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Abstract

The Zn;_,Co, O thin films were prepared on a commercial glass substrate at 400 °C by
ultrasonic spray pyrolysis. The effect of doping concentration on the structural, optical and
magnetic properties of these films has been studied. The structural and optical properties of
these films reflect the fact that the Co?* ions have substituted the Zn>* ions without changing
the wurtzite structure of ZnO. We have not observed any secondary phases even after doping the
10 at.% concentration of Co. All the films were highly oriented with preferred (002) direction.
By increasing the Co content, a systematic change in both the c-axis lattice constant and the
fundamental band gap energy was observed. Three absorption bands were found in the
transmission spectra of the Co doped ZnO films at 657 nm (1.89 eV), 610 nm (2.03 eV) and
567 nm (2.20 eV). The absorption bands were attributed to d—d intraionic transitions of
tetrahedrally coordinated high-spin Co?* ions. Magnetic studies reveal the absence of room
temperature ferromagnetic behaviour in these films. The values of coercivity (Hc) ~ 145 and

123 Oe and remanent magnetization (M,) ~ 4.32 x 107> and 7.28 emu cm

5 K for Zng.95C00.050 and Zng.93C0g.970 thin films.

—2 were observed at

(Some figures in this article are in colour only in the electronic version)

1. Introduction

In recent years, extensive studies have been carried out
to modify the properties of zinc oxide for different
applications [1, 2]. Doping with transition metal elements
leads to many interesting properties of ZnO. In 2000, Dietl
et al [3] used a simple theory to estimate the 7. of
ferromagnetic semiconductors, and they predicted that room
temperature ferromagnetic semiconductors might be created by
substituting cobalt ions in wide band gap semiconductors such
as GaN and ZnO. Reports of ZnO-based room temperature
ferromagnetic semiconductors [4] soon followed. Currently,
much experimental and theoretical research is focused on
dilute magnetic semiconductors (DMS) based on ZnO doped
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with transition metal ions such as Co, since the predicted
room temperature ferromagnetism in DMS may be useful in
spintronics [1]. The mechanism leading to room temperature
ferromagnetism in Co doped ZnO is not fully established and
there are many contradictory experimental observations. Even
more startling are claims that undoped films of some of these
oxides are ferromagnetic, or that they can become magnetic
when doped with nonmagnetic cations. Examples are HfO, [5]
and ZnO doped with Sc [6]. The term ‘d° ferromagnetism’
has been suggested for these cases. Some research groups
describe the observed FM ordering as an intrinsic effect [7, 8],
while others describe it as an extrinsic effect [9-11] (due to
the formation of Co clusters, the presence of Zn doped Co3Oy4
phase etc). Recently Bhatti e al have observed the room
temperature ferromagnetism in a ZnO:Co sample (5 at.%) with

© 2008 IOP Publishing Ltd  Printed in the UK
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Table 1. Optimized spray parameters for Zn;_,Co,O thin films.

Spray mode Ultrasonic nebulizer

Air blast Atomizer

Ultrasonic frequency (MHz) 1.7

Droplet size (;#m) 2.8

Solution flow rate (ml h™!) 10

Distance from heater to 5

substrate (cm)

Solvent Distilled water and methanol
Precursor Zinc nitrate and cobalt nitrate
Concentration (mol 17") 0.1

Doping concentration (at.%) 3,5, 7 and 10

Deposition temperature (°C) 400

Substrate Glass

a Curie temperature ~450°C [11]. ZnCoO films obtained
by the sol-gel method were found to be ferromagnetic with
T. > 300 K by Lee et al [12]. Although the presence of a
secondary phase was noted in the samples x > 0.25. Films
of Co doped ZnO prepared by pulsed laser deposition are
reported to be ferromagnetic at room temperature [13], but
Norton et al [14] suggest that Co nanocrystallites present in
the sample could be responsible for ferromagnetism. These
studies indicate that the magnetic properties of Co doped ZnO
are highly sensitive to the preparation methods and conditions.
Zn;_,Co,0 (0.03 < x < 0.10) thin films were grown on
commercial glass substrates by a simple and low cost ultrasonic
spray pyrolysis technique. The spray pyrolysis technique
has been adopted for the synthesis of Co doped ZnO thin
films, because the process has many advantages such as better
stoichiometry control, better homogeneity, low processing
temperature, lower cost, easier fabrication of large area films,
the possibility of using high-purity starting materials and
having an easy coating process of large and complex-shaped
substrates. Earlier we have reported the successful fabrication
of pure nanocrystalline ZnO thin films and nanopowder by the
same technique [15]. In the present study we have tried to
investigate the effect of doping concentration on the structural,
optical and magnetic properties of Co doped ZnO thin films.

2. Experimental details

The Zn;_,Co,O thin films were prepared from aqueous
solution of zinc nitrate [Zn(NO3),-6H,0], and cobalt nitrate
[Co(NO3),-6H,0] dissolved in distilled water. For each
doping concentration (x), a separate solution was made. The
substrates were first ultrasonically degreased with acetone,
ethanol and deionized water. Various parameters such as
nozzle to substrate distance, deposition rate and flow rate
of air (carrier gas), deposition temperature and concentration
were optimized to get good quality films, as shown in
table 1. A specially designed digital substrate heater with a
temperature controller from Excel instruments was used to heat
the substrate.

The rate of deposition was controlled by the carrier
gas flow rate, substrate temperature as well as by precursor
concentration. The films were deposited on a glass
(component: Ca0:NaO:6Si0,) substrate at a fixed substrate
temperature of 400°C. The chemical solution was atomized
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Figure 1. XRD pattern of the Zn,_,Co,O (x = 0.03, 0.05, 0.07 and
0.10) thin film deposited on glass at 400 °C. The inset shows the
broadening of the 002 peak.

into a stream of fine droplets via an ultrasonic nebulizer
operated at an atomizing frequency of 1.7 MHz. The nitrate
precursor solution was poured into the vessel from the inlet
side. The aerosol was generated from the vibration of the
transducer. The nebulized spray, which goes up in the
column, was deposited on a hot substrate. The orientation
and crystallinity of these thick films were studied using a
Bruker AXS C-8 advanced diffractometer (1.54 A) in 6-
260 geometry. A Perkin Elmer Lambda 25 UV-visible
spectrometer was used to study the optical properties of films.
Energy dispersive x-ray analysis (EDAX) was carried out
on various samples by comparing the peaks and it confirms
the concentrations of Co to be close to those in the stated
composition. The film thickness was measured using a surface
profilometer. The magnetic properties were investigated
by a superconducting quantum interference device (SQUID)
magnetometer (Quantum design, MPMS, XL).

3. Results and discussion

3.1. Structural properties

Figure 1 shows the x-ray diffraction patterns of the Zn,_,Co,O
(x = 0.03, 0.05, 0.07 and 0.10) thin films on glass
substrate at 400 °C. All the films are shown single phase and
have hexagonal wurtzite structure with the c-axis preferred
orientation similar to our earlier reported results on pure ZnO
thin films. ZnO usually grows along the (002) direction due
to the lower surface free energy (1.6 Jm~™2) of the (002)
plane in comparison to the other (100) and (110) planes,
which have surface free energies of 3.4 Jm—2 and 2.0 J m~2
respectively [15]. No evidence of any other secondary
phases and impurities (CoO, Co304 etc) were detected. The
observation was attributed to the fact that the deposition
temperature was relatively low to grow secondary phases
such as CoO or Co304 in these films. Increasing cobalt
concentration caused the slight shift in (002) peak position of
these films to higher angles. Figure 2 shows the variation of
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Figure 2. Variation of the c-axis lattice constant of Zn;_,Co, O films
for different Co concentration (x).

c-axis lattice constant of Zn;_,Co,O films for different Co
concentration (x). The value of the c-axis lattice constant
was found to decrease from 5.2148 A (x = 0.03), 5.2095 A
(x = 0.05), 5200 A (x = 0.07) to 5.1948 A (x = 0.10).
Similar dependence of the lattice constant on Co concentration
is usually observed in the reported results on Zn;_,Co,O
films [16]. According to Vegard’s law, this is quite expected
for a Co substituted ZnO solid solution as the ionic radii
of the Co®* (0.72 A) and Zn>* (0.74 A) in the tetrahedral
coordination are nearly the same and as a result the unit cell
parameters do not vary significantly with increase in doping
concentration. Moreover, this also reflects that Co>" ions were
substituted by Zn>* in ZnO without changing the wurtzite
structure. A slight deviation observed in the c-axis parameter
for x = 0.07 from Vegard’s rule could be due to compensated
defects [17]. The value of the peak width broadening of
the Zn;_,Co,O (002) peak was found to be increased with
increase in the doping concentration of Co, indicating possible
changes in the crystallite size and strain due to the Co>* ion
substitution. The observed increase in value of the FWHM
of the (002) reflection was found to be 0.196 A (x = 0.03),
0.201 A (x = 0.05), 0.251 A (x = 0.07) and 0.397 A (x =
0.10) respectively. Further the crystallite size was calculated
from XRD data and was observed to be 41.95 nm (x = 0.03),
40.90 nm (x = 0.05), 32.76 nm (x = 0.07) and 20.71 nm
(x = 0.10) respectively. We have also calculated the grain
size from atomic force microscopy (AFM) and field emission
electron microscopy (FESEM) data (figures are not included in
this paper), which was observed to be less than 100 nm in the
case of all the films.

3.2. Optical properties

The optical transmission spectra of the Zn;_,Co,O (x =
0.03, 0.05, 0.07 and 0.10) thin films deposited at 400°C
are shown in figure 3. The band edge of these films has
been found to shift progressively towards lower energies
with increase in doping concentration. This observed red
shift with increasing Co concentration could be attributed to
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Figure 3. Transmission spectra of the Zn;_,Co, O (with x = 0.03,
0.05, 0.07 and 0.10) thin films deposited on glass at 400 °C.

the sp—d exchange interactions between the band electrons
and the localized d electrons of the Co>* ions [18]. We
believe that Co enters the tetrahedral sites of the wurtzite
structure as Co®" is seen as the transitions in the transmission
spectra at 657 nm (1.89 eV), 610 nm (2.03 eV) and 567 nm
(2.20 eV), assigned as d—d absorption levels of high-spin
Co?* ions in a tetragonal crystal field. They are assigned as
1A>(F) — 2E(G), *Ayx(F) — *T;(P) and *A,(F) — 2A,(G)
transitions in high-spin state Co®" (d’) respectively. These
absorptions were ascribed to charge transfer between donor
and acceptor ionization levels located within the band gap of
the ZnO host, and absorption band intensities are expected
to be proportional to the Co’* concentration in the ZnO thin
film, provided the film thickness is the same. Taking this into
account, the Zng 99Cog.100 film with highest Co concentration
should exhibit the strongest absorption band, which was in
confirmation with our results, as shown in figure 3. Optical
absorption coefficient @ was calculated from the following
relation;

- (1 — R)? exp(—at)

1 — R2exp(—2at)

where R and T are the spectral reflectance and transmittance
and ¢ is the film thickness. For greater optical density (ot > 1),
the interference effects due to internal reflections as well as
reflectance at normal incidence are negligible and the previous
equation can be approximated as:

T ~ exp(—at).

Optical absorption coefficient « is given by the approximate
formula:

1
@ =——In(T),

where ¢ is the film thickness and 7 is the transmittance
measured. The film thickness was measured using a surface
profilometer. The thickness of all the films was almost 450 nm.

Absorption edges of semiconductors correspond to the
threshold for charge transition between the highest nearly filled
band and the lowest nearly empty band. According to inter-
band absorption theory, the optical band of the films can be
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Figure 4. (¢hv)? versus hv plots of Zn;_,Co,O (with x = 0.03,
0.05, 0.07 and 0.10) thin films deposited on glass at 400 °C. The
inset shows the variation of band gap with Co (%).

calculated using the following relation [15]
ahv = A(hv — E,)"

where A is the probability parameter for the transition, E, is
the band gap of the material, 4v is the incident photon energy,
and n is the transition coefficient. The reported value of n is
2 for the measurement of an indirect band gap and 1/2 for a
direct band gap. Figure 4 shows the plot of (whv)? against
the photon energy (hv) of the Zn;_,Co,O (x = 0.03, 0.05,
0.07 and 0.10) thin films. The direct band gap of these films
was determined by taking the intersection of the extrapolated
lines from the linear vertical and horizontal regions near the
band edge of the («hv)?> = 0 curve. The calculated value of
the band gap was 3.02, 2.99, 2.84 and 2.80 eV corresponding
to x = 0.03, 0.05, 0.07 and 0.10 respectively in Zn;_,Co,O
thin films. The red shift of the absorption edge with increasing
Co concentration is interpreted as mainly due to the sp—
d exchange interactions between the band electrons and the
localized d electrons of the Co®" ions substituting Zn>* ions
and is inconsistent with the reported results [18]. The variation
of energy band gap with increasing Co concentration from 3 to
10 at.% is shown in figure 4.

3.3. Magnetic properties

The magnetic properties of Zn;_,Co,O (with 0.03 < x <
0.10) thin films were carried out using a SQUID magnetometer.
The area of the substrates used for the film deposition was
0.5 x 0.5 cm?®. The M—H curve of the Zngo5CoposO and
71 93C00 070 films at 5 and 300 K is shown in figures 5 and 6.
The data have been corrected for the diamagnetic contribution
due to the background signal from the glass substrate using
equation Mﬁlm(H) - Mtotu.l (H) — Xsubstrate - H, where Xsubstrate
is the susceptibility of the substrate. We have not observed
any prominent nonlinear hysteresis loop in the M—H curve.
However, at 5 K, M versus H behaviour was nonlinear and the
inset of figure 5 shows the low-field region of the loop, showing
coercivity (Hc) of ~145 Oe and remanent magnetization of
about (M;) ~ 4.32 x 107 emu cm 2 for 5 at.% Co doped
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Figure 5. Magnetization versus magnetic field of Zng 95CogosO at 5
and 300 K of the films deposited at 400 °C. The inset shows the data
for the low-field regions at 5 K.
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Figure 6. Magnetization versus magnetic field of Zng 93Co0,;O at 5
and 300 K for the films deposited at 400 °C. The inset shows the data
for the low-field regions at 5 K.

ZnO film. However, 7 at.% Co doped ZnO film indicates
He ~ 123 Oe and M, ~ 7.28 x 10~* emucm2, as
shown in the inset of figure 6. The low value of coercivity
(<100 Oe) and high ordering temperatures (250-300 K) have
been shown by Theodoropoulou et al in their Co and Mn
implanted ZnO crystals [19]. To see the influence of deposition
temperature on the magnetic properties of Zn;_,Co,O films
SQUID measurements were carried out on Zng 95Cog 95O thin
films deposited at substrate temperatures of 500 °C. The M—-H
curve of the film at 5 K is shown in figure 7, which does not
show any prominent nonlinear hysteresis loop.

The reported experimental results on the magnetic
properties of Co doped ZnO are very different in thin films as
well as in the bulk system. Earlier reported work on Co doped
ZnO thin films showed them to be ferromagnetic with Tc >
280 K [4]. However, there is a lot of discrepancy in the recently
reported results. Zn;_,Co,O films obtained by the sol—gel
method were found to be ferromagnetic with 7¢ > 300 K [12],
with the presence of a secondary phase. Films of Co doped
ZnO prepared by pulsed laser deposition are reported to be
ferromagnetic at room temperature [13], but Norton et al [14]
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Figure 7. Magnetization versus magnetic field of Zng 95Cog 05O at
5 K for the film deposited at 500 °C.

suggest that Co nanocrystallites present in the sample could be
responsible for ferromagnetism. Risbud et al [20] show that
well characterized stoichiometric bulk samples of Zn;_,Co, O
are not ferromagnetic and indicate dominant nearest-neighbour
antiferromagnetic interaction. These samples were prepared
by heating a solid solution of zinc and cobalt oxalates at
a temperature of 1173 K for 15 min. From the reported
results it was observed that where ferromagnetism has been
found, the samples were heated to relatively high temperatures,
which could give rise to spinel impurity phases. Risbud ef al,
however, report the absence of ferromagnetism in samples
prepared at high temperatures. Even where the temperature
of synthesis is relatively low, some of the synthesis procedures
are not convincing as to whether the dopant has substituted the
Zn site. While it is possible that Co clusters may be present
in some of the Co—ZnO samples due to the reduction of Co>*
(that can occur in solution phase even at low temperatures),
the presence of the magnetic spinel phases cannot be entirely
eliminated in some of the preparations. Furthermore, the
magnetization values reported by many workers are very low
and can arise from the presence of magnetic impurities which
cannot be detected by XRD.

Figure 8 shows the temperature dependence of magnetiza-
tion of the Zng 95Co00 05O thin film deposited at substrate tem-
peratures of 400 °C and 500 °C respectively, measured at a con-
stant magnetic field of 1 kOe in the temperature range 5-300 K.
Figure 9 shows the temperature dependence of Zng 93C0¢.070
film deposited at 400 °C and measured at similar value of mag-
netic field and temperature range. In all these films it was
observed that the magnetization changes slowly with decreas-
ing temperature from 300 to 50 K, and afterwards there was a
steep rise in magnetization below 50 K, showing the concave
nature in the M-T curve at lower temperature, which can be
explained by the polaron-percolation-theory reported by Das
Sarma et al [21]. They have shown that the problem of ferro-
magnetic transition in a system of magnetic polarons is equiv-
alent to the problem of overlapping spheres studied in perco-
lation theory. In a system of magnetic polarons this condition
satisfies ferromagnetic ordering with a highly concave nature
in the M—T curve at lower temperatures. This generally hap-
pens in the case of a strongly localized insulating DMS. The
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Figure 8. Temperature dependence of the magnetization curve at a
field of 1 kOe for the Zn 95Co00,050 film deposited at 400 and 500 °C.

3.0x10?
Zn0.93coo.07o

_2.0x10
=
£
L
s

1.0x107-

\
e S H = 1kOe
0.0 .

0 50 100 150 200 250 300
T(K)

Figure 9. Temperature dependence of the magnetization curve at a
field of 1 kOe for Zny.93C00.070 film deposited at 400 °C.

effective radius of the polaron increases logarithmically with
inverse temperature. At a very low temperature the effective
radii of polarons are comparable to the size of the samples
i.e. the formation of an infinite cluster corresponds the long
range ordering of the ferromagnetic regime when many spins
of magnetic impurity are polarized by the kinetic exchange in-
teraction of the hole spin. Moreover, at low enough tempera-
tures the neighbouring polarons are overlapped and the spins of
polarons are aligned by the interaction of polarons through the
magnetic impurities between them. In the presence of a dis-
order state, various types of spin-glass ground state may com-
pete with the ferromagnetic ground state [22]. A first principles
study has also shown that Co doped ZnO prefers to be in a spin
glass state due to an antiferromagnetic super exchange inter-
action [23]. There have been several reports on measurements
in different TM doped DMS thin films which have observed
a concave nature in the M-T curve with steep rise of magne-
tization at lower temperatures without any magnetic transition
down to the lowest attainable temperature [24]. However, there
exists a prominent nonlinear hysteresis loop in the M—H curve
for all those transition metal doped DMS thin films at lower
temperatures. In our case of Co doped ZnO thin films, we have
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observed a concave nature in the M—T curve with steep rise of
magnetization at lower temperature, but we have not observed
any prominent nonlinear hysteresis loop in the M—H curve.

In our case of Zn;_,Co,O thin films synthesized by
the spray pyrolysis technique, the constituent elements were
mixed at molecular level, ensuring dopant atoms are present
at substitutional sites as confirmed from XRD and optical
properties of these films. Moreover, the deposition temperature
was kept relatively low to avoid any possible impurity phase
segregation even in relatively higher doping content. The
absence of room temperature ferromagnetism in these films
could possibly be due to neighbouring antiferromagnetic
interactions, which suppress the ferromagnetic coupling, or
due to the lack of free carriers in these films, which is in
confirmation with the reports of Spaldin [25], which showed
that robust ferromagnetism cannot occur in Mn and Co doped
ZnO. If at all, it may occur if additional charge carriers are
present.

4. Conclusions

In conclusion, we have successfully prepared Zn;_,Co, O thin
films with different doping concentration (x = 0.03, 0.05,
0.07 and 0.10) by ultrasonic spray pyrolysis at 400°C. The
structural and optical properties of these films reflect the fact
that the Co*" ions have substituted the Zn>* ions without
changing the wurtzite structure of ZnO. The observed decrease
in band gap with increase in doping concentration of Co
doped ZnO films was explained in terms of an sp—d exchange
interaction. The concave nature of the M-T behaviour with
steep rise of magnetization was observed at low temperature
and was explained in terms of polaron-percolation-theory.
Nonlinear behaviour of the magnetic moment was observed at
both 5 K and 300 K. The value of coercivity Hc ~ 123 Oe
and the remanent magnetization M; = 7.28 x 10~* emu cm™>
was observed at 5 K for 7 at.% Co doped ZnO thin films.
We have not observed any secondary phases of cobalt oxides
(Co0, Co304 etc) in the XRD curve, even after doping the
10 at.% of Co in these doped ZnO thin films. Thus the observed
ferromagnetic ordering is due either to an intrinsic nature or
because of defects. We have not observed room temperature
ferromagnetism in Zn;_,Co,O thin films.
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