from Fig. 2 that the
x values decreased and crystallite sizes increased; it may be
due to the improvement of crystallinity. In this, crystallinity
improvement can be due to the more amount of “Sn” atoms
incorporated in alloy films. Also, during the ternary com-
pound formation in CdSe to CdSnSe thin film, the noble metal
of Sn domination increases, which depends on the composi-
tion ratio. The “Sn” element decreases the crystallite size
which may be due to the interaction between the atoms
increased in ternary compounds. The crystallite size variation
was studied in CdSe thin films by Sarangi and Sahu [26]. The
dislocation density & is defined as the length of dislocation
lines per unit volume of the crystal and can be evaluated from
the particle size D by the following relation:

6= @

where n is a factor, which equals unity giving minimum
dislocation density. Figure 2 represents dislocation density
variations of Cd,Sn;_Se thin film for different values of x.
The dislocation density increases with decrease of x values; it
may be attributed to decrease of crystallite size.

The microstrain € value is calculated using the following
relation [27]:

B cos @ 1 —esinb

A DT (3)

The crystallite size is indirectly proportional to microstrain
and dislocation density of the electrodeposited CdSnSe thin
films. The x value decreases from 1 to 0.45; the microstrain,
dislocation density, and number of crystallites per unit area of
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Fig. 2 Variation of crystallite size and dislocation density of Cd,Sn;_,Se
thin films

the Cd,Sn,_,Se thin film values increase which are attributed
to crystallite size decrease as shown in Fig. 3. The number of
crystallites per unit area (N) of the films was determined using
the following formula:

N = o (4)

where ¢ is thickness of the film, N is the number of crys-
tallites per unit area, and D is the crystallite size. The number
of crystallites per unit area is found to rapidly increase with
decreases in x values. The number of crystallites per unit area
increases which may be attributed to the reduction in crystal-
lite size with increase in x values of Cd,Sn;_,Se thin films
shown in Fig. 3.

Optical transmission and reflection spectra are recorded at
room temperature in air to obtain information on the optical
properties of Cd,Sn;_,Se thin films. The optical transmittance
(7) and reflectance (R) spectrum of deposited Cd,Sn;_,Se thin
films in the wavelength range 300—1,200 nm. Optical trans-
mission spectra of Cd,Sn;_Se thin film prepared at various
values of x is shown in Fig. 4. The spectrum represented well-
oriented grains build up the surface of the film. The high value
of x has lowered the value of transmission, and decreased value
of x increases the percentage of transmission. The observed
transmission spectra is exhibited with semiinterferencefringes.
In the absorption edges, the maxima and minima of the fringe
of the reflectance spectrum, respectively, occur at the same
wavelength positions of the minima and maxima of the trans-
mittance spectrum, respectively. This is an indication of the
optical homogeneity of the deposited films. The figure also
shows a sharp fall of transmittance at the band edge, which is
an indication of good crystallinity of the deposited films. The
transmittance increases and it tends to increase in the UV to
visible region. Besides, the optical transmittance decreases
towards the IR region in electrodeposited Cd,Sn;_,Se thin
films. The increase in the transmittance is due to an increase
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Fig.3 Variation of microstrain and number of crystallites per unit area of
Cd,Sn;_,Se thin films
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Fig. 4 Optical transmission spectra of Cd,Sn;_,Se thin films

in the band gap with carrier concentration. The optical param-
eters such as absorption coefficient and band gap are deter-
mined from optical absorption measurements. The value of
absorption coefficient for strong absorption region of thin film
is calculated using Eq. (5) [28]:

o= %ln (%) (5)

where « is the absorption coefficient (cm ™),  is the thick-
ness of the films, 4 is absorbance, and 7'is transmittance. The
nature of transition is determined using the following equation
[29]:

ahy = A(hv-E,)" (6)

where « is the absorption coefficient (cm ™), 4 is a photon
energy, E, is an energy gap, 4 is an energy-dependent
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Fig. 6 Extinction coefficient and refractive index of Cd,Sn;_,Se thin
films

constant, and »n is an integer depending on the nature of
electronic transitions. For the direct allowed transitions, 7
has a value of 1/2 while for the indirect allowed transitions,
n=2. The Tauc’s plot of Cd,Sn;_,Se thin film is shown in
Fig. 5. The band gap energy is estimated to be 1.02 to 1.83 eV
using conventional method. The CdSe band gap value is
1.83 eV, and band gap energy decreases with introduced
“Sn” element in CdSe. This alloy formation of Cd,Sn;_,Se
thin film is a very good novel application in optoelectronic
features.

The refractive index (n) and extinction coefficient (k) of
Cd,Sn;_,Se films are estimated using the following expres-
sions [30]:
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Fig. 7 Real and imaginary parts of dielectric constants of Cd,Sn;_,Se
thin films
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Fig. 8 Typical SEM picture of electrodeposited Cd;SnySe thin film

where « is the absorption coefficient, \ is the wavelength,
and R is the reflectance of the Cd,Sn,_Se thin films. The
refractive index and the extinction coefficient spectra of Cd,.
Sn;_,Se thin films as a function of Cd/Sn composition ratio
are shown in Fig. 6. It is observed from Fig. 6 that the
refractive index decreases with x value decreases, while the
extinction coefficient increases for electrodeposited Cd,Sn;
_Se thin films. The value for the refractive index lies between
1.9 and 2.3, and the value of extinction coefficient lies be-
tween 0.064 and 0.08. It is attributed to the film thickness
variation of Cd,Sn;_,Se thin films.

The real and imaginary parts of the dielectric constant were
determined using the following relation [30]:
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Fig. 9 Typical SEM picture of electrodeposited Cdg 7Sng 3Se thin film
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Fig. 10 Typical SEM picture of electrodeposited Cdy 45Sng 55Se thin film

where ¢, and ¢; are the real and imaginary parts of the
dielectric constant, respectively, and are given by the follow-
ing relations:

& = n*—k* (10)
and
g = 2nk (1 1)

The imaginary part of the dielectric constant also showed
the same behaviour as that of the real part; the only thing is
that its values seem to be very less compared to real dielectric
constant values. The real part of dielectric constant decreases,
and imaginary part increases with decreases in x values as
shown in Fig. 7.

The surface morphology of CdSe thin films has been
analyzed using scanning electron microscopy. The films have
a smooth surface with spherical grains (Fig. 8). The grains are
distributed uniformly over the entire surface of the film with a
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Fig. 11 Typical SEM picture of electrodeposited CdySn; Se thin film
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compact and fine grained morphology. At x=1, there is no
complex surface formation occurred. The nucleation over
growth and the film surface is covered with uniform
spherical-shaped grain as shown in figure. The sizes of the
grains are found to be in the range between 100 and 150 nm.
Scanning electron micrograph of Cdy;Sng3;Se thin film is
shown in Fig. 9. The grains are small with non-uniform
morphology, and no well-defined grain boundaries are ob-
served; hence, it is difficult to calculate the average value of
grain size. The reason for this state may be attributed to the
tense state of the surface of the films. The grain sizes of
CdSnSe thin film covered the entire surface of the film and
are estimated to be in the range between the range of 150 and
200 nm. When the x value is decreased from 0.7 to 0.45, more
grain growths occur; thereby, the average grain size is in-
creased due to agglomeration of smaller grains together as
shown in Fig. 10. It is also observed that nano-rod-shaped
grains occupied the entire surface of the film. The grains tend
to agglomerate, and the tension may be comparatively less in
the films with the number of needle-like grains becoming less.
It is evident that by altering the Cd and Sn element concen-
trations in the solution bath enhance the surface features. This
nano-rod-like structure is a more featured observation in this
alloy formation. This in turn allows the films to lower its total
energy by grain growth and decrease in the grain boundary
areas. The nano-rod-shaped grains are covered with small
nano-needles protruding from the end of the nano-rods as
shown in Fig. 11. Optical properties strongly depend on
surface morphology of Cd,Sn;_,Se thin films. The transmit-
tance increase after introducing “Sn” element might be due to
an increase of optical scattering caused by the densification of
grains followed by grain growth and reduction of grain bound-
ary density as depicted in Fig. 4.

Conclusions

Thin films of Cd,Sn;_,Se with the combinations of x=1, 0.7,
0.45, and 0 were grown by electrodeposition technique. The
crystalline sizes were controlled by varying the x values in the
solution bath. X-ray diffraction patterns were taken out in
order to determine crystal structure of the deposited film.
The microstructural properties of Cd,Sn;_,Se thin films were
plausibly explained with the suitable compound formations.
The optical transmission and reflection spectrum of the electro-
deposited Cd,Sn;_,Se thin films were recorded, and, using
these results, direct transition energy band gap value was esti-
mated in the range of 1.02—-1.83 eV. SEM images revealed that
the smooth and uniform surface was observed in Cd,Sn;_.Se
thin film, and nano-wires protruding from nano-rods of the
surface morphology are observed at x=0. The Cd,Sn;_Se
nano-structured grains with high surface-to-volume ratio as

@ Springer

optoelectronic materials are predicted, and this may be one of
the materials for the construction of high efficiency optoelec-
tronic devices.
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