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The role of Co in doping ZnO nano-particles in enhancement the structural,
optical and magnetic properties for spintronics
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Zn;_,Co,O (0 < x < 0.10) nano-particles were fabricated successfully via ball milling
procedure. The influence of [Co]/[Zn] on the properties of nano-particles was examined
employing X-ray diffraction, the energy dispersion of the X-ray (EDX), Scan Electron
Microscope (SEM), these measurements exhibit the growth hexagonal wurtzite crystal
phase Zn, ,Co,O nano-particles with the successfully incorporation of Co* ions in the
ZnO lattice. The optical characterization investigated utilizing Ultraviolet-Visible (UV)
absorption spectroscopy for Zn,_,Co,O nano-particles refers to a red-shift in the optical
bandgap with increasing Co ion inside ZnO matrix, this result confirm the bandgap is
considerably narrowed with increasing Co ratio. The measurements of magnetization
applying vibrating sample magnetometer illustrated a hysteresis loop in Co-doped ZnO
nano-particles. Thanks to the variation values of bandgap EgOpt and magnetic
measurements of ZnO nano-particles doped Co% plays a major role for selective coatings
of optoelectronics; use as antireflective coating materials, and fabrication of opto-
electronic devices.
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1. Introduction

Zinc oxide nano-particles are promising semiconductors due to their interesting chemical
and physical properties. Owing to a wide direct bandgap (3.2 - 3.4 ev) and a large binding energy
of exciton (60 meV), these characteristics make ZnO nano-particles compound are one of the ideal
materials for short-wavelength opto-electronic and nano-electronic devices[1-4]. Furthermore,
ZnO nano-particles have piezoelectric, pyroelectric and photo-corrosion stability characteristics
makes them an appealing material for sensors and energy producers [5, 6]. More than, ZnO has
been proposed for spintronics and other scientific uses as biotechnology, inmedicinal applications
and it is also, one of the materials that may be used with carbon paste electrodes for utilizing in
electro-chemical sensors [7-10]

Doping in the host matrix nano-particles ZnO, such as manganese,(Mn), copper,(Cu),
cobalt,(Co), vanadium,(V), Silver,(Ag), and others, plays an essential part in enhancing the
physical/chemical characteristics of developed research and applications of technology [11-14].
Cobalt,(Co) has emerged as the better material for doping into the transition metals on account of
its dis-solvable nature in the ZnO lattice and Co possessing a near ionic radius (0.58 A) to Zn (0.60
A), also, Co?* owns five spins in the half/filled 3d shell, which leads to raises magnetization
levels and the highest value of dipole moment 3 uB per Co ion.
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Additionally, Co-doped ZnO has been also considered a more appropriate candidate as one
of the first diluted magnetic semiconductor (DMS) systems to be studied [15]. In fact, ZnO
considered is a new visible-light photo-catalyst with major potential[16]. that can maximize solar
energy for the photocatalytic degradation of pollutants compared with traditional photo-catalysts,
such as TiO, [17, 18] and SnO, [19]systems. In addition, to the crystal structure a perfect
photocatalyst should likewise possess a suitable absorption band and a high specific surface
region. As an example, the former property can be accomplished by tailoring the optical bandgap
by doping [15, 20, 21]. Furthermore, dilute magnetic semiconductor (DMS) materials have piqued
the interest of researchers in recent years due to the combination of magnetic and semiconductor
characteristics in a single material. Some of the potential applications offered by DMS materials
are spintronics that exploit both the electron charge connected with the intrinsic spin of the
electron[22]. Physical properties, such as bandgap energy or magnetism, are now not only a
function of particle size but also of the level of doping. Therefore, nanometer-sized magnetic
semiconductor ordered arrays are interesting materials for modern devices in magnetic or spin
electronics[22]. It is well known that the Co doped ZnO as a nano particles are significantly dilute
semiconductor and prepared by varies methods such as solution combustion synthesis[23],
chemical co-precipitation method [24, 25], a wet chemical method[26], as well as several other
methods. Ball milling [21] is one of them it is a simple, inexpensive, fast method that is easily,
produces high-purity nanomaterials and usage in a larger scale for industrial applications.

The overarching goal of this work is to investigate diluted magnetic semiconductors, a
class of materials essential in the developing science of spintronics. The existence of magnetic ions
impacts the semiconductor characteristics of these materials, both optical and transport. It focuses
on fundamental physical mechanisms (such as carrier-ion and ion-ion interactions) and the
resultant phenomena. The particular goal of this study is to manufacture Co-doped ZnO
nanoparticles with varying concentrations of Co in a dilute ratio using the ball milling method in
order to examine the structural, optical, and magnetic characteristics of Zn; ,Co,O nanoparticles
for spintronic devices. This goals were investigated using X-ray diffraction pattern, Scan Electron
Microscope (SEM), optical spectrophotometry and magnetometer. Then, interoperating the change
in optical and magnetic characterization in terms of the change in nanostructure parameters.

2. Experimental procedures

2.1. Fabrication of ZnO doped Co nanoparticles

Nano-particle powders of Zn,.,Co,O (0 < x < 0.10) were prepared using ball milling
procedure via Fritsch make (Germany) Pulverisette-7 ball mill machine. As the initial step ZnO
powder and CoO with 99.999% purity (purchased from Sigma-Aldrich United Kingdom) were
combined in the required ratios in a ball mortar and then rotated at an 800 rpm frequency. The
combined powders were then sintered in air at 750°C for 5 hrs in order to prevent non-equilibrium
phases. Various concentrations of Co (0 < x < 0.10) were prepared to discuss the impact of Co
doping on the physical properties of ZnO.

2.2. Characterization

Structural and phases of Zn,_,Co,0 (0 < x < 0.10) nano-particles were investigated via X-
ray diffraction (XRD Philips 1710, XPert Pro, Panalytical) using Cu Ka radiation (A=1.540598A).
Besides, the topological characteristics and composition morphology of ZnO pure and doped with
Co are determined by the energy dispersion of the X-ray (EDAX) and scanning electron
microscope (JEOL JSM-6360LA, Japan),. The absorbance spectra of Zn,_,Co,O (0 < x < 0.10)
nanoparticles analyzed were measured by the Ultraviolet-Visible (UV) absorption spectroscopy
(with Shimadzu UV-2101, spectrometer). Finally, the magnetic characteristics of nano-particles
were studied utilizing the vibrating sample magnetometer model (VSM model -9600M-1, USA).
The measurements have proceeded at temperature equal to 300 K in a maximum applied field of 7
kOe.
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3. Results and discussion

3.1. Structural analysis

Fig. 1 (a, b) represents the EDXS spectra of Zn,_,Co,O with x= 0.05 and x= 0.10 nano-
particles respectively,. The spectrum of Co-doped ZnO confirmed the appearance of the peaks
identical to Zn, O, and Co. Also, the amount of Co rises with increasing Co ratio in the Zn,_,Co,O
nano-particles system this indicates that the Co ions incorporated successfully into the ZnO lattice.
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Fig. 1. Energy dispersive x-ray spectra of (a) 8 % and 10 % Co-doped ZnO nanoparticles.

The purity of the ZnO phase was determined by XRD, as seen in the Fig. 2. Using a
software X'Pert HighSore, the standard x-ray pattern was simulated referring to Ref. cards Code
01-1136(version 1.0e). The hexagonal wurtzite crystal structure of ZnO was verified by indexing
all of the reflection intensities. Furthermore, the time development of XRD peaks of the
Zng90C00.100 sample starting from the milled mixture from 2 to 10 hours was depicted in Fig. 3.
One can notice that the peaks of CoO (200) and CoO (220) appeared with ZnO peaks for milling
period extended from 2 to 6 hour and disappeared at 8 and 10 hours, also, the widening peaks of
Zng.90C00.100 with rising the milling time owing to a decline in crystal size. There are no CoO
peaks identified after 8 and 10 hours of milling time. As a result, the progressive drop in the
intensities of CoO peaks with the rise of milling time represents that the Co* ions progressively
enter in the ZnO unit cell substituting the Zn®* ions [21, 27]. No impurity peaks from the tungsten
carbide (WC) boat or any other sources are identified up to 10 h milled period. Otherwise, the X-
ray patterns can give an effective instrument to investigating the crystalline structure of the Co-
doped ZnO. Fig. 4 is demonstrates the crystal structure of Zn;_,Co,O (0 < x < 0.10) nano-particles
up to 10 h milling time. It is noticed that from Fig. 4 the Co-doped ZnO nano-particles exhibits
planes of hexagonal wurtzite crystal phase. Simultaneously, the XRD peaks for the doped samples
exhibit a substantial shift in the upper 20 directions 32°, 35° 37° corresponding to (“100”, “002”,
and “101”) in comparison to the un-doped ZnO peak location. This greater shift may be attributed
to the inclusion of smaller Co?" ions (0.58 A) in the hexagonal wurtzite structure, which replaced
the Zn** (0.6 A). [28, 29]. It demonstrates that, despite the replacement of Co®* ions for Zn** ions
the crystal structure's symmetry stays un-changed, no extraneous peaks observed or other
impurities confirming the excellent incorporation of all the elements.
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Fig. 2. Rietveld refinement of ZnO powder sample.
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Fig. 3. XRD patterns of Zng 4oC00,100 nanoparticles as a function of milling time.
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Fig. 4. XRD patterns of Zng ¢9C0g.100 nanoparticles as a function of Co content at milling time 10 hour.

Moreover, the crystal size "D" for Zn,_,.Co,O (0 < x < 0.10) nano-particles can be
determined via Debye Scherrer’s equation[30].

0.894

=" @
L cos(6)

where A and S are the wavelength and the full width at half maximum,(FWHM) respectively,. The

values obtained for D as a function of ball milling hours increasing and different composition of

Zn;.4Co,O (0 < x < 0.10) nano-particles respectively, was demonstrated in Fig.5. It is obvious that,
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the crystallite size D reduces as the cobalt incorporation ratio in the ZnO matrix increases. This
might be because the replacement of Co®* ions disturbs the ZnO matrix. Consequently cause lattice
distortion and subsequent rate of growth [2, 31, 32]. Decreasing trends in crystallite size of Zn1-
XCoxO nano-crystals on Co doping have previously been reported[23-25, 33] and interpreted as
the suppression of nano-crystal growth owing to Co doping[24, 33]. However, based on Vegard’s
law higher doping percentages lead to an increase in the volume of the unit cell. The inclusion of
Co? ions into the ZnO matrix could be easily recognized by variations in the lattice constants. It is
obvious that, the (F.W.H.M) progressively raises with rising the doping of Co resulting in a
reduction in crystal size with Co concentration[23, 34].
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Fig. 5. Dependence of the crystallite size D formed in ZnO nanoparticles as a function
of Co% ratio and milling time.

In order to investigate morphology and size of Zng¢,C0050 and ZnggoCoo,O were used
SEM micrographs are noted and explicated in Fig. 6(a and b). The samples display hexagonal
structure and alteration in the microstructure with increase Co®* ion doping in ZnO matrix,
indicating the replacement of Co ions at the ZnO lattice points[21, 35]. Also, the scans images
refer to the nano-particle systems are mostly homogeneous and no possess any sign of Co to
accumulate[36].

Fig. 6. (a and b). SEM of nanopatrticles of (a) Zny¢,C0g.0s0 and (b) Zng ¢oC0y.100.

3.2. Optical characterization

The UV-vis absorption spectra were adopted to measure the absorbance and validate if
Zn*" ions are replaced by Co®" ions in Co-doped nano-particle compositions and the variation in
bandgap is a serving as a hallmark for this replacement in wavelength range extended from 300 to
1000 nm. Fig.7 illustrates the different composition of Zn,_.Co,O (0 < x < 0.10) nano-particles.
The spectra of pure ZnO nano-particles clearly shows a sharp edge of ZnO bandgap absorption
around 375nm (3.3eV), which is consistent with has been reported in the literature. [37-39].
Moreover, with increased Co the peak has shifted significantly more than in un-doped ZnO,
indicating that a considerable number of Co?* ions are present within the ZnO lattice, the optical
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bandgap was estimated as from ~3.3 eV to 3.22 eV, respectively. Additionally, the redshift of the
energy bandgap E,”" was observed with incorporating Co*" in ZnO [40]. The decrease in the
bandgap can be attributed to sp-d replacement interactions which occur between the band and
localized electrons of Co®* ions replacing Zn* ions[40, 41] Otherwise, the spectral of zn,_,Co,O
nano-particles exhibit three transition peaks with higher Co concentration in the 550 -700 nm
region at 565, 610, and 649 nm (Fig. 9), which confirms the replacement of tetrahedral
coordinated Co? (3d") in ZnO wurtzite structure replacing Zn®* ions are ascribed to the
“AF)—2AL(G), *AyF)— Ty(P) and *AxF)—’E(G) dd crystal field transitions[42-44]. The
observed transitions in Zn, ,Co,O nano-particles absorption spectra showed that Co** ions
productively replaced Zn** within the hexagonal ZnO wurtzite structure.[45, 46].
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Fig. 7. UV-visible absorption spectroscopy of Zn,,Co,O nanoparticle as a function of Co content.

3.3. Magnetic properties

The magnetic characterization of Zn,_,Co,O (x = 0, 0.02, 0.04, 0.06, 0.08, and 0.10 at.%)
nano-particles were investigated at 300 K via utilizing the parallel magnetic fields by a Vibrating
Sample Magnetometer (VSM) at RT. Figs. (8 and 9) represent the CoO and un-doped ZnO, reveal
a dia-magnetic behavior connected with a ferro-magnetic loop with a visible coercivity and
saturation magnetization. The presence of ferro-magnetism(FM) in undoped ZnO materials was
reported in literature[47-49]. Sundaresan, A., et al.[50] found that the ferromagnetic origin in non-
magnetic oxides such as CoO and un-doped ZnO in RT is linked to un-paired electron spins of
oxygen vacancies that exhibit exchange interactions with each other. Furthermore, there is a rise in
magnetic moment (emu/g) with an increase in cobalt ratio demonstrated in Fig.10. The variations
in the M-H loop can be explained basis on the magnetic contribution from the orientation of the
strong exchange interaction in the d-d pair with Co*? ions. A rise of linear behavior of the M-H
loop with increase Co doping ratio indicates that the cobalt-cobalt super-exchange prevails with
ratio of Co doping at room temperature[51, 52]. however, the existence of intrinsic defects (Zni,
OZn, VZn, Oi, etc.) plays a major role in FM interaction in Co doped ZnO systems[53, 54]. Long-
range interactions are required to achieve high magnetic FM in dilute Co doped ZnO DMSs, and
these can be mediated via defect induced states [55]. According to the bound magnetic polaron
(BMP) concept, bound electrons (holes) in defect states can pair with transition metal ions, causing
the ferromagnetic areas to overlap, resulting in long range FM ordering[56, 57]. In addition, the
magnetic moment of the Co*" can vary depending on the ion environment. The electronic levels
splitting and orbital contribution to the cation magnetic moment are determined by the degree of
symmetry of the Co site. [58]. Indeed, the symmetry of Co site is accountable about the shape of
the bands in the optical absorption spectral this arrangement with the optical spectra as shown in
Fig. 9 where the spectral shape variations with the Co ratio.
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Fig. 10. Variation of magnetization (M) as a function of magnetic field (H) of Zn1-xCoxO
nanoparticles at (a) 300K.

4. Conclusions
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Nano-particles of Zn,_,Co,O were successfully prepared via ball milling procedure. XRD

opt

opt

results exhibit that the doped samples possess growth hexagonal wurtzite crystal phase and
significant shift in the higher (“100”, “002” and “101”) planes of the crystal-growth of the
examined nano-particles. The optical bandgaps Eq
possess values shifts from ~3.3 eV to 3.22 eV with increasing Co ratio, the variation values of
could play an important role for optoelectronic applications. In all nano-particles of

of nano-particles Zn,_,Co,O under studied
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ZnO pure and doped with Co the magnetic measurements showed ferromagnetism (at T = 300 K).
The ferromagnetic behavior detected in the ZnO lattice could be ascribed to the substitution of
Co* ions for Zn* ions. In conclusion, the nano-particles of ZnO could be controlled via
optimizing the doping Co% concentration, resulting in intriguing findings for opto-electronic
device applications.
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