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Investigations on the structural, morphological, optical and
electrical properties of undoped and nanosized Zn-doped
CdS thin films prepared by a simplified spray technique
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CdS and Zn-doped CdS (CdS:Zn) thin films have been deposited on glass substrates by spray pyrolysis technique using a
perfume atomizer. The influence of Zn incorporation on the structural, morphological, optical and electrical properties of the
films has been studied. All the films exhibit hexagonal phase with (0 0 2) as preferential orientation. A shift of the (0 0 2)
diffraction peak towards higher diffraction angle is observed with increased Zn doping. The optical studies confirmed that the
transparency increases as Zn doping level increases and the film coated with 2 at.% Zn doping has the maximum transmittance
of about 90 %. The sheet resistance (Rsh) decreases as the Zn-doping level increases and a minimum value of 1.113 × 103 Ω/sq
is obtained for the film coated with 8 at.% Zn dopant. The CdS film coated with 8 at.% Zn dopant has the best structural,
morphological and electrical properties.
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1. Introduction

CdS is a technologically important II – VI com-
pound semiconductor with a direct optical band gap
of ∼2.42 eV at room temperature. Because of its
wide band gap, CdS is used as a window material
for heterojunction solar cells. It also finds appli-
cation in light-emitting diodes (LED) [1], gas de-
tectors [2], photo-voltaic cells [3], nonlinear op-
tics [4], and thin film transistors [5]. CdS shows
n-type conductivity owing to its native defects or
sulfur vacancies and cadmium interstitials. There-
fore, it is possible to control the conductivity of
CdS by controlling those native defects or alterna-
tively by doping of CdS with some metallic ions
of group III, such as indium (In3+) [6], aluminium
(Al3+) [7], gallium (Ga3+) [8] and boron (B3+) [9]
or with metallic ions of group II, such as cobalt
(Co2+) [10] and nickel (Ni2+) [11]. The proper-
ties (electrical, optical and magnetic) of CdS are
strongly modified by the doping of Co2+ and Ni2+

because of the sp-d exchange interaction between
the localized d-electrons of the transition metal
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magnetic ions and the mobile carriers in the con-
duction or valence band [10, 11]. In general, it was
observed that when the dopant ions have a radius
slightly smaller than that of Cd2+, the conductiv-
ity increases and the lattice unit cell compresses.
Zn is an important transition metal element hav-
ing an ionic radius of 0.074 nm, which is smaller
than that of Cd2+ (0.097 nm), hence, Zn2+ can
easily penetrate into CdS crystal lattice or substi-
tute Cd2+ position in the crystal [12]. Accommo-
dation of a wide range of Zn into the lattice of
CdS can tune its energy gap and lattice parameters,
which make it useful in solar cells, diodes, sen-
sors and microelectronics applications. Consider-
ing the advantages laid down by Zn-doping of CdS
thin films, we focus our work on investigation of
physical properties of Zn doped CdS films in or-
der to improve the performance of optoelectronic
devices and find their new applications. High qual-
ity undoped and doped CdS semiconductor thin
films have been prepared by a wide range of meth-
ods, such as thermal evaporation [13], spray pyrol-
ysis [14], sputtering [15], pulsed laser deposition
(PLD) [16], molecular beam epitaxy (MBE) [17],
chemical bath deposition (CBD) [18] and electro

http://www.materialsscience.pwr.wroc.pl/


Investigations on the structural, morphological, optical and electrical properties of undoped. . . 653

deposition (ED) [19]. Among these methods, spray
pyrolysis technique is one of the most commonly
used methods for preparation of high quality poly-
crystalline CdS films owing to its simplicity, safety,
non-vacuum system of deposition, hence, inexpen-
sive method for large area coatings [20]. In the
present work, a simplified spray pyrolysis tech-
nique using a perfume atomizer [21] is employed
to deposit Zn-doped CdS (CdS:Zn) thin films with
different Zn doping concentrations.

2. Experimental details
2.1. Preparation of CdS:Zn films

CdS thin films were prepared from anhy-
drous cadmium chloride (CdCl2·H2O) and thiourea
(CS(NH2)2) dissolved in 50 ml of deionized water.
Zinc chloride, ZnCl2 was added to the starting so-
lution for zinc doping in a concentration of 0, 2,
4, 6 and 8 at.% Zn. The solution was stirred thor-
oughly using a magnetic stirrer for 30 min and then
sprayed manually using a perfume atomizer on pre-
heated glass substrates kept at 400 °C. Before the
deposition process, the glass substrates were de-
greased with organic solvent, rinsed with deionized
water and dried in air.

2.2. Characterization

The as deposited films were yellow, uniform,
pinhole free and strongly adherent to the glass sub-
strates. The layer thickness was measured by gravi-
metric weight difference method using a sensitive
microbalance. The thickness of CdS:Zn films was
found to vary from 510 nm to 680 nm with an
accuracy of 5 %. The structure, crystallinity and
phase of CdS and Zn-doped CdS thin films were
determined with a X-ray diffractometer (XPERT-
PRO model), using CuKα radiation (λ= 1.5406 Å)
with 2θ ranging from 20° to 80°. The surface mor-
phology and composition of the films were char-
acterized by scanning electron microscopy (SEM)
and energy dispersive X-ray analysis (EDAX) with
the help of JEOL-JSM Japan. UV-Vis-NIR spec-
trophotometer (SHIMADZU UV-1700) was used
to record the optical absorption spectra of the sam-
ples in the wavelength range of 300 to 1100 nm.

Electrical resistivity measurement was done using
DC two point probe method in the 303 to 403 K
temperature range in steps of 5 K.

3. Results and discussion
3.1. Structural analysis

X-ray diffraction (XRD) patterns of the un-
doped and Zn-doped spray deposited CdS films are
shown in Fig. 1.

Fig. 1. XRD patterns of undoped and Zn-doped CdS
thin films.

The diffraction peaks show that the films have
polycrystalline nature of hexagonal phase, with
(0 0 2) preferred orientation, irrespective of the Zn
doping level, which indicates that the incorporation
of Zn into the Cd sites has not altered the prefer-
ential growth. The other peaks observed at 2θ =
24.7°, 28.15°, 36.7°, 43.7°, 47.8° and 51.9° can be
indexed to (1 0 0), (1 0 1), 1 0 2), (1 1 0), (1 0 3)
and (1 1 2) planes of pure CdS (JCPDS Card No.
06-0314). No peaks related to ZnS are observed in
the patterns, indicating the purity of the films. The
predominance of the (0 0 2) plane in all the films
clearly shows that the growth of the crystal was
such that the c-axis was perpendicular to the sur-
face of the substrate. Our previous work on CdS
thin films fabricated at different substrate tempera-
tures showed a similar preferential orientation [22].
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Hexagonal CdS thin films with preferential orien-
tation along the (0 0 2) plane was also reported by
Wilson et al. [23].

Crystallites in a polycrystalline material nor-
mally have a crystallographic orientation different
from that of their neighbours. This orientation of
the crystallites called the preferential orientation
may be randomly distributed with respect to some
selected frame of reference. The preferential orien-
tation factor f(h k l) for the (0 0 2) plane is calcu-
lated relative to the other observed peaks by evalu-
ating the fraction of the intensity of that particular
plane over the sum of the intensities of all the peaks
within the 2θ range 20 to 80◦ [24]. The variation of
the preferential orientation factor f(0 0 2) as a func-
tion of Zn doping level is presented in Fig. 2.

Fig. 2. Variation of the preferential orientation factor
f(0 0 2) as a function of Zn doping level.

As can be seen from Fig. 2, f(0 0 2) decreases
6 at.% Zn doping concentration and then it in-
creases with further Zn doping, suggesting a mono-
tonic deterioration in the crystalline quality due to
Zn doping. There are several possibilities, by which
Zn2+ ions may be incorporated into the host CdS
crystalline structure: Zn2+ ions may occupy inter-
stitial positions in the CdS lattice, occupy empty
locations of Cd2+ ions, or substitutionally replace
Cd2+ ions. The low values of f(0 0 2) obtained
for the films containing 6 at.% Zn doping might
be due to the structural disorder introduced in the

system due to the interstitially occupied Zn2+ ions.
Above 6 at.% Zn doping concentration, Zn2+ ions
enter the lattice both substitutionally and intersti-
tially and, as a result, the f(0 0 2) value increases.

The lattice parameters, ‘a’ and ‘c’ are calcu-
lated using the formula of hexagonal system (equa-
tion 1):

1
d2 =

4
3

h2 +hk+ k2

a2 +
l2

c2 (1)

and the obtained values are presented in Table 1.
The small reduction of the lattice parameters of

CdS:Zn films can be a consequence of the incor-
poration of Zn into the lattice. The ionic radii mis-
match between Cd2+ and Zn2+ may be the cause
for the reduction of lattice parameters of the doped
films. This occurrence can happen when zinc ions
enter substitutionally Cd sites. Similar results were
obtained by Dzhafarov et al. [25] in CdS:In films
deposited by spray pyrolysis technique. A shift of
the (0 0 2) diffraction peak towards a high diffrac-
tion angle indicates the contraction in the CdS films
with Zn doping.

The c/a ratio is found to be almost constant in-
ferring that doping does not affect the fundamental
structure of the undoped system, i.e. ‘Zn’ ion oc-
cupies the ‘Cd’ (metallic) site in the host lattice.
The ‘a’ and ‘c’ values decrease with doping, keep-
ing c/a constant. Fig. 3 shows the variation of a unit
cell volume with Zn doping concentration.

As expected, the unit cell volume decreases
with Zn doping due to the shift of (0 0 2) peak to-
wards higher diffraction angle. This strongly sup-
ports for the successful replacement of Cd ions
with smaller Zn ions.

The crystallite size (D) of Zn doped CdS films
is calculated using the Scherrer formula [26]:

D =
0.94λ

β cosθ
(2)

where λ is the wavelength of the X-ray used
(1.5406 Å), β is the full width at half maximum of
the strongest peak, and θ is the Bragg angle. Fig. 4
shows the variation of FWHM (β) and crystallite
size (D) as a function of Zn doping concentration.
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Table 1. 2θ, d-spacing values and structural parameters of undoped and Zn-doped CdS thin films.

Zn doping 2θ position for Observed d-spacing (Å) Crystallite size, Lattice parameters∗ (Å) c/a
concentration (at.%) the (0 0 2) plane for the (0 0 2) plane D (nm) ‘a’ ‘c’

0 26.497 3.3612 19.91 4.1166 6.722 1.6329
2 26.542 3.3555 20.93 4.1096 6.711 1.633
4 26.602 3.3481 17.49 4.1005 6.696 1.6329
6 26.610 3.3471 16.66 4.0883 6.694 1.6329
8 26.648 3.3428 16.33 4.0941 6.686 1.6331

∗Standard values (JCPDS Card: 06-0314) a = 4.136 Å, c = 6.713 Å

Fig. 3. Variation of a unit cell volume with Zn doping
concentration.

Fig. 4. Variation of FWHM (β) and crystallite size (D)
as a function of Zn doping concentration.

It is observed that FWHM shows an increasing
trend with Zn concentration whereas the crystal-
lite size shows a decreasing trend, which is an ex-
pected result as the ionic radius of Zn is smaller
(0.74 Å) than that of Cd (0.97 Å). The crystallite
size declines gradually as the Zn doping level in
the starting solution increases and attains a mini-
mum value of 16.33 nm (Table 1). This decrease in
crystallite size may be caused by the enhanced in-
corporation of Zn2+ ions into the Cd2+ sites. The
minimum value of crystallite size obtained for the
film coated with 8 at.% Zn doping confirms that
there is an enhancement in Zn incorporation in the
host lattice, which is well acknowledged from the
elemental analysis (Section 3.3).

3.2. SEM analysis

The surface morphologies of undoped and Zn-
doped CdS thin films are shown in Fig. 5.

Fig. 5a is the SEM image of undoped CdS
thin film, which depicts the island growth on the
film. Such island growth of undoped CdS film was
reported by Chu et al. [27]. They attributed this
growth to rapid nucleation and crystal growth of
CdS due to a large number of free cadmium metal
ions. The excess of Cd metal ions observed for the
undoped CdS film (Table 2) strongly favors the is-
land growth observed here. Fig. 5 (b – e) show the
SEM images of the CdS thin films doped with 2, 4,
6 and 8 at.% Zn concentrations, respectively. With
2 at.% Zn doping, the surface is covered with nano-
sized grains scattered throughout the whole area
(Fig. 5b). Traces of few fused nanosize grains can
be found on the surface of the CdS film coated
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Fig. 5. SEM images of undoped and Zn-doped CdS thin films.

with 4 at.% Zn dopant (Fig. 5c). No fused grains
are observed for the film coated with 6 at.% Zn
dopant (Fig. 5d) and the surface appears to be ho-
mogeneous, uniform and compact. The film surface
modifies to nanosized needle shaped grains for the
film coated with 8 at.% Zn dopant, of which few
grains are aligned perpendicular to the surface of
the substrate (Fig. 5e). Thus, it can be concluded
that as Zn doping increases, the film surface modi-
fies from island growth formation to nanosized nee-
dle shaped grains.

3.3. Elemental analysis

The EDAX spectra of pure and Zn-doped CdS
films are given in Fig. 6, which shows that pure
CdS film contain the Cd and S elements whereas
the doped films contain the Cd, S and Zn elements
as it has been expected.

The other elements (Ca, Na, Si and Cl) that are
not expected to be in the deposited films may stem

Table 2. Elemental compositions of undoped and Zn-
doped CdS thin films.

Zn doping at.%
concentration Elements

(at.%) Cd S Zn Cl

0 47.20 46.54 – 6.26
2 47.98 44.39 2.65 4.98
4 48.59 43.14 3.41 4.86
6 48.79 42.67 3.96 4.58
8 48.88 41.38 4.73 5.01

from the glass substrates [28]. The quantitative
results presented in Table 2 show that for pure CdS
(0 at.% Zn ) film, S/(Cd+Zn) atomic ratio is ∼1
confirming the perfect stoichiometric nature of this
film.

When Zn doping concentration increases, the
stoichiometric nature detoriates as (Cd + Zn) com-
position increases and S value decreases. Thus, it



Investigations on the structural, morphological, optical and electrical properties of undoped. . . 657

Fig. 6. EDAX spectra of undoped and Zn-doped CdS thin films.

Fig. 7. Transmittance spectra of undoped and Zn-doped
CdS thin films.

is evident that the number of sulfur vacancies in-
creases as Zn doping concentration increases and
this might be the reason for the decreased sheet re-
sistance values obtained for the doped films as it is
shown in Section 3.5.

3.4. Optical studies

Transmission spectra of pure and Zn doped CdS
films are shown in Fig. 7.

All the films show very high transmittance in
the visible and near-IR regions and the film coated
with 2 at.% Zn concentration shows a transmittance
nearly equal to 85 % at 600 nm. The high transmit-
tance of the films is an indication for their improved
crystalline nature and high degree of stoichiometry.
A blue shift in the absorption edge is observed for
the film coated with 2 at.% Zn doping concentra-
tion and a red shift is observed for the films coated
with higher Zn doping concentration. Optical band
gap Eg of the films can be estimated from the Tauc
plot [29]:

(αhγ) = A(hγ −Eg)
n (3)

where Eg is the band gap corresponding to a partic-
ular transition occurring in the film, A is the band
edge constant, γ is the transition frequency, and the
exponent n characterizes the nature of band transi-
tion. For crystalline semiconductors, n can take the
values 1

2 , 3
2 , 2 or 3 when the transitions are direct

allowed, direct forbidden, indirect allowed and in-
direct forbidden, respectively. The band gap Eg can
be obtained from the extrapolation of the straight
line portion of the (αhγ)

1
n vs. hγ plot (Fig. 8) to

hγ= 0.
The estimated band gap values are presented in

Table 3. The band gap value of undoped CdS film
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Fig. 8. Plots of (αhγ)
1
2 vs. hγ for the CdS films.

was found to be equal to 2.42 eV. This value ex-
actly matches with the value obtained by Shah et
al. [30]. It is also observed that the band gap ini-
tially decreases with Zn doping concentration up
to 2 at.% and then starts to increase with higher
Zn doping concentration. The enhancement in band
gap of CdS thin films with Zn doping concentration
greater than 2 at.%, in which the crystallite size de-
creases (Table 1), can be related to quantum con-
finement effect [31].

In doped semiconductors, there is a possibility
of widening of optical band gap due to Burstein-
Moss (BM) effect [32], which takes place as a re-
sult of an increase in their carrier concentration.
This is well supported by the low sheet resistance
values obtained for the films coated with Zn dop-
ing concentration greater than 2 at.% (Table 3) as
Rsh is inversely proportional to the carrier concen-
tration. The increase in carrier concentration indi-
cates that most of the Zn2+ substitutes uniformly
for Cd2+ in the host lattice. The decreased band gap
value obtained for the CdS film coated with 2 at.%
Zn dopant may be due to the Zn defect states orig-
inated within the forbidden gap, which may lead
to absorption of incident photons and a substitu-
tional dissolution, which yield an improvement in
the crystalline quality of this film [33]. This is well
supported by the large value of crystallite size ob-
tained for this film (Table 1). The wide band gap

and high optical transparency in the visible range
observed for the doped films make them possible
window layers in solar cells.

3.5. Electrical studies
The variation in electrical sheet resistance (Rsh)

of the CdS:Zn films as a function of Zn doping level
in the starting solution is shown in Fig. 9 and the
corresponding resistivity (ρ) values are presented
in Table 3.

Fig. 9. Variation in electrical sheet resistance (Rsh) of
the CdS:Zn films as a function of Zn doping
level.

The Rsh decreases slowly as the doping
level increases, attaining a minimum value
(1.113 × 103Ω/sq) for the film coated with 8 at.%
Zn dopant. The undoped film has a resistivity of
5.01 × 10−3 Ω·cm and it reduces to a minimum
of 0.574 × 10−3 Ω·cm for 8 at.% Zn doped film.
The obtained value of resistivity for undoped
CdS exactly matches with the value presented by
Khallaf et al. [8] for gallium doped CdS thin films
grown by chemical bath deposition. Generally,
the resistivity of Zn-doped CdS films depends on
the following factors: (i) interstitial incorporation
of Zn, (ii) presence of sulfur vacancies and (iii)
substitutional incorporation of Zn2+ ions in the
Cd sites. The decrease in resistivity values of CdS
films with Zn-doping might be due to the increased
carrier concentration obtained for these films. This
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Table 3. Optical and electrical parameters of undoped and Zn-doped CdS thin films.

Zn doping T Optical band gap Sheet resistance, Resistivity,
concentration (at.%) % energy, Eg (eV) Rsh × 103 Ω/sq ρ × 10−3 Ω·cm

0 87.28 2.42 9.143 5.01
2 90.98 2.38 3.124 1.759
4 84.98 2.49 1.252 0.7568
6 83.02 2.56 1.724 1.1206
8 80.67 2.6 1.113 0.574

is strongly supported by the decreased d-values
observed for the film with Zn doping (Table 1).
Sulfur vacancies also play a role in the resistivity
of the CdS films. Elemental analysis (Section 3.3)
shows that as the Zn doping concentration in-
creases, sulfur content in the films decreases.
The increased sulfur vacancies cause an increase
in the carrier concentration of the films, hence,
the sheet resistance is decreased. Thus, it can be
concluded that sulfur vacancies and substitutional
incorporation of Zn2+ ions in the Cd sites enhances
the electrical conductivity of CdS:Zn films.

4. Conclusions

Good crystalline quality CdS:Zn thin films were
deposited by spray pyrolysis technique using a per-
fume atomizer with different doping levels (0, 2,
4, 6 and 8 at.%) of Zn. The physical properties
of the films were analyzed to understand the influ-
ence of Zn doping level. From the XRD studies,
it was confirmed that the obtained CdS:Zn films
had a hexagonal phase with (0 0 2) preferential
orientation. The crystallite size of CdS films was
found to decrease from 20.93 nm to 16.33 nm with
the increase in Zn doping level. The optical stud-
ies revealed that all the films showed good trans-
mittance of about 80 %. The surface modification
from island growth to uniformly distributed nano
sized grains observed in the SEM images clearly
suggested that the amount of Zn doping had an
important influence on the surface morphology of
the CdS films. Resistivity value decreased as Zn
doping concentration increased and a minimum re-
sistivity of 0.574 × 10−3 Ω·cm was observed for
the film coated with 8 at.% Zn dopant. Thus, the

film coated with 8 at.% Zn dopant had better struc-
tural, morphological and electrical properties. High
optical transmittance, large band gap in the visi-
ble range and low resistivity values obtained for
CdS:Zn thin films make them a promising candi-
date for optoelectronic devices as well as the win-
dow/buffer layer materials in heterojunction photo-
voltaic cells.
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