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The results of experimental and theoretical study on structural, optical, magnetic and half-metallic
properties of cobalt doped ZnS thin films deposited via chemical bath deposition are presented. Phase
pure deposition of cubic ZnS with a slight variation in the lattice constant due to the incorporation of
cobalt into the ZnS lattice is observed. It is shown that the crystallite size calculated by the Scherrer
equation has an average value of 12 nm. The agglomeration of nanocrystallites leads to the formation of
spherical clusters having an average diameter of 170 nm on the substrate surface. Room temperature
ferromagnetism in cobalt doped ZnS thin films depending on cobalt concentrations is observed. Such
behavior corresponds to the dopant-induced magnetism in the host semiconductor and agrees well
with the theoretical predictions in addition to the observation of half metallicity. The variation in the
band gap as a function of cobalt concentration is attributed to the structural modification after cobalt doping
and occurrence of the quantum confinement phenomenon. Photoluminescence emission characteristics of
the samples show the formation of luminescence centers of cobalt ions causing the radiative recombination
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processes. The increased intensity of PL emissions indicated that the concentration quenching effect did not
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1. Introduction

ZnS based dilute magnetic semiconductors are highly desired in
spintronic devices having dual functionality taking into account
the spin degree of freedom along with electronic charge to
achieve new functionalities in the devices. High data processing
speed, high integration density, low power consumption and
non-volatility of such devices make them different from conven-
tional devices working on electronic charge only.

The cobalt doped ZnS in the form of thin films is the least
investigated material regarding magnetic studies. A literature
survey showed that there are only few reports on the study of
cobalt doped ZnS thin films. In 2011, deposition of cobalt
doped ZnS thin films by spray pyrolysis' was reported without
depositing the pure phase of ZnS first. The films were proved
to be cobalt doped zinc oxysulfide instead of zinc cobalt sulfide.
In 2012, a study was published regarding the deposition of
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appear up to the doping concentration of 12 at%.

hexagonal cobalt doped ZnS thin films via pulsed laser deposi-
tion,” and the growth of cobalt doped ZnS nanoparticles using
the colloidal method including the investigation of optical and
magnetic properties.”” Other methods to deposit/synthesize
doped ZnS films and nanocrystals include: the aqueous
method,® chemical bath deposition,”® refluxing technique,’
precipitation method,">'" pulsed laser ablation,"? solid state
reaction method, solvothermal technique'* and hydrothermal
method,'>"® aerosol assisted chemical vapour deposition and
colloidal thermolysis.’”>* Among these, CBD is the simplest and
most cost effective method to synthesize thin films and nano-
crystals. The only report found on cobalt doping in ZnS via CBD
was presented by Tang et al’ showing the enhancement in
efficient ultraviolet emission of ZnS nanospheres after cobalt
doping.

Theoretical investigations on cobalt doped ZnS clusters have
also been carried out earlier.>>*” Unfortunately, many experi-
mental and theoretical findings regarding the magnetic properties
of such materials are contradictory, showing spin glass or anti-
ferromagnetic, paramagnetic and ferromagnetic behaviors.

In this work, we present the optimized growth of cobalt
doped nanocrystalline ZnS thin films on glass substrates using
the CBD method. The structural, morphological, magnetic and
optical properties of deposited thin films have been studied.
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Theoretical (DFT) calculations on cobalt doped ZnS cubic zinc-
blende clusters are also part of this work.

2. Experimental section
2.1 Chemicals

All reagents, zinc chloride, cobalt chloride, thioacetamide and
urea were purchased from Sigma-Aldrich and used without
further purification. De-ionized water was used as a solvent in
all experiments. Acetone, isopropyl alcohol and ethanol were
used for the cleaning of the substrate.

2.2 Instruments

CBD experiments were carried out in jacketed beakers con-
nected to a thermostatted water bath. A Mettler Toledo meter,
which was calibrated against standard pH 2.00, 4.01, and 7.00
buffers, was used to record pH. A Bruker D8 advance diffracto-
meter with Cu-Ko radiation was used for X-ray powder diffraction
measurements. The XRD data were recorded across a 20 range of
20-80° after scanning for three hours and twenty minutes using a
step size of 0.02°. SEM and EDX analyses were carried out using a
Philips XL 30 microscope. TEM, HRTEM and SAED images were
collected using a Tecnai 20 F30 transmission electron microscope
at an accelerating voltage of 200 kV. A Lake Shore’s 7407 Vibrating
Sample Magnetometer was used to obtain the magnetic measure-
ments for these cobalt doped ZnS thin films. The absorbance and
transmittance spectra were acquired using an Agilent HP 8453
UV-Vis spectrophotometer. Photoluminescence data were obtained
on a Fluorolog 22, HORIBA PL. The density functional calculations
were carried out using an Elk-code.

2.3 Synthesis of cobalt doped ZnS thin films

The cobalt doped ZnS thin films were deposited onto glass
substrates in a chemical bath containing solutions of zinc
chloride (0.15 M), cobalt chloride (0.15 M), urea (5 M) and
thioacetamide (1 M). All the solutions were prepared in
de-ionized water separately. Urea solution was added to the
solution of zinc chloride to start the hydrolysis followed by
addition of the cobalt chloride solution in appropriate amounts
to achieve the desired doping levels of 3, 6, 9 and 12%. Finally,
the solution of thioacetamide was added and the mixture was
stirred vigorously to achieve homogeneous mixing of precursors.
The pH of solution was adjusted to 3.8 by dropwise addition of
0.2 M HCI. The reaction mixture was then transferred into a
jacketed beaker attached to a thermostatted bath and main-
tained at a temperature of 80 °C along with uniform magnetic
stirring. After ten minutes of reaction at 80 °C, the transparent
solution started turning milky turbid. Glass substrates (1.5 X
2.5 cm?) degreased with ethanol and ultrasonically cleaned
with acetone/isopropyl alcohol were immersed vertically in
the chemical bath. Substrates were removed from the bath
after 3, 3.15, 3.30 and 3.45 hours and washed with de-ionized
water. It is important to mention here that deposition time of
extra 15 minutes was given to samples as cobalt concentration
increased in order to control the morphology and to obtain the
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grain with almost equal size for all four cobalt concentrations
of 3, 6, 9 and 12%, respectively. Precipitates and loosely
adhered particles on the substrate were removed by sonication.
The films were allowed to dry under a nitrogen stream before
further characterization.

3. Computational details

A Full Potential Linearized Augmented Plane Wave (FPLAPW)
approach was used to solve the Kohn-Sham equation within
density functional theory”®*® formulation as it is employed in
the Elk-code in order to investigate the electronic and magnetic
properties of Zn; ,Co,S alloys. The generalized gradient
approximation plus PBE*® along with a Hubbard functional U
(GGA-PBE + U) was used for the optimization of the exchange
correlation energy. Inside the non-overlapping spheres surround-
ing the atomic sites (muffin-tin spheres) the wave functions were
expanded into spherical harmonics with angular momentum
quantum number Imax = 10 and in the interstitial region the
wave functions are expanded into a plane wave basis. A plane
wave cutoff of rgkmax = 7 was used for the expansion of wave
functions inside the interstitial regions. The cutoff for the
reciprocal vector of Fourier expansion ie. gmaxvr was set to 14
and the actual value for smearing, ‘swidth’ = 0.001. Maximum ‘G’
for potential and density was fixed at 12. Maximum angular
momentum used for APW functions was 8 and the effective
Wigner radius was fixed to 0.65 A. The muffin-tin radii RMT’s
were fixed at the value of 1.058 A so that there is no charge
leakage from the core and total energy convergence is ensured.
Spin orbit coupling was considered to observe spin polarization.
A complex Hermitian eigen solver was used since the crystal has
no inversion symmetry. A dense, uniformly distributed mesh of
4 X 4 x 4 k-points was used in the irreducible part of the
Brillouin zone ensuring that the Brillouin zone was densely
populated. The core electrons were treated fully relativistically
by solving the Dirac equation, whereas the valence electrons
were treated non-relativistically. Furthermore, we have included
the structure optimization to relax the inter-atomic positions
upon deformation.

4. Results and discussion

Fig. 1 reveals the camera images of synthesis (on the left) and
glass substrates (on the right) after the deposition of cobalt
doped ZnS thin films with different cobalt concentrations. It is
bit difficult to differentiate visually among different deposits
since color (off-white) of the samples did not vary too much
with the increasing concentration of cobalt.

4.1 Structural studies

The structural study was performed using the X-ray diffraction
technique. The p-XRD patterns (Fig. 2) show the polycrystalline
nature of cobalt doped ZnS thin films. The observed diffraction
peaks are broad due to the nano size of deposited crystallites. The
peaks along the (111), (220) and (311) lattice planes correspond to

This journal is © The Royal Society of Chemistry 2015
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3% 6% 9% 12%

Fig. 1 Camera pictures of cobalt doped ZnS synthesis (left) and thin films
deposited onto glass substrates (right) at different concentrations of a
cobalt precursor into the chemical bath.

the standard pattern of cubic ZnS (ICCD # 01-005-0566). The effect
of cobalt incorporation into ZnS is evident from the shift of the
diffraction peak corresponding to the (111) plane from standard
20 of 28.86° to slightly higher values, since the ionic radius of Co™
(0.72 A) is a bit smaller than that of Zn*? (0.74 A). The shift of the
diffraction peak (111) is also shown in Fig. 2. A slight change in
the lattice constant was observed but the structure remains cubic
and is not tailored by the addition of different amounts of cobalt
into the ZnS lattice at least up to the detection level of p-XRD.®
Substitution of cobalt into the ZnS lattice is evident by the absence
of any peaks corresponding to either cobalt, cobalt sulfide or any
other impurity. The Full Width at Half Maximum (FWHM) of
p-XRD peaks for all the samples have almost the same value
revealing that the deposited thin films are comprised of crystal-
lites with almost equal sizes.

The crystallite size calculated using the Scherrer equation for
the cobalt doped thin films has an average value of 12 nm. The
value of lattice parameter ‘a’ after doping is found to be smaller
(5.382 to 5.306 A) than that of pure ZnS (5.406 A). The observed
decrement in lattice constant is close enough to the reported
data in limitation to the expected change in the structure of ZnS
due to cobalt doping. The variation in lattice constant as a
function of dopant concentration is shown in Fig. 3.

4.2 Morphological studies

The morphology of cobalt doped ZnS thin films was observed
using SEM micrographs. The SEM representative images (Fig. 4)
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Fig. 3 Variation in lattice constant as a function of cobalt concentration.

of the ZnCoS thin films show the distribution of almost spherical
nanoparticles on the surface of substrates. It was observed that
agglomeration of nanocrystallites leads to the formation of spherical
clusters having an average diameter of 170 nm onto the substrate
surface. The uniform growth of ZnS on glass substrates has been
explained earlier.*" The size distribution of particles was analyzed
using an image analysis program (Image]) and the average diameter
of the particles was found to be 170 = 10 nm (Fig. 5).

The presence of cobalt in ZnS was confirmed using EDX
analysis. The amount of dopant (cobalt) added in the precursors
was slightly greater than the amount found in the EDX analysis.
For a comparative study, the amount of cobalt in the ZnS matrix
obtained experimentally would have almost equal value as used
for theoretical calculations. The atomic ratios of cobalt extracted
through EDX analysis were found to be 3.129247, 6.245236,
9.366940 and 12.53188 at%. Glass constituents such as silicon,
sodium, calcium, magnesium, potassium and aluminum were
also detected using the EDX spectrum because of the thin nature
of films. The atomic ratios of zinc, cobalt and sulfur obtained
from EDX measurements are presented in Table 1.

The microstructure of cobalt doped ZnS thin films was also
studied in detail with the help of transmission electron microscopy
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Fig. 2 p-XRD patterns of cobalt doped ZnS thin films (a) 3% Co, (b) 6% Co, (c) 9% Co and (d) 12% Co. Vertical lines along the X-axis represent the standard
pattern of ZnS. The shift in 20 value for the major peak (111) is shown in the right.
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Fig. 4 SEM images of cobalt doped ZnS thin films after addition of (a) 3%
Co, (b) 6% Co, (c) 9% Co and (d) 12% Co.
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Fig. 5 Particle size distribution of ZnCoS thin films.

Table1 Atomic percentage of zinc, cobalt and sulfur in ZnS:Co thin films

EDX analysis 3% Co 6% Co 9% Co 12% Co
Element at% at% at% at%
Zinc 47.84327 46.98734 43.88581 40.99199
Cobalt 3.129247 6.245236 9.366940 12.53188
Sulfur 49.02748 44.76743 46.74725 46.47612

(TEM), high resolution transmission electron microscopy
(HRTEM) and selected area electron diffraction (SAED). TEM
images of ZnCoS thin films show the clusters of nanoparticles
(Fig. 6). The HRTEM image (Fig. 6b) confirms the crystalline
nature of the ZnCoS thin films. Inter-planar spacing (0.30 nm)
calculated experimentally is in fair agreement with that
expected for the (111) plane of the cubic phase of ZnS after
reducing lattice spacing due to cobalt incorporation. The SAED
pattern (Fig. 6¢) shows a set of three circular rings obtained due
to diffraction of electrons from the (111), (220) and (311) planes
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Fig. 6 TEM images of the ZnCoS thin film with a cobalt concentration of 6%.

of cubic ZnS. The SAED pattern thus indicates the polycrystal-
line nature of ZnCoS thin films.

4.3 Optical studies

The optical band gap of cobalt doped ZnS thin films was
determined by extrapolating the linear part of the (ahv)* vs.
hv curve to the energy axis, when («hr)” = 0. The average value of
the band gap was found to be 3.6 eV. A slight increment in the
value of band gap energy is observed with increasing cobalt
concentration. This increment might be attributed to the
structural modification after cobalt doping and occurrence of
the quantum confinement phenomenon when the crystallites
are small enough. The variation of («#v)*> with photon energy hv
is shown in Fig. 7 representing the direct type of transition. The
optical energy gap ‘E,’ and absorption coefficient ‘«’ are related
to the Tauc’s relation.*

o= (h%) (hv — E,)" (1)

where k is a constant, & is Planck’s constant, Av is the incident
photon energy and n is a number which characterizes the
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Fig. 7 Band gap and transmission plots of cobalt doped ZnS thin films at
different cobalt concentrations.
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nature of electronic transition between the valence band and
the conduction band. For the direct allowed transitions n = 1/2,
therefore the formula used is:

k 1
2= (i) O - B2 @)
This upon further simplification gives:

l(odw)z =hv—E, (3)
C
The inset of Fig. 7 shows the change in spectral transmittance
of cobalt doped ZnS thin films at room temperature. It is found
that all the films are highly transparent in the visible region of
the optical spectrum. The transmittance observed is in the
range of 60-80%. The transmittance of ZnS thin films decreases
slightly with increasing cobalt concentration that might be due
to increase in crystallinity and densification of the films. This
decrease in transmittance would also be the result of increased
surface roughness as the crystallinity increases.**

The room temperature photoluminescence spectra of cobalt
doped ZnS thin films are shown in Fig. 8. The PL spectra of thin
films excited at 340 nm show two emission bands at 380 and
510 nm. The emission at 380 nm results from transition of
electrons from the shallow states near the conduction band to
the sulfur vacancies present near the valence band in the ZnS
lattice, while the emission at 510 nm is attributed to the
characteristic of cobalt. The luminescence centers of cobalt
ions are formed when cobalt is incorporated into the ZnS host
lattice. Since Co*” is a sensitizing agent, its presence in the host
lattice would enhance the radiative recombination processes.>*=*
With the increase in doping concentration, the luminescence
centers substantially increase which are then responsible for the
significant increase in the PL intensity of green emission at
510 nm. Hence from the PL emission spectra, it might be
concluded that the Co ions are incorporated successfully into
the ZnS lattice as expected, in agreement with the p-XRD results
(Fig. 2). The increased intensity of PL emissions indicating that
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Fig. 8 PL spectra of cobalt doped ZnS thin films at different cobalt
concentrations.
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the concentration quenching effect did not appear up to the
doping concentration of 12 at% is in contrast to previously
reported decay in photoluminescence intensity at the cobalt
concentration of 5 at%.'® This observation reveals that cobalt
ions substituted the zinc ions even at a higher doping concen-
tration of 12 at% rather than staying at the surface or at
interstitial positions. It is very interesting that the cobalt
dopant can effectively enhance the intensity of green emission.

4.4 Magnetic studies

A vibrating sample magnetometer was used to study the
magnetic properties of ZnCoS thin films. The M-H curves
obtained for all the samples are shown in Fig. 9. A hysteresis
loop with negligible values of remanence and retentivity was
observed for a cobalt concentration of 3 at% but well-defined
hysteresis loops were observed as evidence of room tempera-
ture ferromagnetism for higher cobalt concentrations. XRD and
HRTEM show single phase deposition of cobalt doped ZnS thin
films, hence it could be speculated that ferromagnetism above
room temperature originates from the single crystals of ZnCoS
nanoparticles. The observed findings are in close agreement
with the results reported earlier.® Thus it would be considered
that substitution of cobalt in the ZnS lattice results in the
ferromagnetic coupling state without changing the crystal
structure which implies that this may be carrier induced
ferromagnetism further confirmed using DFT calculations.

The coercivity is observed to be invariable at cobalt concen-
trations of 6-12 at% and applied magnetic field of 293 Oe. The
hysteresis loops show that the sample with 3% of cobalt concen-
tration saturates magnetically when the applied magnetic field is
9 kOe. Further increase in cobalt concentration showed systematic
increase in the value of saturation magnetization. This systematic
increment in magnetization may be due to the introduction of
ferromagnetic ordering with increasing cobalt concentration in
ZnS thin films. The retentivity for 6 at% concentration of cobalt is
9.33 x 10 * emu and is observed to increase for 9 and 12 at% of
cobalt concentration to 1.08 x 10~ emu.
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Fig. 9 M-H curves of ZnCoS thin films at different cobalt concentrations.
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4.5 Theoretical investigations

To further investigate the effect of cobalt doping, origin of
magnetism and half metallicity, DFT calculations using Elk-
code have been performed. The DFT calculations on cobalt
doped ZnS were performed by using 64 atom supercells with

Fig. 10 Supercells (2 x 2 x 2) of cobalt doped ZnS (a) 3.125% Co, (b)

6.25% Co, (c) 9.375% Co and (d) 12.50% Co.
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32 atoms each for zinc and sulfur. For a comparative study the

doped

doping concentration selected for DFT calculations was almost
the same as that used in the experiment. Fig. 10 shows the cobalt

ZnS supercells. The white, yellow and red spheres in

Fig. 10 represent the zinc, sulfur and cobalt atoms, respectively.

The lattice constants were optimized after geometry relaxation.
A slight decrement in the lattice parameters was observed in

comparison to the experimentally reported value of 5.416
since there is small difference in the ionic radii of zinc (0.74 A)
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Table 2 Structural and magnetic properties of ZnS:Co (3.125, 6.25, 9.375 and 12.50 at.%) supercells
Models Supercell Concentration of Co (at%) Lattice constant (A) Moment (i)
1 Zn3,C0:Ss, 3.125 5.408 2
2 Z130C0,S35 6.250 5.392 3
3 Z1,6C03S3, 9.375 5.384 4
4 Z1,5C04S3, 12.500 5.371 4
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Fig. 14 Spin polarized total density of states (TDOS) for ZnCoS (a) 3.125% Co, (b) 6.25% Co, (c) 9.375% Co and (d) 12.50% Co.
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and cobalt (0.72 A). In order to compare the energetic stability of
cobalt doped ZnS, we have calculated the formation energies for
all doping concentrations. It was observed that the formation
energy of cobalt doped ZnS (—2.2183 eV per atom) for a doping
concentration of 12.50 at% is a bit less than that for a doping
concentration of 3.125 at% (—2.0812 eV per atom) due to the
exothermic nature of the reaction (Fig. 11). Energy minimization
was performed by a slight variation in lattice parameters of ZnS
after cobalt incorporation. The variation in theoretically calculated
lattice parameters as a function of cobalt concentration is shown
in Fig. 12.

It is well known that when a semiconductor is doped with
transition metal atoms, it is the p-d hybridization between the
p-orbital of the host and the d-orbital of the dopant material
that govern the ferromagnetic coupling in the system. In the
present case, the p-d hybridization between the Co 3d and the S
3p has a vital role since it is a short-range interaction. The
energy of the ZnCoS system is decreased by the p-d hybridiza-
tion at the ferromagnetic state while at the antiferromagnetic
coupling state the total energy remains unchanged. Upon the
p-d hybridization interaction, a moment is established around
the cobalt atom and then by RKKY interaction, the ferromagnetic
coupling state among the atoms of cobalt is formed. Spin-
polarized local DOS and particularly the interaction effects in
the DOS introduced by the hybridization with the wave functions
of neighboring atoms are of much importance. The hybridization
with the unoccupied majority and occupied minority ‘d’ states of
Co acts like a magnetic field on the conduction band states
which induces a spin polarization in the host. The spin polarized
partial densities of states of cobalt are given in Fig. 13. The
magnetic moments found in the case of cobalt doping are
presented in Table 2.

An earlier study on “first-principles theory of dilute magnetic
semiconductors” by Sato et al revealed that the magnetic
moment calculated for a 5% cobalt doped ZnS system is 3 ug*®
which is well in agreement with that calculated in the present
study. Due to the incorporation of cobalt, empty or partially filled
majority states at the Fermi level are introduced keeping the
minority states occupied due to double exchange (RKKY) inter-
actions. This suggests that cobalt doping leads to 100% spin
polarization and results in half metallicity in ZnS. The asym-
metry in total density of states (TDOS) after cobalt doping in ZnS
is shown in Fig. 14.

5. Conclusions

Cobalt doped ZnS thin films have been deposited onto glass
substrates via chemical bath deposition. The p-XRD showed
broad peaks correspond to the cubic phase of ZnS with only a
slight shift in 26 values as expected. Cobalt doping resulted in a
slight change of lattice parameters of ZnS; the extent of change
depended on the concentration of cobalt in the ZnS lattice. SEM
images showed the clusters of spherical nanoparticles with almost
equal size for all the doping concentrations. TEM/HRTEM/SAED
analyses confirmed the deposition of the polycrystalline cubic
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phase of ZnS. UV-Vis and PL studies revealed that the deposited
thin films are highly transparent in the visible region in addition
to exhibiting enhanced green emission at higher cobalt concentra-
tions. Magnetic analysis revealed the presence of room tempera-
ture ferromagnetism in all the samples. Theoretical investigations
were consistent with the experimental data in all aspects in
addition to the observation of half metallicity in cobalt doped
ZnS clusters. These films have potential applications in advanced
optoelectronic and spintronic devices.
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