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Abstract The Co-doped CdS polycrystalline thin films
were deposited onto the glass substrates by chemical bath
deposition method. All the deposited films were character-
ized for structural, surface morphology, elemental, opti-
cal and magnetic properties using X-ray diffractometer,
scanning electron microscopy (SEM), energy dispersive
X-ray, UV-Vis. NIR spectrometer and Vibrating sam-
ple magnetometer before and after doping. The thin films
exhibit hexagonal wurtizite structure with (0 O 2) preferen-
tial orientation and the calculated crystallite size is 29 and
18 nm for pristine and Co-doped CdS films respectively.
X-ray photoelectron spectroscopy (XPS) analysis showed
the presence of Cd, S and Co peaks along with O 1s peak.
The studies revealed that the surface Cd atoms of films
are found to be bound either to S atoms or O atoms. SEM
images showed grainy surface for pristine which gets modi-
fied under Co doping. Energy dispersive analysis using
X-rays confirmed the presence of Cd, S and Co in the films.
From optical transmittance spectra, the bandgap was esti-
mated and found to be varying from 2.4 to 2.27 eV with the
increase of Co concentrations. The room-temperature fer-
romagnetic behavior was exhibited by Co-doped CdS films.
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1 Introduction

Currently, renewed interests are observed at room-temper-
ature ferromagnetic (FM) semiconductors for spintronic
devices [1]. Diluted magnetic semiconductors (DMS) are
the most interesting systems found to be for spintronic
applications because magnetic ions doped materials are
more effective than metal oxide systems. i.e., the magnetic
ion modifies electron transport in the host semiconductor
systems. It is well known that the paramagnetic ions (Fe,
Mn and Co) in the tetrahedral semiconductor systems that
provide the magnetic properties of that system [2]. Espe-
cially, in Co-doped CdS thin films Co®" ions gives rise to
a stable soft ferromagnetic coupling via a superexchange
mechanism. The cobalt doped CdS have been proposed to
be applicable in solar cells, diode sensors [3] and spintronic
[4, 5].

In this perspective, the Cd;_,Co,S thin films are pre-
pared by several chemical methods such as sputtering [6],
spray pyrolysis [7], chemical bath deposition [8] and elec-
tro-deposition [9]. Of these methods, chemical bath deposi-
tion (CBD) is simple and economic. In addition, it provides
the suitable way to control the thickness and transparency
of thin film with ease.

2 Experimental work

The glass substrate used for film deposition is glass slides,
which were first cleaned with distilled water in order to
remove the impurities and residuals from their surfaces,
followed by rinsing in chromic acid for 1 day. Then the
substrates were washed repeatedly with deionized water
and finally cleaned using ultrasonic agitation with distilled
water for 15 min then dried.
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CdS films were prepared from cadmium chloride and
thiourea by chemical bath deposition technique. The rea-
gents were used in aqueous of CdCl,-2H,0, thiourea
[CS(NH,),], ammonium chloride, ammonia and EDTA.
In the reaction bath, 30 ml of 1 M ammonia solution was
added to 7.5 ml of 0.05 M CdCl,-2H,0, 10 ml of 0.1 M
ammonium chloride. To the resulting mixture was added
7.5 ml of 1 M thiourea and 5 ml of 0.6mM EDTA to make
up bath solution. Cobaltous chloride (CoCl,-6H,0) was
added for appropriate condition. The pH of the solution is
kept at 11. The cleaned substrate was vertically inserted
in the bath containing reaction mixture. The solution was
maintained under constant magnetic stirring during the
deposition at a temperature of 80°C and deposition was
allowed to settle for an hour. After the deposition process,
the films were taken out from the bath and immediately
rinsed with water and finally dried. After complete drying,
the films were annealed at 350 °C for 1 h. The thicknesses
of the films were found to be approximately determined by
weight loss method. As-prepared samples were analyzed
for the structural, morphological, elemental and magnetic
properties has been studied by XRD, SEM and VSM meth-
ods. The proposed overall mechanism for the deposition of
CdS is attributed to the following reactions;

Co®* + CdCl, + (NH,),CS +20H"~
— Co:CdS + H,CN, + 2CI” + 2H,0

The thickness (t) of the films was calculated by using
the weight gain method and these values were tabulated
in the Table 1. The structural characterization of the films
was carried out by X-ray diffractometer (PANalytical—PW
340/60Xpert PRO) with a CuKa radiation source (wave-
length: 1.5418 A). The chemical compositions and present
bonding types on the surface and near-surface region of the
films was examined by X-ray photoelectron spectroscopy
(XPS) realized by a UNISPECS ESCA system equipped
with a Mg Ka X-ray radiation source of 1253.6 eV-energy.
The surface morphology and film composition were car-
ried out by an analyzer setup attached to scanning electron
microscope (Zeiss). The room temperature ferromagnetism
was performed in a vibrating sample magnetometer (VSM)
(Lakeshore Model 74035). The results are presented.

3 Results and discussion
3.1 Structural analysis

The X-ray diffraction patterns of Cd,;_,Co,S (x=0, 0.05 and
0.1 M) films are shown in Fig. 1a, b and c, respectively. The
diffraction peaks showed that the films have polycrystalline
nature with hexagonal wurtzite structure with (0 0 2) pref-
erential orientation, irrespective of the Co doping content,
which indicates that the incorporation of Co into the Cd sites
has not altered the preferential growth [10]. The other peaks
observed at 20=24.8°, 26.5° and 28.2° can be indexed to (1
00),(002)and (10 1) planes of Cd,_,Co,S (x=0, 0.05 and
0.1 M) films which is indexed using JCPDS standard pattern
[11]. No diffraction peaks corresponding to Co metal or other
impurity phases were observed in XRD diffraction patterns.

In this study can confirmed the formation of the
Cd,_,Co,S films. The predominance of the (0 0 2) plane in
all the films clearly shows that the growth of the CdS struc-
ture, such that the c-axis is perpendicular to the surface of the
substrate. The crystallite size (D) of CdS films is calculated
using the Scherrer formula [12],
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Fig. 1 X-ray diffraction pattern of Cd,_,Co,S thin films obtained at
various Co concentrations a x=0, » x=0.05 and ¢ x=0.1 M

Table 1 Structural, optical

. o5 of Cocon-  Thickness Crystal- Dislo- Strain (¢) Bandgap Magnetic Magnetic =~ Magnetic
and magnetic properties o centra- (t) lite size cation (E,) saturation rententivity coercivity
Cd,_,Co,S (x=0, 0.05 and tions (um) D) densit (V) (My) (My) (He)

0.1 M) films " Y S R 6 c
: (x) (nm) () (x107°) (X107°) (Oe)
M) (lines/m)? (emu) (emu)
0 0.52 29 1.28 0.017 2.40 - - -
0.05 0.44 22 2.07 0.026 2.31 - - -
0.1 0.38 18 3.09 0.082 227 26.31 3.09 104.8
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where A is the wavelength of the X-ray used (1.5406 A), B
is the full width at half maximum of the strongest peak, and
0 is the Bragg angle.

The crystallite size of the undoped and Co-doped CdS
films was presented in the Table 1. The dislocation density
(9) is defined as the length of dislocation lines per unit vol-
ume of the crystal [13]. This was calculated from the fol-
lowing formula,

5=/ €]
e ﬂc:s@ @

Figure 2, shows the variation of dislocation density
(0) and strain (g) values of undoped and Co-doped CdS
thin films with respect to Co concentration. The crystal-
lite size gradually decreased from 29 to 18 nm with the
increased Co concentration [14]. In general, the crystal-
lite size decreased with increased Co content, this is due
to the lowest ionic radius of Co compared to Cd ions. The
substitution of Co®* (0.74 A) ions at Cd** (0.97 A) sites
and difference of their ionic radii may be responsible for
lattice defects with Co content. The strain increases indicat-
ing an increase in lattice defects in the CdS structure [15].
Hemathangam et al., suggested the increase of strain causes
the decrease of lattice parameters and average crystallite
size. In addition, this increase of strain is responsible for
the broadening of diffraction peaks [16]. The above men-
tioned all the commends well matched within the present
work. Similarly, the dislocation density values increased
due to the increased dopant Co concentrations [17].
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Fig. 2 The dislocation density and strain values for Cd;_,Co,S thin
films (x=0to 0.1 M)
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3.2 XPS analysis

XPS measurement is carried out to study the presence of
chemical compositions of thin films. The full scan XPS
spectrum is carried out in the range of 0-1200 eV for Co-
doped CdS films is shown in Fig. 3a. The presence of peaks
of Cd 2ps, Cd 2p,), Cd 3ds,, Cd 3ds,, Cd 4d, S 2s, S
2p;,, and Co 2p centered at 619.8, 653.1, 404.9, 411.3,
11.3, 225.5, 161.7 and 773.8 eV were recorded respec-
tively. The C 1s peak is deconvoluted into three compo-
nents corresponding to C—H, C—-OH and C=0 which would
correspond to organic species from the solution/from the
air and is also shown in Fig. 3b. The O 1s peak is obtained
at 534 eV which corresponds to the formation of Cd(OH),.
The detailed spectrum of Cd 3d is shown in Fig. 3¢ which
confirmed that the spin energy separation between Cd 3ds,,
and Cd 3d;, peaks is 6.4 eV [18]. The detailed spectrum
of S 2p;/, is shown in Fig. 3d and it has two main S 2p
peaks. The first peak corresponds to CdS (161.8 eV) while
the second peak is attributed to S-S peak (163.2 eV) and
a small fraction of photoelectron peak of Co—S bonding is
also in good agreement with the CoS, (162.4 eV) [19, 20].
The Co 2p peak is attributed to 778.7 eV [21]. The meas-
ured Co doped molar ratio is about 6.3%. Therefore the cal-
culated atomic concentration of Cd and S is 58.6 and 41.4%
respectively.

3.3 Morphological and compositional analysis

Figure 4a—c are the surface morphologies of undoped and
Co doped CdS thin films, which depicts the deposited films
are polycrystalline in nature and deposition covers the
substrate well. In deposited film was very dense with few
observable voids or grain boundaries. The morphology is
contained cauliflower like grains typical of chalcogenides.
The films have less defined grain boundaries under this
magnification as Co is doped in Fig. 4b. The morphology
is resembled a uniform amorphous layer embedded with
small uniform sized grains. However, when Co concentra-
tions are increased the morphology revealed a considerable
change. The embedded layers tend to form spherical grains
agglomerated as shown in Fig. 4c.

The EDAX spectra of pure and Co-doped CdS films are
given in Fig. 5a—c, which shows that undoped CdS film
contain the Cd and S elements only. The increase in Co
concentrations has been obtained as the bath compositions
are changed, whereas the doped films contain the Cd, S and
Co elements as it has been expected. In Fig. 5d, the devia-
tion of the S/(Cd+ Co) ratio is found to be reduced in Co
(0.1 M) doped CdS films and the difficulty in preparing sul-
fur deficiency free CdS films can be overcome by the addi-
tion of dopant concentration of the cationic solution [22].
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Fig. 3 a XPS survey spectrum for Co-doped CdS thin films, b C 1s photoelectron peak, ¢ Cd 3d doublet photoelectron peak and d S 2p photo-

electron peak for CdCoS thin films

3.4 Optical studies

The optical absorption and transmittance spectra of all
the samples are investigated between wavelength range
400-1100 nm and these are shown in Fig. 6a, b respec-
tively. From the absorption spectra Fig. 6a, it observed
that the absorption edge of Cd;_,Co,S (x=0.1 M) film is

blue shifted when compared with that of pure CdS films.
This blue-shift is mainly attributed to a strong quantum
confinement effect caused by the reduction in particle size
[23]. The Optical transmittance of the CdS thin films is
increased from 35 to 65% with Co doping. In the visible
region, the transmittance of Co-doped films is lower than
undoped CdS films due to the creation of oxygen vacancies

@ Springer
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Fig. 4 SEM images of Cd,_,Co,S films ax=0, b x=0.05 and ¢ x=0.1 M

and light scattering at the grain boundaries. The semicon-
ductor band gap (E,) of the film was calculated using the
Tauc plot equation [24],

(ahv) = A(hv - E,)" (3)

where a is the absorption coefficient, h is Planck constant,
A is a constant and v is the photon frequency. The variation
of (ahv)? as a function of hv is shown in Fig. 6c, the value
of the band gap E, is given by the intercept of the straight
line with the energy axis. The obtained band gap value of
this figure was listed in Table 1. The band gap of the Co
doping CdS samples is decreased from 2.4 to 2.27 eV. The
decrease band gap of samples can be due to the substitution
of Co** ions into the host card lattice site. The decrease in

@ Springer

band gap could be arisen from increasing grain size and
the improvement of crystallinity [25]. The bandgap of Co
doped CdS samples decreased due to the sp-d exchange
interaction between the electrons in CdS and localized elec-
trons of Co®* with Co doping. The decrease in bandgap of
the samples can be due to the influence of various factors
such as grain size, carrier concentrations and lattice strain.
The decrease in bandgap can be arisen from increasing
the grain size and the improvement of crystallinity. Also,
the band gap can be decreased by increasing tensile stress
depended on reducing lattice parameter [26]. The variation
of extinction coefficient and refractive index (n) of undoped
and Co-doped films as a function of Co concentrations in
Fig. 6d.
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Fig. 5 EDX spectra of Cd,_,Co,S films a x=0, b x=0.05, ¢ x=0.1 M and d calculated element values with S/Cd ratio

3.5 Magnetical studies

Figure 7, shows Co-doped CdS films exhibited the room
temperature soft ferromagnetic properties by the varia-
tion of magnetization as a function of magnetic field. The
saturation magnetization (M) strongly depends on the
dopant concentration of the films. This M, was probably
caused by an increase electrons which induced more effi-
cient ferromagnetic couplings between doped Co>* ions
with the host CdS [27]. i.e., Co** doped CdS thin films
give rise to a stable soft ferromagnetic coupling via a
superexchange mechanism in the sp-d electrons exchange
interactions between sp electrons of CdS and d—elec-
trons of Co®* [28, 29]. All the calculated magnetic values
were tabulated in Table 1.

4 Conclusion

The samples of Cd,_,Co,S (x=0, 0.05 and 0.1 M) films
were prepared successfully by CBD method. From XRD
data, it is confirmed that all samples are in the hexagonal
CdS structure. The crystallite size of the films has been
calculated by Debye Scherer’s equation. It is observed
that the average crystallite size decreases from 29 to
18 nm with increased Co content. From the XPS stud-
ies; a very small amount of Co atoms is found chemically
bonded to S atoms and the Cd atoms present on the sur-
face are oxidized to Cd>* states. Therefore, Cd atoms on
the surface of the films are found to be bound either to
S atoms or O atoms. Although Cd-S bindings are mostly
obtained in the Co-doped films. SEM images showed that

@ Springer
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the deposition produces varied morphologies. Energy dis-
persive X-ray study confirmed the presence of Cd, S and
Co in the films. The UV-Vis. Spectra showed the direct
band gap energy (E,) is decreased from 2.4 to 2.27 eV

@ Springer

with increasing Co content from 0 to 0.1 M. The Co-
doped Cd,_,Co,S (x=0.1 M) films have shown the soft
RT ferromagnetic behavior. This DMS material is mainly
used for spintronic applications.
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