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Abstract We report the synthesis of Zn;_,Co,0O nano-
particles prepared by a sol-gel processing technique for x
ranging from O to 0.05. The structural, morphological,
optical and magnetic properties of the as-prepared nano-
particles were investigated by XRD, XPS, transmission
electron microscopy, UV measurements, photolumines-
cence and superconducting quantum interference device.
The structural properties showed that the obtained nano-
particles are single phase wurtzite structure and no sec-
ondary phases were detected which indicated that Co ions
substituted for Zn ions. The energy gap decreased gradu-
ally with increasing doping concentration of Co. The
photoluminescence spectra show a shift of the position of
the ultraviolet emission to long wavelength and the inten-
sity decreases with increasing Co. The Magnetic mea-
surements at room temperature reveal diamagnetic
behavior for sample with lower concentration and the
presence of both paramagnetic and ferromagnetic behavior
for increasing concentration.

1 Introduction

In recent years, semiconductor nanoparticles have attracted
great interest [1-3]. This is stimulated mainly by physical
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probe into low-dimensional systems and potential appli-
cations for this class of materials. They always exhibit
novel optical, electrical, and mechanical properties due to
quantum confinement effects compared with their bulk
counterparts, and thus can be applied in many areas,
including luminescent devices, solar cells, chemical sen-
sors, and biological labeling and diagnostics.

Due to its excellent optical, electrical, mechanical and
chemical properties, ZnO semiconductor has attracted a
great deal of attention in the material research field. Due to
its significant optical and electronic properties, ZnO has
been widely used for fabricating various nano-optoelec-
tronic devices [4—7]. Recently, the doping of well-chosen
impurities has been extensively explored as an effective
technique to modify the properties of ZnO nanostructures
[8-12]. Transition metal doping of ZnO has become an
active research field ever since it was predicted to improve
the optical and electronic properties of the oxide material,
and particularly, lead to room-temperature ferromagne-
tism. Among these, the element of Co is considered a
potential candidate for incorporating into ZnO because of
its abundant electron states and large solubility in the ZnO
matrix [13]. Many groups have synthesized Co-doped ZnO
nanostructures and studied the altered performance upon
doping. For instance, Jones and coworkers [14] fabricated
Co:ZnO submicrometer tubes using a polymer based
template approach. They observed a 25-nm redshift in
UV-vis absorption, which originated from the narrowing
of the ZnO band gap (3.22 eV) as a result of Co doping.
Wang et al. [15] synthesized Co:ZnO nanorod arrays on a
glass substrate via a solution route. They found that Co
doping can effectively adjust the energy level in ZnO
nanorods, lead to variation in the UV emission peak
position, and enhance the luminescence performance in the
visible light region. Bahadur et al. [16] synthesized
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uniform and transparent Zn;_,Co,O films by a sol-gel spin
coating technique, and revealed that an increase in Co
content in the range 0 < x < 0.10 led to a decrease in
band gap energy as well as quenching of the near band
edge and blue emissions. Sharma et al. [17] prepared
Co0:ZnO nanoparticles by a co-precipitation technique. The
obtained samples showed strong ferromagnetic behavior at
room temperature. However, at higher doping levels, the
ferromagnetic behavior was suppressed and the antiferro-
magnetic nature was enhanced. Xu and Cao [18] reported a
hydrothermal method to synthesize Zn;_,Co,O flakes, and
found that the samples exhibited obvious ferromagnetic
characteristics at room temperature. Moreover, with more
doping content of Co>", the ferromagnetic behavior was
suppressed and paramagnetic nature was observed. Previ-
ous studies have obviously demonstrated that the physical
and chemical properties of the synthesized Zn;_,Co,O
samples are strongly sensitive to its preparative conditions
[15, 16]. Over the past few years, much effort has been
made to investigate wet chemical methods for the synthesis
of metal-ion-doped ZnO nanostructures, including the sol-
gel method [19, 20] and various hydrothermal methods
[21, 22]. Motivated by these reasons, we report in this
paper a new approach to obtain such powders based on
hydrolysis of zinc acetate in methanol followed by
supercritical drying in ethanol using modified sol-gel
process. The effect of cobalt as transition metal (TM)
doping element on structural, optical and magnetic prop-
erties of the powder is investigated for different
concentrations.

2 Experimental

Cobalt-doped ZnO nanocrystals were prepared by the sol—
gel method using 16 g of zinc acetate dehydrate as pre-
cursor in a 112 ml of methanol. After magnetic stirring at
room temperature, the appropriate amount of cobalt acetate
was added, and the solution was placed in an autoclave and
dried under supercritical conditions of ethyl alcohol.

X-ray diffraction (XRD) patterns of cobalt doped zinc
oxide nanopowder were carried out by a Bruker D5005
diffractometer, using CuKa radiation (A = 1.5418 AQ;).

Crystallite sizes (G, in 1&) were estimated from the
Debye—Sherrer equation [23]:

G= 0'9)”/B cos Op (1)

where A is the X-ray wavelength (1. 5418 A), Oy is the
maximum of the Bragg diffraction peak and B is the
linewidth at half maximum. The dopant content and the
chemical bonding states of cobalt ions in the Zn;_,Co,O
nanocrystallites were determined using XPS(PHI-5702).

The synthesized products were also characterized using
a JEM-200CX transmission electron microscopy (TEM).
The specimens for TEM were prepared by putting the as-
grown products in EtOH and immersing them in an ultra-
sonic bath for 15 min, then dropping a few drops of the
resulting suspension containing the synthesized materials
onto TEM grid. Room-temperature optical spectra in the
wavelength range from 200 to 2,000 nm were collected
using a Schimadzu UV-3101 PC spectrophotometer fitted
with an integrating sphere diffuse reflectance accessory.
The spectrophotometer measures reflectance relative to a
background scatterer, which was powdered BaSO,. For
photoluminescence (PL) measurements, the 337.1 nm laser
line of a Laser Photonics LN 100 nitrogen laser was used as
an excitation source. The emitted light from the sample,
collected by an optical fiber on the same side as the exci-
tation, was analyzed with a Jobin-Yvon Spectrometer
HR460 and a multichannel CCD detector (2,000 pixels).
Magnetic measurements were carried out as a function of
temperature (2-400 K) and magnetic field (0 to £ 60 kOe)
using a commercial superconducting quantum interference
device (SQUID) magnetometer (Quantum Design, MPMS
XL).

3 Results and discussion

Figure 1 shows the XRD patterns of Zn;_,Co,O (0.0 <
x < 0.05) samples, which were indexed using POWDER-X
software as the ZnO wurtzite structure and well matched
with the standard data (JCPDS, 36-1451). It can be clearly
seen from the XRD patterns that all the samples showed a
single phase nature with hexagonal wurtzite structure [23].
No secondary phase was detected and this indicates that the

160
140 |-

120 |-

(100)

(002)

100 |-

80 |-

60 |-

a0 [ X004 U
[ x=0.03

20

0 [ undopedJ

Intensity (a. u.)

20 30 40 50 60 70
20 (degree)

Fig. 1 XRD patterns of Zn;_,Co,O nanoparticles. The inset displays
the shifting and broadening of (100), (002) and (101) peaks for
increasing Co content
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Co dopant is incorporated into the lattice as a substitutional
atom. We can notice also that the peaks are very broad
which indicates the formation of very fine particles in the
nanoscale range. The average crystallite size obtained
using Debye—Scherer formula confirmed this result.
Table 1 summarizes the lattices parameters obtained for
several concentrations. It can be seen that the lattice
parameter ¢ values of Zn;_,Co,O are smaller than the
value of undoped ZnO (¢ = 5.208), which is close to the
standard value [ICSD reference number: 67,848-1,993
(5.2121 A) and 67,454-1,989 (5.2071 A)]. Figure 2 shows
the evolution of the lattice parameters ¢ calculated from the
XRD for different concentrations. We observed a decrease
in the lattice constant value with increasing concentration
of Co ions. This decrease of lattice constant with Co
contents is corroborated by the shift of the peaks position
(inset in Fig. 1), which generally indicates a decrease in the
lattice parameters. Moreover, with increasing the Co dop-
ing content, we also found that the intensity of the dif-
fraction peak decreased gradually and the width broadened,
which might be due to the increase in the lattice disorder
and strain induced by Co®" substitution. The decrease of
lattice can be explained by the fact that effective ionic
radius of Co®* (0.58 A) in tetrahedral configuration is
smaller than that of Zn>* (0.60 A) ions [24]. This reduction
in lattice parameter may also be due to a diminution in size
of the nanoparticles after doping [25]. In addition, for
x = 0.05, we observed an increase of the lattice parameters
which can be explained by the incorporation of Co® T ions
with significant lattice defects [26].

The average grain size was calculated from Scherer’s
formula (1) using the most intense peak (101) and the
values are summarizes in Table 1. As shown in Fig. 2, the
grain size decreases with increasing concentration of Co.

To confirm further the chemical bonding states of Co
ions in the doped ZnO, XPS measurements were carried
out on the samples. Figure 3a presents the full-spectrum of
the Zn;_,Co,0O (x = 0.05) sample. The selected data has
been corrected with Cls (287.2 eV). Only the character-
istic peaks of Zn, O and Co are observed in the spectrum.
Figure 3b and c presents the high-resolution scan of Ols
and Co 2p. From the scan, the binding energies of Ols,
Co2p;, and Co2py,, are identified as 531.1, 780.9 and

5,210 30
3 o <
5,205 0\ 428
—_— ®,
s \ |
>
(&)
=~ 5200} 426 §
] ]
o Q)
[ 4 «Q
£ o, ®
© o
S 5195} J24 &
© N
(=% @ (1]
P { =
9o — g
£ 5190} 422 2
11
- 0\‘
5,185 \ 420
L L L '} 1 ’
0 1 2 3 4 5

Co Percentage

Fig. 2 Co doping concentration dependency of the lattice constant ¢
and average size of Zn;_,Co,O nanoparticles calculated using the
XRD peaks

796.8 eV, respectively. There are two main peaks shown in
Fig. 3d, positioned at the binding energy sites of 1,019.7
and 796.9 eV, corresponding to the Zn2ps, and Zn2p,
orbitals, respectively. We note that the energy difference of
15.9 eV between Co2p,, and Co2ps, accords with the
data in the published literature on Co2p in Co-O and
Co:Zn0O [27, 28], which confirms the 2p oxidation state of
the incorporated dopant. Therefore, Co clusters can be
ruled out in the doped samples. Thus, Co ions, in the 2+
oxidation state, are surrounded by O ions, that is, Co*t
successfully substitute for Zn®" in the ZnO lattice.

Figure 4a—d shows the TEM images for samples
Zn;_,Co,O with different concentration (x = 0.0, 0.01,
0.03 and 0.05). It can be seen that the samples are nearly
spherical with the diameters ranging from 18 to 30 nm. It
can also be noticed from these images that the average
particle decreases with increasing concentration of Co,
which is in agreement with XRD results. HRTEM image
(Fig. 4e) showed that the measured distance between the
planes is around 0.260 nm, which is corresponding to the
(002) planes of the wurtzite ZnO. The EDX spectra of the
doped samples are shown in Fig. 4g, h. Zn and O appeared
as the main components with low levels of Co. An increase
in the relative intensities of the Co peaks with increasing
concentration was also observed, confirming the

Table 1 Co doping

- Concentration of Co (%)
concentration dependency of the

Average size (nm)

Lattice parameter ¢ (A) Energie (eV)

average size, lattice constant ¢
and band gap energies of
Zn;_4Co,O nanoparticles

0
1
2
3
4
5

28,1 5,208 3,335
27,02 5,204 3,135
233 5,197 3,087
21,1 5,192 3,021
20,7 5,191 2,993
19,3 5,196 2,972
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progressive incorporation of Co. This ensures the uniform
distribution of the doped Co ions as expected in the
chemical synthesis process employed in this work.

Optical diffuse reflectance spectra of undoped and
doped ZnO nanorods, measured at room temperature, are
shown in Fig. 5. In the case of Co-doped nanorods, three
extra absorption bands have been observed at 655, 615 and
565 nm. Based on the optical studies performed of Co-
doped ZnO single crystals [29], these edges are assigned to
the d—d crystal-field transitions *A5(F) > 2E(G), “A,(F) >
4T1(P) and 4A2(F) - 2T1(G). The appearance of these
transitions clearly suggests that the doped Co”" is in the
high-spin (S = 3/2) state and are under a tetrahedral crystal
field, in agreement with similar studies on Zn;_,Co,O thin
films [30]. Wurtzite ZnO has Zn** ions in tetrahedral sites
[31] and therefore Co”* ions seem to substitute for the
Zn*" jons in the ZnO lattice.

The reflectance spectral data were converted to the
Kubelka—Munk function, F(R) by applying the equation:

(1-R)’

F(R) = R

(2)

The direct band gap (Eg) energies of the Zn; Co,O
powders were calculated from their diffuse-reflectance
spectra by plotting [F(R)-hv]" versus hv. A direct band gap

semiconductor gives a linear Tauc region just above the
optical absorption edge with n = 2, whilst an indirect
semiconductor gives a linear region with n = 0.5 [32]. A
direct band gap semiconductor was assumed for these
samples since a linear region just above the gap edges was
observed with n = 2.

The linear part of the curve was extrapolated to
[F(R)-hv]> = 0 to estimate the direct band gap energy
shown in Fig. 6. Inset of Fig. 6 shows that the values of the
direct band gap (Eg) of the Co-doped ZnO samples
decreases with increasing x. A similar decrease in the band
gap energy with Co concentration has been reported in Co-
doped ZnO thin films by Kim and Park [26], although an
opposite behaviour was observed by Schwartz et al. [33] in
Zn;_4Co,O nanocrystals. Kim and Park [26] have argued
that the band gap narrowing with increasing x is due to the
sp—d exchange interactions between the band electrons and
the localized d electrons of the substituted Co®" ions. Ando
et al. [34] reported that the magneto-optical effect in
Zn;_,Co,O is the largest observed between different TM
dopants used indicating a strong exchange interaction
between the electrons of the strip and sp of localized
electrons, supporting this possibility.

Figure 7 shows the room temperature PL spectra under
the excitation of 325 nm for all the samples. There are
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Fig. 5 Room-temperature diffuse reflectance spectra of Zn;_,Co,O
samples
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many works that report this type of study. These studies
have shown the presence of UV Emission with different
behaviors in adding Co. For example, some reports have
revealed that Co-doped ZnO alloys show the red-shift of E,
for Co-doping [26] and Co- doped ZnO nanorods [35],
while blue-shift phenomena have been also observed in
Co-doped ZnO films [36] and epilayers [37]. The weak
ultraviolet (UV) emission is assigned to the band-edge
exciton of ZnO. Compared with the ZnO sample, the peak
position of the UV emission shifts to short wavelength with
increasing Co, which indicates that the band-gap of the
ZnO nanowires can be adjusted by the doping of Co. It was
suggested that the peak position of UV emission in Co
doped ZnO nanowires is affected by Burstein—-Moss effect
and defects in the crystal. The peak shifts to short wave-
length because of Burstein—Moss effect, while the defects
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in the crystals result in the emission peak shift to long
wavelength. In our works, the peak positions for Co:ZnO
samples slightly shift to the longer wavelength in com-
parison with the pure ZnO. This is due to the band gap
narrowing of the ZnO nanocrystals with Co incorporation,
as discussed in the previous section.

As the impurity effects dominate the PL from pure
materials and the exciton moves through the materials, it
encounters defects, and the exciton tends to decay in the
vicinity of these centers. Under the same excitation con-
dition, the intensity of the UV emission decreases with
increasing Co, which suggests that the crystal quality is
decreased by the doping of Co. As the diameter of the Co®™
irons is different from that of Zn2+, more Co’* irons
substitute Zn”, more stress is induced in the materials, and
the crystal quality is destroyed in some degree. Antony
et al. [38] also found that the UV emission disappeared in
the Co doped ZnO nanoclusters.

The magnetic properties of these powders were measured
at room temperature (300 K). Figure 8 shows the depen-
dence of magnetization with the applied magnetic field (M-
H curves). For Zn,_,Co,O (x = 0.01) sample, we observe a
diamagnetic behaviour similar to that obtained in general for
undoped ZnO. For increasing concentration (x = 0.03 and
0.05), magnetization curves show that the sample has both
paramagnetic and ferromagnetic behavior. At lower field, we
observed a weak ferromagnetic component and paramag-
netic component at higher field values. The hysteresis loops
for Zn; _4Co,O (x = 0.03 and 0.05) samples shown in inset
Fig. 8 present with the coercivity (Hc) values 117 and 43 Oe,
respectively, and the remnant magnetization (Mr) values
3.52 10* and 1.510™* emu/g. Regarding the origin of the
ferromagnetic in our samples; there are several mechanisms
that can induce ferromagnetism in general. For example, the
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Fig. 8 Magnetization curve of Zn;_,Co,O (x = 0.01, 0.03 and 0.05)
at room temperature. Inset shows the magnified loop of Zn;_,Co,O
(x = 0.03 and 0.05)

lattice defects and the secondary phases could be the origin of
ferromagnetism ordering in this kind of systems. In our case,
XRD shows that the lattice parameters increase with an
increase of Co concentrations and that can affect the crystal
quality. The presence of secondary phase of Co metal clus-
ters has been ruled out by our XRD results. The ferromag-
netism behavior could be also explained by the
ferromagnetic coupling between substituting Co in the ZnO
host [39]. Another mechanism related to the concept of
bound magnetic polarons (BMPs) in connection with mag-
netic semiconductors can be introduced here to explain the
origin of the ferromagnetism in our system [40, 41]. In the
current experiment, the doping of Co impurity produced a
number of oxygen vacancies and/or interstitial zinc that may
act as shallow donor electrons and form BMPs. The over-
lapping of the polarons created a spin-split impurity band,
which can mediate the Co—Co coupling in a ferromagnetism
way, and thus, resulted in the ferromagnetic behavior of the
sample. As Co dopant increased, it is more probable for the
doped Co*™ cations to occupy the next nearest lattice sites.
The nearest Co—Co pairs then coupled in an antiferromag-
netic way [17] and suppressed the magnetization [42]. This
interpretation can explained the decrease in Saturation for
sample with x = 0.05 (3.52 10~* emu/g compared to the
value obtained for x = 0.03 (1.510~* emu/g). We can con-
clude that the room temperature ferromagnetism in our
samples could be related to the defects and/or the coupling
between substituting Co in the ZnO host. Therefore, more
studies have to be done to understand the room-temperature
ferromagnetism in TM-doped ZnO.

Figure 9 shows the magnetization as a function of tem-
perature (T). The temperature dependent behaviors are dis-
cussed based on a simple molecular field theory. First, the
magnetization of the Zn; _,Co,O (x = 0.01) sample shows a
diamagnetic behavior. In addition, the magnetization of two
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Fig. 9 Magnetization of of Zn;_4Co,O (x = 0.01, 0.03 and 0.05) as
a function of temperature

other samples diverges as the temperature approaches zero,
indicating that these samples contain a paramagnetic com-
ponent dominating. These results are in good agreement with
measurements (M—H).

4 Conclusion

Nanocrystalline Zn,_,CoO powders have been synthe-
sized by a simple sol-gel method. The synthesis protocol is
based on a slow hydrolysis of the precursor using an
esterification reaction, followed by a supercritical drying in
EtOH. XRD results indicated that all the synthesized un-
doped and Co-doped ZnO samples had the wurtzite struc-
ture and no secondary phases was detected which indicated
that Co ions substituted for Zn ions. TEM results revealed
that the prepared Co doped ZnO nanoparticles are nearly
spherical in shape with particle size <30 nm, which is in
good agreement with the size obtained from XRD. The
band gap energy of the samples decreases from 3.33
(undoped ZnO) to 2.97 eV (5 mol% Co:Zn0O), indicating
that Co doping has a crucial influence on the energy band
structure of ZnO. Furthermore, the Zn,;_,Co,O samples
exhibit diamagnetic characteristics for x = 0.01 and weak
ferromagnetic with more doping content of Co*, the fer-
romagnetic behavior is suppressed and paramagnetic nat-
ure is observed at higher field values.
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