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Pure and Co, Al co-doped ZnO(Zn;_x_,C0,Al,O; x = 0.04, 0.03, 0.02; y = 0.01, 0.02, 0.03) nanoparticles were
synthesized by wet chemical combustion method at 500 °C for various doping levels using zinc, cobalt
and aluminium nitrates as precursors. The synthesized powders were calcined at 600 °C and sintered
at 1000 °C after uni-axial compaction. Structure, morphology and the presence of magnetism in com-
busted and sintered materials of pure and doped ZnO were examined. At room temperature, both the cal-
cined nanoparticles and sintered compacts of pure ZnO exhibited paramagnetism. But, ferromagnetism

giyvggrgi:o was observed for Co and Al co-doped ZnO (diluted magnetic semiconductor) nanoparticles calcined at
Corl;bustion 600 °C. Also, it was found that the ferromagnetism increased correspondingly for the calcined particles
Magnetism with Co concentration. Whereas, a strong paramagnetic behavior was observed for the sintered compacts

Dilute magnetic semiconductor

of various concentrations of Co and Al dopants due to grain growth.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Recently, there has been a considerable interest in development
of room temperature ferromagnetic semiconductors so called di-
luted magnetic semiconductors (DMS) which are used for spin-
tronics and magneto-electronic application due to its high Curie
temperature above 300 K as predicted by theoretical calculations
[1]. Diluted magnetic semiconductors provide the capability of bin-
ary control of charge and spin simultaneously, which has been con-
sidered for future semiconductor spintronics. The utilize of both
carrier-spin and charge appears promising for a new class of de-
vices such as polarized light emitters, chips that integrate memory
and microprocessor functions, magnetic devices exhibiting gain
and ultra-low power transistors [2-6]. Also, the carrier-spin in
metallic multilayers forms the basis of hard-drives in information
storage. The control of spin dependent phenomena in electronic
oxides or conventional semiconductors is used in devices such as
light emitting diode (LED), field effect transistor (FET) and Q-bits
for quantum computers. A key requirement in realizing most de-
vices based on spins in solids is that the host material to be ferro-
magnetic at room temperature. In addition, it is also necessary to
have both efficient spin-polarized carrier injection and charge
transport. The theoretical predictions of magnetic ordering
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obtained for 5 mol% of Mn doped GaN, diamond and ZnO at above
room temperature, is a major breakthrough in this field [1,7]. For
spintronics, it suggests that the room temperature carrier-medi-
ated ferromagnetism should be possible in ZnO albeit a p-type
material which has proven difficult until recently. Earlier, calcula-
tions do predict the existence of ferromagnetism in n-type ZnO
doped with transition metal ions including Co and Cr doped ZnO
[8], and several researchers have been reported the presence of fer-
romagnetism in transition metal-doped ZnO [9-19]. Incorporation
of selective elements such as Al and Co in ZnO tenders an effective
way to alter their optical, electrical and magnetic properties. The Al
doping in ZnO can improve its conductivity without impairing the
optical transmission, which is considered as best candidate mate-
rial for optoelectronics [3,20]. In this work, the difference in
magnetic properties of the combustion synthesized pure and Co,
Al co-doped ZnO nanoparticles and their sintered compacts were
studied and reported.

2. Experimental

Nanocrystalline pure and co-doped ZnO (Zng.95C0¢,04Al0.010, ZNg.95C00.03Al0.020
and Zng95C00,02Alp030) were obtained by combustion method using an aqueous
solution of Zn, Co, Al nitrates precursors with citric acid (fuel). The homogeneously
mixed precursor solution was combusted at 500 °C in a time span of <10 min to yield
a porous solid foam contains nanoparticles. The as-combusted foams were collected
and converted into powders by gentle grinding. The as-prepared powders were
calcined at 600 °C for 2 h (at a heating rate of 5 °C/min) in order to get complete
crystalline powders. The calcined powders were uni-axially pressed into


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2013.06.117&domain=pdf
http://dx.doi.org/10.1016/j.jallcom.2013.06.117
mailto:rsiddhes@yahoo.com
http://dx.doi.org/10.1016/j.jallcom.2013.06.117
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jalcom

R. Siddheswaran et al. /Journal of Alloys and Compounds 581 (2013) 146-149 147

9000
1 at600°C = — 2N 95C0% 4Py 010
8000 - <4 —2n0,65C% 0570 02
1 - 21 65C% 02,050
7000 —2Zn0
| s &
1 6000 - 8|8
2 ] A
S 5000
Q
8 |
> 4000
= |
$ 3000
£ ]
2000
1000
o e
20 30 40 50 60 70

26 (degree) —

Fig. 1a. X-ray diffraction spectra of pure and doped ZnO nanoparticles calcined at
600 °C.
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Fig. 1b. X-ray diffraction spectra of pure and doped ZnO compacts sintered at
1000 °C.

cylindrical discs of thickness t =2 mm and diameter D =7 mm, and subsequently
sintered at 1000 °C for 2 h. The calcined nanopowders and the sintered compacts
were subjected to X-ray diffraction using (Siemens D5000 diffractometer) Cu Ko
radiation, operating at 40 kV, 20 mA, with graphite monochromator. The 20 step size
was 0.02° with step time of 1 s over the 260 scan range 20-80°. The particles morphol-
ogies were examined using scanning electron microscope (SEM-JEOL 6460 LV) and
transmission electron microscope (TEM-JEOL JEM 2000 EX) equipped with EDS.
The room temperature magnetic behavior of the calcined powders and sintered
Zn0 were characterized using a physical properties measurement system (PPMS,
Quantum Design) in vibrating sample magnetometer (VSM) mode.

3. Results and discussion

Figs. 1a and 1b shows the X-ray diffraction patterns of calcined
and sintered Co, Al co-doped ZnO. The XRD pattern was analyzed
and indexed using X'Pert highScore software. The diffraction pat-
terns reflect the single phase wurtzite structure of ZnO. It is obvi-
ous that the calcined and sintered ZnO of all the dopant
combinations have the same crystalline structure with intensity
variations. There are no traces of Co and Al oxides, any binary
zinc-cobalt or zinc-aluminium and ternary zinc-cobalt-alumin-
ium phases have been observed. Therefore, it substantiates that
the Co and Al doping in ZnO is substitutional impurity, which is re-
garded as single phase formation.

The morphologies of the as-prepared and calcined (600 °C)
nanoparticles are shown by the SEM micrographs in Fig. 2a and
b. Large particle aggregates composed of small crystallites with
spherical shapes are observed. In order to see the insight morphol-
ogy of the nanoparticles, TEM microscopic analyses were per-
formed. The TEM micrographs in Fig. 3a and b exhibit the
particle size and shape of the Co and Al co-doped ZnO. The pow-
ders calcined at 600 °C (Fig. 3b) shows the spherical particles of
size about 25 nm with uniform distribution. The defects and clus-
ter nature were minimized by calcination.

The presence of impurity element in pure and doped ZnO was
confirmed by performing TEM-attached energy dispersive X-ray
spectroscopy (EDS) as shown in Fig. 4. In Fig. 44, it can be clearly
seen that the peaks are corresponding to Zn and O excluding the
presence of any impurity element in pure ZnO. Whereas in
Fig. 4b, the peaks ascribed to Zn, Co, Al and O were detected for
the Co and Al co-doped ZnO. Peaks corresponding to Cu and C were
also detected from the carbon coated copper grid. It is also con-
firmed by SEM attached EDS in Fig. 2a and b. The selective area
electron diffraction (SAED) patterns obtained on Co, Al co-doped
ZnO particles clearly indicate the crystalline nature of each sample.

Magnetic hysteresis measurements of the pure and Co, Al co-
doped ZnO were performed at room temperature (300 K). Since
the diluted magnetic semiconducting materials exhibit weaker
magnetization, the diamagnetic nature of the sample holder was
tested and confirmed without samples. The M-H curves were
determined for nanoparticles calcined at 600 °C and the compacts
sintered at 1000 °C. It is well known that the bulk ZnO exhibits dia-
magnetism [21,22]. Nevertheless, ferromagnetism has been ob-
served in ZnO nanostructures due to existence of defects which
are always considered to be responsible for the magnetism [23-
26]. The field dependent magnetization curves for pure ZnO pow-
der calcined at 600 °C shows a very low paramagnetic behavior. It
is observed that there is a small hysteresis behavior of ZnO at near
field H = 0 as shown in Fig. 5. The detected value is within the sen-
sitivity range of the measuring apparatus. Also, the sintered pure
ZnO shows a diamagnetic behavior. When it is closely observed
near H=0, there is an anomalous diamagnetic response which
may due to the point defects in ZnO. The defects such as O and
Zn vacancies and interstitials are considered to be responsible for

Fig. 2. SEM micrographs of (a) synthesized, (b) calcined at 600 °C and (c) sintered at 1000 °C (Zng.95C00.04Alp.010) nanoparticles.
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