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Co-doped ZnS thin films have been grown on glass substrates using solution-
processing and dip-coating techniques, and the impact of the Co doping level
(0% to 5%) and film thickness on certain characteristics examined. X-ray
diffraction study revealed that all the films possessed hexagonal crystal
structure. Energy-dispersive x-ray analysis confirmed presence of Zn, Co, and
S in the samples. Scanning electron microscopy showed that the film surface
was homogeneous and dense with some cracks and spots. X-ray photoelectron
spectroscopy confirmed introduction and integration of Co2+ ions into the ZnS
thin films. Compared with undoped ZnS, optical studies indicated a reduction
in optical bandgap energy (Eg) while the refractive index (n), extinction coef-
ficient (k), and dielectric constants (e1, e2) increased with film thickness (t) and
Co doping level (except for 5%). Photoluminescence spectra showed enhanced
luminescence intensity as the Co concentration was increased, while the
dependence on t showed an initial increase followed by a decrease. The origin
of the observed low-temperature (5 K and 100 K) ferromagnetic order may be
related to point defects such as zinc vacancies, zinc interstitials, and sulfide
vacancies or to the grain-boundary effect.
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INTRODUCTION

Doped semiconductor thin films have been exten-
sively studied in recent years due to their outstand-
ing characteristics and application potential.1–4

Doping or quantum confinement of carriers is one
of the key features that make such materials
unique, being an effective way to tune their prop-
erties. In particular, transition-metal-doped dilute
magnetic semiconductors (DMSs) have attracted
enormous attention because of their widespread use
in laser, nonlinear optical, electroluminescent, pho-
toluminescent, spintronic, and quantum devices.5–8

Doping of transition-metal impurities such as Mn,

Fe, and Co into wide-band semiconductors is one
way to achieve DMS materials.

Recently,amongall II–IV-basedDMSmaterials, zinc
sulfide (ZnS) doped with transition-metal ions3,9–13 has
been extensively studied as an attractive material. This
is due to its nontoxic nature, high efficiency, cost-
effectiveness, good transparency in the visible range,
high exciton binding energy (40 meV), wide bandgap
[3.61 eV in the cubic zincblende (ZB) structure,2

3.77 eV for hexagonal wurtzite (WZ) structure],14 and
superior optical properties,15 permitting the combina-
tion of magnetic, photonic, and electronic characteris-
tics in one material.

It is well known that nanostructured and poly-
crystalline ZnS thin films play an important role in
the solar cell and optoelectronic areas. Such films
can also be used as buffer layers in several types of
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thin-film solar cell.16,17 Higher conversion efficiency
of 17.4% is achieved in Cu(In,Ga)(SSe) thin-film
photovoltaics.18 The structural, optical, and mag-
netic properties of ZnS can be modulated via
variation of its size, chemical composition, and
impurity doping.1,2,19,20

Due to its attractive and unique properties, ZnS
might be an indispensable host semiconductor
material for DMS applications. Accordingly, doping
ZnS with various metals such as Mn, Cu, and Co
has received much attention, opening the possibility
of manufacturing a variety of optoelectronic and
magnetooptic devices; For instance, Polat et al.19

reported that the metal doping concentration may
change the microstructure as well as the optical and
magnetic properties of Co-doped zinc oxysulfide thin
films. Inamdar et al.20 demonstrated that the
bandgap of ZnS(O) thin films can be tuned by using
different transition metals such as Mn, Ni, and Co.
Patel et al.3 reported the magnetic properties of
Zn1�xCoxS thin films, observing paramagnetic or
ferromagnetic order depending on the sintering
temperature and Co doping ratio.

Many researchers have reported different charac-
teristics of diverse transition-metal-doped ZnS
nanoparticles.1,21–25 It is reported that Co2+ (rCo2+ =
0.058 nm)26 and Zn2+ ions (rZn2+ = 0.060 nm) have
approximately the same ionic radius and that Co2+

could be incorporated at ZnS lattice sites by substitu-
tion for Zn2+ up to 15 at.% to 20 at.%27 without
destroying the structure. Co2+ has also been selected
as a good magnetic candidate due to its comparatively
large magnetic response, making Co-doped nanostruc-
tured ZnS an ideal candidate for investigation of its
structural, optical, and magnetic characteristics.

So far, for investigation of their structural, optical,
and magnetic properties, Co-doped ZnS/Zn(O,S) thin
films have been produced by the pulsed laser depo-
sition (PLD) technique3 or spray pyrolysis method.19

However, the Co-doped Zn(O,S) thin films resulting
from the spray pyrolysis method, which include not
only sulfur but also oxygen, are not an array Co-
doped ZnS system. There is little or no research on
solution-processed pure Co-doped ZnS obtained by
dip-coating, especially in thin-film form.3,34 Among
proposed techniques to produce Co-doped ZnS thin
films, solution processing (sometimes called the sol–
gel process) is the most popular because of its
relatively low cost and facile production of metal-
doped ZnS thin films.35,36

Therefore, the aim of this study is to produce the
first solution-processed Co-doped ZnS thin films by
dip-coating and to investigate the impact of the Co
doping ratio and thickness (t) on their structural,
optical, and magnetic properties.

EXPERIMENTAL PROCEDURES

Synthesis of Co-Doped ZnS System

Co-doped ZnS thin films with various Co doping
levels (0%, 1%, 3%, and 5%) were grown on glass

substrates using the solution-based dip-coating
technique. To obtain the Co-doped ZnS compounds,
reactants zinc acetate [Zn(CH3COO)2Æ2H2O,
99.99 at.% purity], cobalt nitrate [Co(NO3)2Æ6H2O,
99.98 at.% purity], and thiourea [SC(NH2)2, 99 at.%
purity] were used. Methanol and triethanolamine
were also used as solvent and stabilizer, respec-
tively. Zinc acetate (0.1 M) and the appropriate
amount of cobalt nitrate were dissolved in 20 ml
methanol and stirred for 30 min. Separately pre-
pared 0.3 M thiourea solution was added dropwise
to this mixture. The pH of the total mixture was
regulated to 7.8 using triethanolamine. The final
solution was mixed at 300 K under continuous
magnetic stirring (250 rpm) for 3 h to obtain the
desired solution.

After deposition, the films were instantly dried
at 573 K in a vertically located furnace under air
environment, then the dried films were instantly
annealed in a horizontal quartz tube furnace at
873 K (heating rate 0.2�C/s) under Ar environ-
ment for 15 min. To obtain films with the desired
t, the above dip-coating process was repeated 15
times.

Characterization Techniques

The structural properties of the Co-doped ZnS
thin films were studied using high-resolution x-ray
diffraction (XRD) analysis (Rigaku Ultima III
diffractometer, Cu Karadiation with k = 0.15406
nm, V = 40 kV, I = 40 mA). The film samples were
scanned from 20� to 70� (2h) in steps of 0.02�.
Surface morphology and film thickness were
observed by scanning electron microscopy (SEM,
Zeiss Evo 50) using a Röntec 3000 detector at
operating voltage of 15 kV. The t value of the
samples was determined from SEM cross-sectional
micrographs to be 520 nm, 640 nm, 635 nm, and
600 nm for ZnS thin films with 0%, 1%, 3%, and 5%
Co, respectively. Optical absorption spectra were
observed using a PerkinElmer 45 dual-beam ultra-
violet–visible (UV–Vis) spectrophotometer in the
wavelength range from 300 nm to 900 nm.

The presence of elements in the films was con-
firmed by energy-dispersive x-ray spectroscopy
(EDX) at 30 kV and x-ray photoelectron spec-
troscopy (XPS) at scanning rate of 1 eV. The chem-
ical composition and bonding types present on the
surface and in the near-surface region of the films
were investigated by XPS using a Thermo
monochromated high-performance XPS spectrome-
ter system (PHI-5000 Versa probe) equipped with
an Al Ka x-ray radiation source at energy of
1486.6 eV. Photoluminescence (PL) spectra of the
Co-doped ZnS films were obtained at room temper-
ature using a Hitachi F-2500 FL spectrophotometer.
Magnetic measurements were carried out using a
superconducting quantum interference device
(SQUID) magnetometer (Quantum Design, MPMS-
XL) at temperatures ranging from 5 K to 300 K.
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RESULTS AND DISCUSSION

Chemical Analysis

Figure 1 shows the EDX spectra for the ZnS and
Co-doped ZnS thin films. The spectra exhibites
presence of Zn, Si, O, Co, and S elements in the
films. However, for the undoped sample, only Zn, Si,
O, and S elements were found, with no Co signal
observed. The presence of Si and O signals is
probably due to the glass substrate.27,35,36 The
EDX peak intensity of Co dopant increased with
increasing Co doping ratio, in good agreement with
the estimated chemical composition of the films, as
shown in Table I. Hence, only the chemical compo-
sition is discussed below.

To confirm the chemical binding states in the Co-
doped ZnS thin films, the near-surface chemical
nature of the films was determined by XPS mea-
surements. Figure 2 shows a typical XPS spectrum
(for the 3% Co-doped ZnS thin film annealed at
873 K), recorded in the binding energy range from
0 eV to 1200 eV. The spectrum shows various peaks,
corresponding to Zn, S, Co, C, O, and Na elements.
These observed peaks were also reported in Ref. 22.
Furthermore, the other peaks related to C 1s and O
1s might have resulted from surface contamination.
Additionally, researchers have previously observed
peaks corresponding to Zn 3s, 3p, 3d, Co 2s, O KLL,
Co LMM, and Zn LMM.19,27,28

The XPS signals related to Zn, Co, and S are
shown for a Co-doped ZnS composition in Fig. 2. In
the wide-scan XPS spectrum, two signals at 1020 eV
and 1043 eV (Fig. 3a) can be ascribed to Zn2+,
matching well with the binding energy of Zn–S
bond.29 The peaks located around 160 eV and
171 eV correspond to S 2p bonding (Fig. 3b), which
might be because of Zn–S bonds and surface impu-
rities, respectively.30 The obtained results are in
agreement with reported values.19,20 The presence
of Co is proved by the Co 2p3/2 and Co 2p1/2 signals
shown in Fig. 3c at corresponding binding energy of
781 eV and 796 eV, suggesting incorporation of Co2+

in the ZnS films. The binding energy of the Co 2p3/2

and Co 2p1/2 signals do not match with the corre-
sponding energy of Co metal at 777.9 eV and
792.95 eV. This indicates that Co2+ dopant is cer-
tainly diffused into the ZnS.31,32 The observed
values for Co are consistent with values reported
in Ref. 19.

Morphological Studies

SEM micrographs of the ZnS and Co-doped ZnS
samples are shown in Fig. 4. It can be seen that the
morphology of the samples is smooth, homogeneous,
and dense with some cracks and spots, and the
surface grains are uniformly distributed (Fig. 4).
Spots were also observed previously on ZnS thin

Fig 1. EDX spectra of undoped ZnS (a), 1% Co-doped ZnS (b), 3% Co-doped ZnS (c), and 5% Co-doped ZnS (d) thin films deposited on glass
substrate.
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films.2 The actual grain size of the Co-doped ZnS
samples could not be clearly determined from SEM
images due to the limited resolution of the SEM
instrument. The grain size of the Co-doped ZnS
films increases first with increase of Co concentra-
tion. However, it later decreases monotonically
depending on the t. A similar change was also
observed for the crystallite size of the Co-doped ZnS
thin films (Table II).

Structural Studies

The crystalline phase and crystallite size of the
Co-doped ZnS thin films were determined by XRD
analysis as given in Fig. 5. The results of the XRD
studies demonstrated that the films had polycrys-
talline nature. For all the films, the observed (100),
(002), (101), and (112) plane signals were in good
agreement with Joint Committee on Powder
Diffraction Standards (JCPDS) card no. 01-36-
1450. Accordingly, the diffraction patterns of the
films indicated hexagonal WZ-type ZnS structure
with strong preferred orientation along hexagonal

(002) plane direction. This result is consistent with
previous studies showing hexagonal WZ structure
with preferred orientation along hexagonal (002)
plane direction for Co-doped Zn(O,S) thin films
prepared by the spray pyrolysis method,19 electron-
beam evaporated ZnS:Mn,33 and sol–gel derived Fe-
and Mn-doped ZnS thin films.34,35 However, cubic
ZB structure with preferred crystallographic orien-
tation along (111) plane was reported for Co-doped
ZnS nanoparticles by Poornaprakash et al.1 and
Akhtar et al.36

For all the films, it is clear that the (002)
diffraction peak is stronger and narrower than the
other peaks, suggesting preferential growth along
c-axis direction. No diffraction peaks for any Co
compounds (sulfides, oxides, etc.) or other impurity
phases were detected for the films. These results
indicate that Co may have merely entered into the
ZnS lattice but did not undergo any chemical
reactions with sulfur to form new compounds. The
full-width at half-maximum (FWHM) of the (002)
peak decreased with increasing Co doping concen-
tration, indicating improved crystalline quality of

Table I. SEM elemental composition analysis of undoped and Co-doped ZnS thin films fabricated on glass
substrate

Co Doping
level (%)

Chemical
composition Zn Content (%) Co content (%) S content (%) Total (%)

Spectrum
line

0 ZnS 50.38 49.62 100 K
1 Zn0.99Co0.01S 49.56 1.03 49.44 100 K
3 Zn0.98Co0.03S 47.72 2.96 49.32 100 K
5 Zn0.97Co0.05S 46.70 4.89 48.41 100 K

Fig 2. XPS spectrum of Co-doped ZnS thin film deposited on glass substrate.
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the Co-doped ZnS thin films. This is supported by
the grain size of the films as given in Fig. 4, which
shows that the grain size of the Co-doped ZnS films
was larger than that of the undoped ZnS thin film.

The average crystallite size of the films was
calculated using the Debye–Scherrer equation
(D = kk/bcos h), first increasing with the Co doping
content but then decreasing monotonically for fur-
ther increase (Table II). As seen from Table II, the
average crystallite size of the Co-doped ZnS thin
films increased for 1% Co doping with higher t but

decreased monotonically for higher Co doping ratios
with decreasing film t. This shows that t contributes
to the improvement in crystalline quality of the
films. In previous study on Co-doped ZnS nano-
spheres, an increase in average crystallite size of
the samples was reported.37 However, the crystal-
lite size of chemically precipitated Co-doped ZnS
nanoparticles decreased with increasing Co concen-
tration, as reported by Pathak et al.21 Furthermore,
there are no studies on the effect of Co concentration
and t on the crystallite size of Co-doped ZnS thin
films for comparison. The different results for the
crystallite size of Co-doped ZnS samples might be
due to the different preparation techniques and
conditions applied.

The lattice parameter (c) of the samples was
calculated from the position of the highest intensity
of the ZnS (002) peak using the standard relation for
a hexagonal system. The dependence of the c
parameter on the Co concentration of the Co-doped
ZnS thin films is presented in Table II. It is obvious
that c changes from 0.6252 nm to 0.6230 nm with
increasing Co doping concentration from 0% to 5%.
There is no important shift in c with increasing Co
doping ratio, which might be due to the substitution
of Zn2+ ions (rZn2+ = 0.060 nm) with Co2+ ions
(rCo2+ = 0.058 nm19,27). In addition, the shift in c
may depend on the uniform stress and the combi-
nation of contaminant atoms with different ionic
radii in the lattice, which leads to a change in
stoichiometry, etc. Hence, the shift of the c param-
eter found in this study is caused by various effects,
resulting in a net decrease in the c value.

Optical Studies

The optical properties of the ZnS and Co-doped
ZnS thin films were investigated in the wavelength
range from 300 nm to 900 nm. The optical absorp-
tion spectra of the undoped and Co-doped ZnS
samples are shown in Fig. 6. To obtain the absorp-
tion spectra of the films alone, the contribution of
the glass substrate was subtracted. A sharp absorp-
tion edge between wavelength of 320 nm and
380 nm was observed for all samples (Fig. 6). With
increasing Co dopant level, redshift of the absorp-
tion edge was found, being maximum for the 3% Co
dopant concentration. This is attributed to intro-
duction of Co atoms at low concentration into the
ZnS lattice.38 As the Co doping level is increased,
sp–d interaction7 may lead to blueshift of the
absorption edge.

The absorption bumps at wavelength of 670 nm,
710 nm, and 732 nm can be attributed to substitu-
tion of Co2+ ions at tetrahedral Zn2+ sites, likely
being due to transitions from 4A2(F) to 2F(G), 4A2(F)
to 4T2(P), and 4A2(F) to 4A1(G) levels,3,39,40 indicat-
ing integration of Co2+ at Zn2+ tetrahedral sites in
ZnS.

The fundamental absorption, which corresponds
to electron excitation from valence to conduction

Fig 3. Wide-scan XPS spectrum of 3% Co-doped ZnS thin film for
(a) Zn, (b) S, and (c) Co.
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band, can be used to determine the Eg value of all
the synthesized thin films. The Eg of the presented
films was determined using the Tauc relation,41–43

ahm ¼ C hm� Eg

� �n
; ð1Þ

where C is a constant and n is also a constant
associated with different types of electronic transi-
tion (n = 1/2, 2, 3/2 or 3 for direct allowed, indirect
allowed, direct forbidden, and indirect forbidden
transitions, respectively).

The optical Eg values were found to be 3.60 eV,
2.84 eV, 2.87 eV, and 3.04 eV for the 0%, 1%, 3%,
and 5% Co-doped ZnS thin films, respectively
(Fig. 7). These values are lower than the value for
bulk ZnS (3.68 eV for ZB and 3.91 eV for WZ phase)
due to defect states, which produce absorption
tailing.

It is clear that the Eg value initially decreased
sharply on 1% Co doping, then increased monoton-
ically with increasing Co doping concentration. The
reduction of Eg might be because of the following
reasons: (1) the sp–d interaction34,44 between band
electrons and localized d electrons of Co2+ and Zn2+,
resulting in a decrement of Eg; (2) the nanoscale

Fig 4. SEM images of undoped ZnS (a), 1% Co-doped ZnS (b), 3% Co-doped ZnS (c), and 5% Co-doped ZnS (d) thin films deposited on glass
substrate.

Table II. Selected structural and optical parameters, obtained by XRD and UV–Vis analyses, for Co-doped
ZnS thin films fabricated on glass substrate

Co Doping Level (%) FWHM, b (�) 2h (�) Crystallite Size (nm) c (nm) t (nm) Eg (eV)

0 1.16 28.52 7 0.6252 520 3.60
1 0.40 28.52 13 0.6252 640 2.84
3 0.32 28.44 12 0.6269 635 2.87
5 0.24 28.62 10 0.6230 600 3.04

Fig 5. XRD patterns of Co-doped ZnS thin films deposited on glass
substrate.
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effect; (3) the level of impurities; (4) and parameters
related to the structure. Recently, similar behavior
was reported in Zn1�xMnxS and Zn1�xCoxO thin
films synthesized by sol–gel dip- and spin-coating
methods, respectively.34,44 As reported in Ref. 3, a
decrease in Eg for Zn1�xCoxS thin films deposited by
the PLD technique has also been observed.

As seen in Table II, compared with undoped ZnS,
the Eg value initially decreased with increasing t for

the lowest doping ratio of Co (1%), then increased
monotonically with decreasing t for higher Co
concentrations. This can be attributed to the fact
that, in case of thicker films, more atoms are
present, so more states are available for photon
absorption. The change in Eg with the t value of the
Co-doped ZnS films can be understood based on the
quantum size effect observed in nanocrystalline
thin films. In this way, the redshift for the Co-doped
ZnS films can be attributed to the Co doping
concentration, t, and average crystallite size of the
films. A similar redshift of Eg for films of higher t
and/or average crystallite size was reported for
Zn1�xMnxS and Zn1�xMnxO nanocrystalline thin
films with pH value of 7.5.4,34

The n value for a semiconductor can be deter-
mined from Eg

46 values using Eq. 2:

n2 � 1

n2 þ 1
¼ 1 � Eg

20

� �1=2

: ð2Þ

Compared with undoped ZnS, the obtained n
values initially increased on Co doping and then
gradually decreased for higher Co doping levels, as
presented in Table III. This is probably related to
modification of the polarizability of ions and the
local field within ZnS due to Co doping. The k value
of the fabricated films was also calculated using the
absorption coefficient via Eq. 3:

k ¼ ak
4p

; ð3Þ

Fig 6. Optical absorption spectra of Co-doped ZnS thin films
deposited on glass substrate.

Fig 7. Calculation of optical bandgap from optical absorption spectra
for Co-doped ZnS thin films deposited on glass substrate.

Table III. Selected optical and dielectric constants as functions of film thickness and Co doping level for
Co-doped ZnS thin films

Co Doping Level (%) Film Thickness, t (nm) Eg (eV) n k e1 e2

0 520 3.60 1.925 0.024 3.705 0.092
1 640 2.84 2.075 0.046 4.303 0.190
3 635 2.87 2.068 0.044 4.274 0.181
5 600 3.04 2.034 0.037 4.145 0.150

Fig 8. Extinction coefficient versus wavelength for 1%, 3%, and 5%
Co-doped ZnS thin films.
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where a is the absorption coefficient, which is
related to the absorbance and t, and k is the incident
photon wavelength. Plots of k versus k are shown in
Fig. 8, indicating a sharp decrease in the wave-
length range from 330 nm to 430 nm then a mono-
tonic reduction in the visible range. Note that the k
values for the Co-doped ZnS thin films were higher
than that for undoped ZnS thin film. The k value
obtained at a wavelength corresponding to the Eg

value of each film is given in Table III. Compared
with undoped ZnS, both k and n values increased
with increasing t and decreasing Eg, except for the
5% Co doping level.

The optical dielectric constant of a material is
composed of real (e1) and imaginary (e2) parts, both
of which can be calculated at the wavelength
corresponding to Eg by using Eqs. 4 and 5:

e1 ¼ n2 � k2; ð4Þ

e2 ¼ 2nk: ð5Þ

As seen from Table III, the e1 values of the films
were higher than their e2 values. It was found that
the e1 and e2 values of the films increased with t and
the Co doping concentration (except for 5%). Among

all the fabricated films, the highest n, k, e1, and e2
values were found for the 1% Co-doped ZnS thin
films.

Photoluminescence Studies

PL spectra of the ZnS and Co-doped ZnS thin
films were recorded using an excitation wavelength
of 344 nm at room temperature. As seen in Fig. 9a,
the observed PL peak at 418 nm (PL1) is likely
related to surface defects (as also obviously evident
from the XPS results) of the ZnS thin films. It is
clear that the observed PL1 peak had energy lower
than the Eg value (3.60 eV) of the ZnS thin films.
This finding is well consistent with results for
Zn(S,O) thin films prepared by the chemical bath
deposition (CBD) technique,20 where the observed
peak was also attributed to surface defect states of
the Zn(S,O) thin films.

For the Co-doped ZnS samples, an additional blue
emission peak (PL2) was observed at around
433 nm (Fig. 9b–d). The corresponding energy
related to this PL2 blue emission is also lower than
that of the band-edge emission of the ZnS thin films,
likely being attributable to surface defects.1,20 With
increasing Co doping concentration and increasing/
decreasing t, no change in the blue emission

Fig 9. PL spectra of Co-doped ZnS thin films for different Co contents: (a) 0%, (b) 1%, (c) 3%, and (d) 5%.
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wavelength was observed (Fig. 9a–d). Moreover, it
is very interesting that use of an appropriate Co
doping ratio in the ZnS host could significantly
increase the PL intensity of the thin film. This can
be attributed to the substitution of newly added Co
atoms at Zn sites to form Co-doped ZnS, which could
lead to fewer interstitial S atoms and Zn vacancies
in the lattice of the ZnS host. This finding may be
correlated with the XRD data, as it can be seen from
Table II that the FWHM of the (002) plane reflec-
tion for the Co-doped ZnS samples was lower than
that for undoped ZnS, revealing an increase in
particle size for the Co-doped ZnS thin films.
Similar results with increasing PL intensity for
higher Co dopant concentration have also been
reported for Co-doped ZnS nanoparticles.15,21,25,37

Magnetic Properties

Curves of magnetization (M) as a function of
applied magnetic field, M(H), recorded at 5 K,
100 K, 200 K, and 300 K for the Co-doped ZnS thin
films, are shown in Fig. 10. The diamagnetic or
paramagnetic component from the glass substrate
was given in our previous study,34 allowing its
subtraction from all data. It was found that the
samples exhibited ferromagnetic behavior at 5 K
and 100 K but paramagnetic behavior at 200 K and
300 K for the Co-doped ZnS thin films.

These observed trends differ from those in earlier
reports on the Co-doped ZnS system; For example,

Vatankhah et al.44 found superparamagnetic
behavior at low temperatures (2 K to 10 K) in
nanocrystalline Zn1�xCoxS synthesized by a wet
chemical method, and ferromagnetic response was
reported at room temperature for Co-doped Zn(O,S)
thin films prepared by the spray pyrolysis method at
673 K.19 Recently, the magnetic properties of
Zn1�xCoxS (x = 0.025 and 0.05) thin films deposited
by the PLD technique at different annealing tem-
peratures (TA) of 473 K, 673 K, and 873 K were
reported. The magnetic response of the paramag-
netic and ferromagnetic components in these sam-
ples depended on TA and the Co concentration. More
recently, room-temperature ferromagnetism was
reported in Co-doped ZnS thin films36 and nanopar-
ticles.1 However, the observed ferromagnetic behav-
ior at 5 K and 100 K is in agreement with the
reported magnetic response of Zn1�xCoxS (x = 0.025)
thin films,3 which showed ferromagnetic behavior at
low temperatures, and also with the ferromagnetic
behavior observed at 20 K for Co-doped Zn(O,S) thin
films.19

The above-mentioned results confirm that the
film preparation technique and conditions such as
the annealing environment and temperature, gas-
eous pressure of the annealing environment, and
starting chemicals used to obtain the Co-doped ZnS
system are the main factors resulting in different
magnetic behavior.

As seen from Fig. 11a and b, the Co-doped ZnS
thin films exhibited a clear hysteresis loop at 5 K

Fig 10. M–H curves of Co-doped ZnS thin films at temperature of 5 K (a), 100 K (b), 200 K (c), and 300 K (d).
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and 100 K in the low magnetic field region (0 Oe to
2000 Oe), indicating that the ferromagnetic
response at 5 K (Fig. 11a) was stronger than that
at 100 K (Fig. 11b). It can also be seen from Fig. 11a
and b that the coercive field, remanent M, and
saturation M values for the samples increased with
increasing Co doping concentration and decreasing
t, reflecting increased magnetic interactions at low
temperatures. Consistent with the results observed
at low magnetic field (H< 2000 Oe), ferromagnetic
behavior was also reported for Zn1�xCoxS (x< 0.06)
nanoparticles.45

To explain the complex magnetic behavior of our
films, temperature-dependent magnetization M(T)
measurements were performed under magnetic field
of 500 Oe and temperatures ranging from 5 K to
300 K (Fig. 12). As seen in Fig. 12, the M value of
the Co-doped ZnS thin films exhibited a slow
increase with decreasing temperature from 300 K
to 35 K, followed by an abrupt increase upon further
cooling. This behavior reflects the paramagnetic
response. M increased as the dopant ratio was
increased and t decreased, reflecting the paramag-
netic nature as also observed in the M(H) curves.
This finding is in agreement with the result
reported (in the high temperature region of 10 K
to 300 K) for nanocrystalline Zn1�xCoxS prepared
under N2 environment at room temperature.46

The observed ferromagnetic behavior at 5 K and
100 K is probably due to diffusion of Co into the ZnS
lattice, giving rise to cobalt-related impurity phases
and Co clusters not observed by XRD or XPS

measurements.47 This suggests that the ferromag-
netic behavior is not due to Co-related secondary
phases. Nonetheless, it has been suggested that
presence of transition-metal-related impurities can-
not be observed by XRD or XPS when the doping
ratio is 5% in the Ni- or Fe-doped ZnO system.48 It
has been reported that point defects related to zinc
and sulfur can significantly affect the ferromagnetic
characteristics of transition-metal-doped ZnS dilute
magnetic semiconductors.30,34 This may be one
reason for the observed low-temperature ferromag-
netism in the present samples. Moreover, Patel
et al. 3 suggested that the ferromagnetic response of
Co-doped ZnS could be strongly affected by grain
boundaries, being the other reason for the observed
low-temperature ferromagnetism of the solution-
processed Co-doped ZnS thin films. Finally, the
observed low-temperature ferromagnetism is prob-
ably also due to point defects such as zinc vacancies,
zinc interstitials, and sulfur vacancies, as also
evidenced by PL and XPS studies.33,38

The inset of Fig. 12 shows the inverse of the
magnetization for the films as a function of temper-
ature; the plot of M�1 versus T directly shows
proportional behavior from 5 K to 300 K, suggesting
paramagnetic behavior of the Co-doped ZnS thin
films. The observed results were investigated using
the Curie–Weiss equation,

v ¼ C= T þ hð Þ; ð6Þ

where v is the magnetic susceptibility, C is the
paramagnetic Curie constant, and h is the Curie–
Weiss temperature. The Curie–Weiss temperature
for the samples having 1%, 3%, and 5% Co was close
to zero (�18 to �34), as obtained by extrapolating
the high-temperature linear part of the 1/M versus
T curves to 1/M = 0 (Fig. 12). The observed Curie–
Weiss temperatures reveal weak antiferromagnetic
interaction between the Co magnetic moments,
leading to paramagnetic behavior. However, for
bulk Zn1�xCoxS, large negative Curie–Weiss tem-
peratures (�50 K to �100 K) were reported, indi-
cating strong antiferromagnetic interaction.49,50

Fig 11. M–H curves of Co-doped ZnS thin films at 5 K (a) and 100 K
(b).

Fig 12. Temperature dependence of magnetization for Co-doped
ZnS thin films deposited on glass substrate; inset: M�1 versus T
curves of Co-doped ZnS thin films.
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Finally, our results are in good agreement with
previous studies on Co-doped ZnS/Zn(S,O) thin films
or nanoparticles and make important additional
contributions. Additionally, the solution-processing
and dip-coating techniques have various advan-
tages over techniques previously applied for the
Zn1�xCox(S,O) system,3,19 due to the following rea-
sons: (1) Zn1�xCox(S,O) thin films fabricated by the
spray pyrolysis method contain oxygen and not just
the Zn1�xCoxS system, whereas the present films
are the raw Zn1�xCoxS system; (2) the other method
proposed for the Co-doped ZnS system is the PLD
technique,3 which needs high-vacuum conditions for
film deposition and is not convenient for production
of large-area films compared with solution-process-
ing techniques; (3) furthermore, the solution-pro-
cessing and dip-coating techniques are
comparatively ordinary and affordable compared
with the PLD technique; (4) moreover, the good
compatibility of these first solution-processed, dip-
coated Co-doped ZnS samples in thin-film form may
result in wide applications in the areas of spintronic
and optoelectronic devices. We believe that this
study makes crucial contributions to the literature
in terms of both techniques and findings for the
Co-doped ZnS thin-film system.

CONCLUSIONS

Co-doped ZnS thin films were synthesized by a
solution-processing and dip-coating method for the
first time. XRD analysis revealed a polycrystalline
hexagonal wurtzite-type crystalline structure for
the ZnS and Co-doped ZnS films. A remarkable
change in film morphology and grain size was
observed on changing the Co dopant concentration
and t value. Presence of Zn, Co, and S was confirmed
by EDX and XPS measurements. Integration of Co2+

ions with Zn2+ ions in the ZnS host lattice was
evidenced by XRD, XPS, EDX, and optical absorp-
tion analyses. It was found that the optical Eg

initially reduced then increased on varying both t
and the Co dopant level. With increasing Co doping
level, the n, k, e1, and e2 values of the films increased
in comparison with the ZnS host, except for the 5%
Co doping level. It was also found that the PL
intensity and low-temperature ferromagnetic
response of the films might be tunable by adjusting
the doping concentration and t value.

ACKNOWLEDGEMENTS

This work was supported by the Scientific and
Technological Research Council of Harran Univer-
sity (HUBAK) with Project No. 15029. The authors
are grateful to Prof. Dr. Yasuji Yamada and Dr.
Funaki Shuhei, Department of Physics and Mate-
rials, Interdisciplinary Faculty of Science and
Engineering, Shimane University, Japan, for the
use of laboratory instruments, hosting and guiding
one of the authors (A.G.) during his fellowship at
Shimane University.

REFERENCES

1. B. Poornaprakash, D. Amaranatha Reddy, G. Murali, N.
Madhusudhana Rao, R.P. Vijayalakshmi, and B.K. Reddy,
J. Alloy. Compd. 577, 79 (2013).

2. A. Goktas, F. Aslan, E. Yasar, and I.H. Mutlu, J. Mater.
Sci.: Mater. Electron. 23, 1361 (2012).

3. S.P. Patel, J.C. Pivin, A.K. Chawla, R. Chandra, D. Kan-
jilal, and L. Kumar, J. Magn. Magn. Mater. 323, 2734
(2011).

4. A. Goktas, I.H. Mutlu, Y. Yamada, and E. Celik, J. Alloy.
Compd. 553, 259 (2013).

5. N. Kumbhojkar, V.V. Nikesh, A. Kshirsagar, and S.
Mahamuni, J. Appl. Phys. 88, 6260 (2000).

6. N. Goswami and P. Sen, J. Nanopart. Res. 9, 513 (2007).
7. A. Goktas, I.H. Mutlu, and Y. Yamada, Superlatt. Micro-

struct. 57, 139 (2013).
8. T. Dietl, H. Ohno, F. Matsukura, J. Cibert, and D. Ferrand,

Science 287, 1019 (2000).
9. J. Xie, J. Magn. Magn. Mater. 322, L37 (2010).

10. Y. Li, Z. Zhou, P. Jin, Y. Chen, S.B. Zhang, and Z. Chen, J.
Phys. Chem. C 114, 12099 (2010).

11. S. Sambasivam, D.P. Joseph, J.G. Lin, and C. Venka-
teswaran, J. Solid State Chem. 182, 2598 (2009).

12. G. Ren, Z. Lin, C. Wang, W. Liu, J. Zhang, F. Huang, and J.
Liang, Nanotechnology 18, 035705 (2007).

13. K. Sato and H. Katayama-Yoshida, Phys. Status Solidi B
229, 673 (2002).

14. H.C. Ong and R.P.H. Chang, Appl. Phys. Lett. 79, 3612
(2001).

15. R. Sarkar, C.S. Tiwary, P. Kumbhakar, and A.K. Mitra,
Physica B 404, 3855 (2009).

16. S.D. Sartale, B.R. Sankapal, M. Lux-Steiner, and A.
Ennaoui, Thin Solid Films 480, 168 (2005).

17. A. Ennaoui, W. Eisele, M. Lux-Steiner, T.P. Niesen, and F.
Karg, Thin Solid Films 431, 335 (2003).

18. R.N. Bhattacharya and K. Rammanathan, Sol. Energy 77,
679 (2004).

19. I. Polat, S. Aksu, M. Altunbaş, and E. Bacaksız, Mater.
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