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a b s t r a c t

Cd1−xZnxS (0 ≤ x ≤ 1) thin films have been deposited by chemical bath deposition method on glass sub-
strates from aqueous solution containing cadmium acetate, zinc acetate and thiourea at 80 ± 5 ◦C and after
annealed at 350 ◦C. The structural, morphological, compositional and optical properties of the deposited
Cd1−xZnxS thin films have been studied by X-ray diffractometer, scanning electron microscopy (SEM),
energy dispersive X-ray analysis (EDX), photoluminescence (PL) and UV–vis spectrophotometer, respec-
tively. X-ray diffraction analysis shows that for x < 0.8, the crystal structure of Cd1−xZnxS thin films was
hexagonal structure. For x > 0.6, however, the Cd1−xZnxS films were grown with cubic structure. Anneal-

◦

d1−xZnxS thin films
RD
EM
ptical studies

ing the samples at 350 C in air for 45 min resulted in increase in intensity as well as a shift towards
lower scattering angles. The parameters such as crystallite size, strain, dislocation density and texture
coefficient are calculated from X-ray diffraction studies. SEM studies reveal the formation of Cd1−xZnxS
films with uniformly distributed grains over the entire surface of the substrate. The EDX analysis shows
the content of atomic percentage. Optical method was used to determine the band gap of the films. The
photoluminescence spectra of films have been studied and the results are discussed.
. Introduction

Cd1−xZnxS thin films have been widely used as a band gap
indow material in heterojunction solar cells [1–5] and photo-

onductive devices [6]. In solar cells cadmium sulfide (CdS), with
oom temperature band gap energy of 2.3 eV is used as an n-type
irect gap semiconductor. A highly efficient luminescent material
inc sulfide (ZnS) is a semiconductor with a large band gap. Partial
ubstitution of Zn for Cd mole ratio increases the optical window
f the heterojunction solar cells [7]. Moreover, in heterojunction
olar cells using CuGaSe2, the use of Cd1−xZnxS instead of CdS can
ead to an increase in photocurrent by providing a match in the
lectron affinities of the two materials. This hexagonal Cd1−xZnxS
ernary compound can also be used as a window material for the
abrication of p–n junctions [8]. Cd1−xZnxS thin films can be pre-
ared by variety of techniques, such as electrodeposition, spray
yrolysis [9,25–27], co-evaporation [10,28], dip deposition [11,29],
olution growth [12,30] and co-precipitation [31]. However, only
few manuscripts on preparation Cd1−xZnxS thin film by chemi-

al bath deposition [32,33] are available, despite being one of the

ost common methods used for the deposition of II–VI compound

emiconductor thin films.
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In this work, an attempt has been made to study the preparation
and characterization of Cd1−xZnxS thin films along with structural,
optical properties, morphological and compositional analysis of the
films. The effects of annealing temperature on the structural, mor-
phological, compositional and optical properties of Cd1−xZnxS thin
films were studied and the results are reported.

2. Experimental details

Chemical bath deposition technique was adopted for the preparation of
Cd1−xZnxS thin films. Cadmium acetate, zinc acetate, thiourea, ammonia, hydrazine
hydrate the chemicals used for the preparation were analytical reagent grade (99%
purity, E-Merck). Cd1−xZnxS thin films were produced on glass substrates by the
chemical bath deposition technique. 0.1 M cadmium acetate, 0.1 zinc acetate and
0.1 M thiourea were dissolved in 100 ml of de-ionized water and stirred for 10 min
using a magnetic stirrer. NH3 was added slowly from a burette held vertically to the
cadmium acetate solution. Initially the solution becomes milk white and on further
addition of NH3 it becomes clear solution. Thiourea solution was slowly added with
cadmium acetate solution under gentle stirring condition. NH3 was again added
till the pH value reaches 11. Under gentle stirring zinc acetate solution was added
with Cd + S solution and again pH was adjusted to 11 by adding NH3. With this
2–4 ml of hydrazine hydrate was added for the faster release of ions. The prepared
solution was placed on a hot plate and ultrasonically cleaned glass substrates were
placed vertically in the solution. Temperature was maintained at 80 ± 5 ◦C with a PID
controlled temperature monitor for 2 h. After 2 h the films were taken out of the solu-
tion, rinsed in de-ionized water to remove the loosely bound Cd1−xZnxS powder, and
dried in air at 120 ◦C for 3 h to remove moisture from the solution prior to annealing.

These films deposited on glass substrates were annealed in air at 350 ± 5 ◦C. Dur-
ing annealing the color of the film changed from yellow to orange. Films prepared
by this method were uniform smooth and reflecting and are well adherent with
the substrate. Solutions used for the production of Cd1−xZnxS samples are shown in
Table 1.

dx.doi.org/10.1016/j.jallcom.2011.04.088
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Table 1
Solutions used for the production of Cd1−xZnxS thin films.

Zinc
composition (x)

Cadmium
acetate
(0.1 M)

Zinc
acetate
(0.1 M)

Thiourea
(0.1 M)

0 100 – 100
0.2 80 20 100
0.4 60 40 100
0.6 40 60 100
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Aqueous solutions of cadmium acetate, zinc acetate and thiourea were used as
he sources of Cd, Zn and S, respectively and the reactions are as follows;

Cadmium acetate dissolves in water and release Cd2+ as

d(CH3COO)2 → Cd2+ + CH3COO− (1)

Zinc acetate dissolves in water and release Zn2+ as

n(CH3COO)2 → Zn2+ + CH3COO− (2)

The sulphite ions are released due to decomposition of thiourea in an alkaline
edium as,

C(NH2)2 + 3OH− → 2NH3 + CO3
2− + HS− (3)

S− + OH− → S2− + H2O (4)

and the formation of Cd1−xZnxS takes place according to the chemical reaction
s,

1 − x)Cd2+ + xZn2+ + S2− → Cd1−xZnxS + wasteproduct (5)

X-ray diffraction data of the chemical bath deposited Cd1−xZnxS samples were
ecorded with the help of Philips Model PW 1710 diffractometer with CuK� radiation
� = 0.1542 nm). Surface morphological and compositional analyses were carried
ut using scanning electron microscope and energy dispersive X-ray analysis setup
EDX) attached with SEM (Philips Model XL 30), respectively. Photoluminescence
pectrograph was recorded in “FP-6500 spectro flurometer”. Optical spectrum was
ecorded using a JASCO-V-570 spectrophotometer.

. Results and discussion

.1. X-Ray diffraction studies of Cd1−xZnxS thin films

X-ray diffraction patterns recorded for the Cd1−xZnxS thin films
n glass substrates at bath temperature 80 ◦C, after annealed at
50 ◦C are shown in Fig. 1a–f. The different peaks in the diffrac-
ogram were indexed and the corresponding values of interplanar
pacing ‘d’ were calculated and compared with the standard val-
es [13,34]. The XRD reveals that for x < = 0.6, the crystal structure
f Cd1−xZnxS thin films is hexagonal crystal structure with X-ray
iffraction peaks corresponding to [0 0 2], [1 0 1], [1 1 0], [1 0 3]
nd [1 1 2] planes. For x > = 0.8, however the Cd1−xZnxS films were
rown with cubic structure with the prominent X-ray diffraction
eaks corresponding to [1 1 1], [2 0 0] and [2 2 0] planes. This means
hat the transition from the hexagonal structure to the cubic form
akes between x < = 0.6 and x > = 0.8. It is observed that the anneal-
ng the samples at 350 ◦C in air for 45 min resulted the diffraction
ngle of [0 0 2] and [1 0 1], shift towards higher scattering angles
ith an increase in the zinc compositions (x), which means that

0 0 2] and [1 0 1] lattice constant decreases as shown in Fig. 2c. The
rain size parameter was evaluated Debye–Scherrer formula [14].
he strain ε was calculated from the slope of ˇ cos � versus sin �
15].

The dislocation density (ı) can be evaluated from Williamson
nd Smallman’s formula,

= 1
lines/m2 (6)
D2

The variation of crystallite size and strain with zinc composition
x) for Cd1−xZnxS films deposited at bath temperature 80 ± 5 ◦C, and
nnealed at 350 ◦C is shown in Fig. 2a. It is observed from Fig. 2a,
Fig. 1. X-ray diffraction patterns of Cd1−xZnxS films deposited at various zinc com-
positions of: (a) x = 0, (b) x = 0.2, (c) x = 0.4, (d) x = 0.6, (e) x = 0.8 and (f) x = 1.0.

that the crystallite size increases with increasing zinc composi-
tions (x) and found to have maximum value of crystallite size and
minimum value of strain. Fig. 2b represents the variation of dislo-
cation density with zinc composition (x) for Cd1−xZnxS thin film.
It is observed from that (Fig. 2b) the dislocation density found to
decrease while increasing zinc compositions (x). A sharp increase
in crystallite size and decrease in strain with increasing zinc com-
positions (x) are indicated in Fig. 2a. Such a release in strain reduced
the variation of interplanar spacing and thus leads to decrease in
dislocation density of Cd1−xZnxS thin films and minimum values
are obtained for films annealed at 350 ◦C. Cd1−xZnxS thin films
with lower strain and dislocation density improve the stoichiom-
etry of the films which in turn causes the volumetric expansion
of thin films. Crystallinity improvement with deposition poten-
tial enhances the concentration and mobility of Zn ion vacancies
within the lattice and hence reduces the resistivity of the films. The
studies on functional dependency of strain and dislocation density
with deposition potential indicate that the strain, dislocation den-
sity decrease with zinc compositions (x) whereas the crystallite size
increases. Similar functional dependency of crystallite size, strain
and dislocation density with quartz tube length for CdSe thin films
has been reported earlier [14].

The texture coefficient was calculated using the equation [16],

Tc = I0(hi ki li)
[

1
x∑ I0(hi ki li)

]−1

(7)

Is(hi ki li) n

i=1
Is(hi ki li)

where, I0 is the observed intensity of [hi ki li] plane, Is is the
standard intensity of [hi ki li] plane and n is the total number
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ig. 2. (a) Variation of crystallite size and strain with zinc composition of Cd1−xZnx

lms. (c) Variation of lattice constant with zinc composition of Cd1−xZnxS thin films

f measured reflection. Calculated Tc[hi ki li] values give us some
mportant structural information: (i) Tc[hi ki li] has to be bigger than

to determine the preferential orientation [17], (ii) if Tc[hi ki li]

pproximately 1 for all the [hi ki li] planes considered at X-ray
iffraction patterns and the films are randomly oriented, (iii)
c[hi ki li] values higher than 1 indicates the abundance of grains
n a given [hi ki li] direction and (iv) 0 < Tc[hi ki li] < 1 values indicate

able 2
he texture coefficient of Cd1−xZnxS thin films.

Zinc composition (x) 2� d-Spacing [Å] (h

0 28.4738 3.13476 0
30.2959 2.95025 1
47.2804 1.92258 1

0.2 28.2570 3.15832 0
29.8817 2.99019 1
46.3540 1.95881 1

0.4 28.2570 3.15832 0
29.8810 2.99010 1
46.3540 1.95880 1

0.6 28.2110 3.16336 0
29.8219 2.99605 1
46.1474 1.96710 1

0.8 27.7412 3.21586 1
29.5027 3.02774 2
45.9142 1.97655 2

1.0 28.5416 3.12747 1
30.2843 2.95435 2
47.3105 1.92142 2
films. (b) Variation of dislocation density with zinc composition of Cd1−xZnxS thin

the lack of grains oriented in that direction [18]. The diffraction
angle (2�), the interplanar spacing (d), miller indices (h k l), crys-
tal system, the observed and standard intensities (Is and I0) and

texture coefficient (Ts) for all films are listed in Table 2. As can be
seen from Table 2, structural parameters were changed depend-
ing on the zinc compositions (x). When the Tc [hi ki li] values for
three peaks given in Table 1 were investigated, it was determined

k l) Crystal system I0 Is Tc

0 2 61.03 42 1.986531
0 1 100.00 100 0.196080
1 0 23.08 66 0.430632

0 2 60.24 48 1.994262
0 1 100.00 100 0.129251
1 0 20.95 77 0.578074

0 2 66.05 48 1.994262
0 1 100.00 100 0.129251
1 0 31.18 77 0.578000

0 2 70.99 48 2.124009
0 1 100.00 100 0.069987
1 0 23.59 77 0.439925

1 1 70.99 48 0.312434
0 0 100.00 100 0.002046
2 0 23.59 77 0.165822

1 1 73.93 100 0.256108
0 0 100 12 0.007751
2 0 32.17 82 0.105857
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Fig. 3. Typical SEM picture of Cd1−xZnxS films deposited

hat the texture coefficient values of the peaks at 2� = 27.5702◦,
8.4738◦, 28.2570◦ and 28.2110◦ for x < = 0.6, Cd1−xZnxS films are
igger than one. From these results, the following structural infor-
ation can be drawn: (i) the preferential orientation of all for

< = 0.6, Cd1−xZnxS films are through [0 0 2] direction, for x > = 0.8,
d1−xZnxS films is through [1 1 1] direction and (iii) Cd1−xZnxS films
ave more grains through [0 0 2] direction, and there is lack of
rains oriented through [1 0 1], [1 1 0], [2 0 0] and [2 0 0] directions.
he increase in texture coefficient with increase zinc composi-
ion (x) indicates an improvement in the crystalline nature of
he films.

.2. Scanning electron microscopy studies of Cd1−xZnxS thin films

Fig. 3a–c shows the scanning electron micrographs of Cd1−xZnxS
lms grown at Zinc compositions x = 0, 0.4, and 1, respectively.
he average particle size is around 250–300 nm in both the micro-
raphs although some of particles in Fig. 3c are much larger.
he surface morphology of the films is more or less the same
nd is similar to that of Fig. 3a as long as the Zn content in
he bath x = 0, the surface showing smooth and uniform spher-
cal grains without creaks or pinholes and well covered to the
lass substrate. As the Zn content is increased to x = 0.4, small with
niform grains and well-defined grain boundaries are found in
he SEM images. The uniform platelet-like structure thus obtained

s shown in Fig. 3b and c. The change in morphology is possi-
ly due to a change in the crystal structure from hexagonal to
ubic. The ZnS films annealed at 350 ◦C show some creaks and
inholes.
c compositions (x) of: (a) x = 0, (b) x = 0.4, and (c) x = 1.0.

3.3. Compositional analyses of Cd1−xZnxS thin films

The compositional analysis of the chemical bath deposited
Cd1−xZnxS thin films annealed at 350 ◦C were done using energy
dispersive X-ray analysis (EDX). The EDX spectra of films annealed
at 350 ◦C are shown in Fig. 4a–c. For x = 0, the average atomic
percentage of Cd:S was 50.53:49.17 with better stoichiometry
in CdS film. In Cd0.6Zn0.4S film the average atomic percentage
of Cd:Zn:S was 32.40:20.18:47.42 for x = 0.4. Cd content was
replaced by Zn content in Cd1−xZnxS solid solution films, defi-
nitely leading to crystallographic disorder. Cd or Zn interstitial
may be created simultaneously. For x = 1, ZnS film the average
atomic percentage of Zn:S was 44.85:55.15 showing the sam-
ple slightly sulfur-rich. The EDX result is consistent with X-ray
diffraction analysis of the sample with phase corresponding to CdS,
CdZnS and ZnS. Therefore, the films annealed at 350 ◦C are nearly
stoichiometric.

3.4. Photoluminescence studies of Cd1−xZnxS thin films

Photoluminescence emission spectra of three Cd1−xZnxS (x = 0,
0.4, 1.0) thin films annealed at 350 ◦C are shown in Fig. 5a–c. The
spectra have been recorded at room temperature with an exci-
tation wavelength of 361 nm. For x = 0, pure CdS films exhibit
two broad emission peaks, called green and blue peaks located
around 514 and 436 nm, respectively. As the photoluminescence

peak energies are less than the energy gap, these bands can be
definitely identified with transitions involving donors, acceptors,
free electrons and holes [19]. Thus, the well-known green band can
be attributed to the recombination between donor and acceptor
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Fig. 4. EDX spectrum of Cd1−xZnxS films deposited at zinc

Fig. 5. PL spectrum of Cd1−xZnxS films deposited at zinc compositions (x) of: (a) x = 0,
(b) x = 0.4, and (c) x = 1.0.
compositions x of: (a) x = 0, (b) x = 0.4, and (c) x = 1.0.

levels originated from surface states i.e., grain boundaries, pinholes,
micro deformation, adsorbed oxygen, etc. [19]. In CdS defects con-
sist of cadmium vacancies, sulfur atoms adsorbed on the surface
[20]. In the photoluminescence spectra the peak can be attributed
to high concentration of defects. The broadening of the peaks can
be ascribed to the fact that large crystals tend to harbors more
defects than small crystals. These defects may act as non-radiative
recombination centres, which band edge recombination [21]. The
CdS emission spectra are also found to increase in intensity with
decrease in particle size due to the increase in zinc compositions
(x). For x = 0.4, Cd0.6Zn0.4S films exhibit two emission peaks cen-
tred on 500 and 422 nm. The peak position of green and blue
slightly shifts towards shorter wavelength and decreases in the
peak intensity with zinc compositions (x) increase. The Cd0.6Zn0.4S
films present mixed phases either pure CdS or CdZnS [22]. For x = 1,
ZnS thin films are excited at 361 nm. The plot contains the two
peaks centred at 412 and 489 nm. The peak at 489 nm is due to
the recombination between the sulfur vacancy related donor and

the valence band [23]. The peak position of this emission shifted
to shorter wavelength region (412–499 nm) with increase zinc
composition (x).
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Fig. 6. Transmittance spectra of Cd1−xZnxS films (inset Fig. 6: absorption spectra of
Cd1−xZnxS films) deposited at zinc compositions of: (a) x = 0, (b) x = 0.4, (c) x = 0.6,
and (d) x = 1.0.

F
x

3

p
a
a
c
a
a

c
[

k

n

Fig. 8. Refractive index spectra of Cd1−xZnxS films deposited at zinc compositions
of: (a) x = 0, (b) x = 0.4, (c) x = 0.6, and (d) x = 1.0.

˛ = A(h� − Eg)
(11)
ig. 7. Reflectance spectra of Cd1−xZnxS films deposited at zinc compositions of: (a)
= 0, (b) x = 0.4, (c) x = 0.6, and (d) x = 1.0.

.5. Optical studies of Cd1−xZnxS thin films

Optical transmission, absorption and reflectance studies were
erformed on the chemical bath deposited Cd1−xZnxS thin films
nnealed at 350 ◦C. Figs. 6 (inset) and 7 represent the transmission,
bsorption and reflectance curves for Cd1−xZnxS films in the zinc
ompositional range x = 0, 0.2, 0.6, and 1. The interference fringes
ppearing in some of the transmission curves show that the films
re of good quality.

The optical constants, refractive index (n) and extinction coeffi-
ient (k) of Cd1−xZnxS films are calculated from following equation
24].

= ˛�

4�
(8)

√

= 1 + R

1 − R
+

[
4R

(1 − R)2
− k2

]
(9)
Fig. 9. Extension coefficient spectra of Cd1−xZnxS films deposited at zinc composi-
tions of: (a) x = 0, (b) x = 0.4, (c) x = 0.6, and (d) x = 1.0.

where ‘˛’is the absorption coefficient, ‘�’ is the wavelength and
‘R’ is the reflectivity. The refractive index and the extinction coef-
ficient spectra of Cd1−xZnxS films are shown in Figs. 8 and 9. It
has been observed from the figures that the refractive index and
extinction coefficient record trend with wavelength for Cd1−xZnxS
films. Increase of the refractive index indicates the increase of film
density. When the incident light interacts with a material which
has large amount of particles, the refraction will be high, and the
refractivity of the films will be increased.

The band gaps of the films were calculated using experimentally
determined values of � from the following relationship.

˛ = A(h� − Eg)n

h�
(10)

Since Cd1−xZnxS is reported as direct band gap material, ‘n’ is
taken as 1/2. So

1/2
h�

where, A is a constant, ‘h’ is the Planck constant and ‘v’ is the photon
frequency. Fig. 10 shows typical plots between (˛h�)2 versus h� for
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Fig. 10. Band gap of Cd1−xZnxS films deposited at zinc compositions of: (a) x = 0, (b)
x = 0.4, (c) x = 0.6, and (d) x = 1.0.

Table 3
Band gap energy of Cd1−xZnxS thin film.

Zinc
composition (x)

Film composition Band gap
energy (eV)

0 Cd1.0Zn0.0S 2.25
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0.4 Cd0.6Zn0.4S 2.5
0.6 Cd0.4Zn0.6S 2.75
1.0 Cd0.0Zn1.0S 3.15

d1−xZnxS thin films in the compositional range x = 0, 0.2, 0.6, and
. The intercept of the linear plot gives the value of band gap of the
amples Cd1−xZnxS and given in Table 3.

. Conclusion

The Cd1−xZnxS thin films were deposited on glass substrates at
ath temperature 80 ◦C, using chemical bath deposition technique.
-ray diffraction study shows the formation of polycrystalline
d1−xZnxS films with preferential orientation along [0 0 2] and
1 0 1], shift towards higher scattering angles with an increase in
he zinc compositions (x). The structure of the films has been
ransformed from hexagonal to cubic structure and the surface

orphology and grain size also changes with an increase in the zinc
ompositions (x) which has been confirmed from XRD studies. The

rystalline size of the films increases from 97 to 245 nm with the
ncreasing zinc compositions (x). The EDX result is consistent with
-ray diffraction analysis of the sample with phase corresponding

o CdS, CdZnS and ZnS. Therefore, the films annealed at 350 ◦C are

[

[
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nearly stoichiometric. Photoluminescence spectra were taken for
Cd1−xZnxS thin films to study their emission property. Transmit-
tance spectra are strongly influenced by the deposition conditions.
A higher transmission coefficient is observed after a heat treat-
ment. Annealing of the films in air atmosphere gives better physical
characteristics to go for solar cell applications. Optical band gap of
Cd1−xZnxS films varies from 2.3 to 3.4 eV. It is observed that the
band gap increases with the zinc composition (x).
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