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In this work, electron paramagnetic resonance (EPR) experiment on undoped ZnO and Al doped ZnO
(AZO) nanoparticles prepared by facile sol–gel method were investigated. The effects of the Al concentra-
tion on room temperature ferromagnetic (FM) properties of the AZO (Zn1�xAlxO;0:1 6 x 6 0:30) are
reported. EPR signal reveals the origin of FM is purely intrinsic and related with interaction of clusters
carrying net magnetic moment coming from electron spin trapped in defect states. Increasing Al concen-
tration results in reducing FM ordering which are likely due to reduction in amount of oxygen adsorption.
Defect analysis based on PL, indicates zinc interstitials ðZniÞ and singly oxygen vacancies ðVoþÞ are
responsible for mediating ferromagnetism in the undoped ZnO. The assertion was supported by Raman
spectra and EPR analysis. Moreover, the present work suggests the potential applications of AZO in future
spintronics and speculate the origin of ferromagnetism in AZO nanoparticles.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

ZnO with a direct band gap of 3.3–3.4 eV attracts considerable
attention due to its applications like UV light emitters, varistors,
transparent high power electronics, surface acoustic wave devices,
piezoelectric transducers, gas sensing and as window material for
display and solar cells [1,2]. Doped ZnO nanocrystals, which can
be easily processed at temperatures much lower than those for
bulk ZnO crystals, are of particular interest because of their poten-
tial for use in light-emitting devices. Doping semiconductor with
foreign elements to manipulate their electrical and magnetic prop-
erties is an important aspect for the realization of various types of
advanced nanodevices [3].

After the theoretical prediction of room temperature ferromag-
netism (RTFM) in Mn-doped ZnO by Dietl et al. [4], ZnO doped with
magnetic transition metal (TM) ions was intensively studied due to
its potential applications in future spintronic devices, magneto-
optics and magnetoelectronics [1]. Sergei et al. [5] reported the
identification of Li and Na as interstitial shallow donors in ZnO
nanocrystals, however the device application is not practical
because of the challenge in controlling the concentration of donor
impurities. The high frequency EPR analysis done by Pavel et al. [6]
indicates the preference of Al, Ga or In as substitutional impurities
as they form shallow donors in single crystals of ZnO by replacing
Zn atoms.

Al is among the dopant that can be used to enhance phonon
scattering, improve the electrical conductivity and can replace tra-
ditional tin-doped indium oxide(ITO) transparent conducting oxide
(TCO) films, which are essential components for a large variety of
optoelectronic devices, acting as transparent electrical contacts
or electrodes [7–9]. Reviews by Klingshirn et al. [10] on ZnO pro-

posed the substitution of Zn2þ ions by Al3þ ions may induce more

point defects for the different ionic radii of Al3þ and Zn2þ ions.
Indeed, the assertion was proved by Gao et al. [11] on their ferro-
magnetic study of ZnO nanoparticles doped with nonmagnetic ele-

ment, Al. If this is the case, according to the d0 ferromagnetism,
proposed by Zhang et al. [12] it is expected that the room temper-
ature ferromagnetism (RTFM) can be achieved in Al-doped ZnO
without Al metal clusters or the interfaces of Zn and Al. Recent
studies by Ma et al. [13] group also suggests the induced RTFM
in the Al/ZnO film is due to the interaction of metal clusters and
the ZnO matrix. The observation by Chen et al. [14] also confirms
the origin of RTFM in Al doped ZnO is likely due to the charge
transfer between Zn and Al at the interfaces of nanograins.

However, in the present study the role of zinc interstitials and
singly ionized oxygen vacancies as the origin of RTFM in undoped

http://crossmark.crossref.org/dialog/?doi=10.1016/j.matlet.2017.04.064&domain=pdf
http://dx.doi.org/10.1016/j.matlet.2017.04.064
mailto:leta.2010@yahoo.com
http://dx.doi.org/10.1016/j.matlet.2017.04.064
http://www.sciencedirect.com/science/journal/0167577X
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Fig. 1. A.XRD patterns of undoped and Al doped ZnO nanocrystalline powders for
different Al concentrations B. xscan(rocking curve) for samples having Al concen-
tration at x = 0.15, x = 0.20, x = 0.25, x = 0.30.

Table 1
The calculated lattice constants of Al doped and undoped ZnO.

Al Concent. 2h Lattice constants, a (Å) Lattice constants, c (Å)

0.00% 31.77 3.248 5.299
0.10% 31.64 3.247 5.302
0.15% 31.65 3.245 5.305
0.20% 31.69 3.243 5.307
0.25% 31.77 3.241 5.307
0.30% 31.91 3.240 5.307

152 L. Jule et al. /Materials Letters 199 (2017) 151–155
ZnO are discussed. Moreover the various concentration of Al on FM
ordering of AZO nanoparticles using EPR signal are investigated.

2. Experimental

ZnO and AZO nanoparticles were synthesized by sol–gel
method reported elsewhere [15,16]. The precursor used to prepare
the sol are Zinc acetate dehydrate ½ZnðCH3COOÞ2:2H2O� which was
dissolved into 2-methoxyethanol ½C3H802� as a solvent and mono-
ethanolamine are used to stabilize the solution. To prepare AZO
aluminum nitrate nonahydrate AlðNO3Þ3:9H2O were used as alu-
minium source for the prepared samples. In the process the doped
concentration of Al/Zn = 0.1, 0.15, 0.2, 0.25, 0.3 were prepared. The
structure of the samples were characterized by X-ray diffractome-
try (XRD) with Cu K a (1:5418Å) radiation and the surface mor-
phology of the nanoparticles are investigated by scanning
electronic microscopy (SEM) ZU SSX-550. The ferromagnetic prop-
erties was studied using JEOL x-band electron paramagnetic reso-
nance (EPR) which operates at frequency of 9.4 GHz. The samples
were set to be placed at the center of the cavity where magnetic
field of the microwave is maximum. However, the power was kept
at 5 mW and the HDC field was slowly varied in between 0 and 500
mT. Finally, the response was measured as a derivative of micro-
wave absorption signal. Perkin Elmer UV/Vis and (PL) (He-Cd) laser
system 5:0 with an excitation 248:6 nm are used to measure the
luminescence of the samples.

3. Results and discussion

The phases and structures of the samples are identified using
XRD spectra. Fig. 1 A shows XRD patterns of undoped ZnO and Al
doped ZnO which were indexed as a polycrystalline hexagonal
wurtzite structure of ZnO. The crystallographic direction are
labelled according to (JCPDS card No. 36� 1451). The spectra
shows there are no formation of secondary phase observed in the
samples. The strong peak along ð101Þ from the spectra suggest
the preferred crystal orientation. The calculated lattice parameter
and the shift in peak towards the larger angle are displayed in
Table 1. Fig. 1B showsxscan (rocking curve) for the samples indicat-
ing the shifts towards the higher angles which is indicative of a
compressive stress incorporated in the ZnO lattice.

Fig. 2 shows the morphology and the elemental composition of
the samples taken using scanning electron microscopy (SEM).
Fig. 2,A, B, C, D and E shows the SEM micrograph of the samples
with undoped ZnO, x ¼ 0:1; x ¼ 0:15; x ¼ 0:20 and x ¼ 0:30 respec-
tively. The EDX spectras of the samples with x ¼ 0:0,
x ¼ 0:1; x ¼ 0:15; x ¼ 0:2; x ¼ 0:25 and x ¼ 0:3 are shown in Fig. 2,
F, G, H, I, J and K. The micrographs exhibited the formation of
rod-like structures having diameters almost ranging from 0:6 to
1 lm. The packed rods become more visible as Al content increases
which might be indicative of Al doping would result in ZnO grains
growing preferentially with c-axis parallel to the ZnO host crystal.
However, the intensity of the XRD peak (002) which is related to c-
axis doesn’t change with Al doping this is likely because of the
intrinsic stress induced in the host matrix which can be supported
by the rocking curve in Fig. 1B. In addition the variation in ionic

radii of Al3þ compared to Zn2þ might be the reason for the observed
SEM transformation. The EDX pattern also confirms the existence
of all expected elemental compositions (Zn, O and Al) and the pos-
sibility of induced point defects formation coming from Zinc inter-
stitial and oxygen vacancy.

To characterize the paramagnetic defects or centers in the sam-
ples EPR spectroscopy were used. The techniques are effective in
identifying unpaired electrons so that surface defects, radicals,
cations or clusters are easily detected through EPR signals. There-
fore, EPR measurements are taken with microwaves having power
with 5 mW by fixing the frequency at 9.4 GHz. By increasing DC
field from 1 mT to 6 mT at 100 kHz, the difference in energy
between the two states is widened until it matches the energy of
the microwaves. Fig. 3A shows the microwave response as a func-
tion of magnetic flux density (DC field) for undoped ZnO and Al
doped ZnO samples at room temperature. As indicated there are
two absorption peaks at 150 and 300 mT which are ascribed to
paramagnetism and ferromagnetism resonant field, respectively.
The former will be due to magnetic clusters situated near the sur-
face which are emanated from electron spin trapped in the defects.
As indicated in Fig. 3B around 300 mT and 350 mT field there are
hyperfine line coupling which become broader with increase in
Al concentration due to exchange interaction of dopant ions.
Although the exact mechanism of intrinsic FM in undoped oxides
is still under debate, defects have greatly been suggested to play



Fig. 2. SEM micrograph and EDX spectrum of ZnO nanoparticles at: (A) undoped ZnO. (B)x ¼ 0:1. (C)x ¼ 0:15 (D)x ¼ 0:20 (E)x ¼ 0:30 and F, G, H, I, J and K are the
corresponding EDX spectras of x ¼ 0:0; x ¼ 0:1; x ¼ 0:15; x ¼ 0:20; x ¼ 0:25 and x ¼ 0:3, respectively.
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an important role in the FM origin in the undoped ZnO system [17].
However, in the present work we suggest that the origin of FM in
undoped ZnO comes from the intrinsic exchange interaction of
magnetic moments in the sample. The PL analysis, which predicts
the existence of single oxygen vacancies carrying a net magnetic
moment underscore the assertion to the origin of FM are defect
induced. However, the role of defects in mediating the FM in
undoped ZnO still needs further theoretical and experimental
studies.

Room temperature photoluminescence (PL) spectra of ZnO for
Al doped and undoped ZnO has been investigated. Fig. 4 shows
room temperature PL spectrum with various Al concentration.
Here, in the spectra, three emission peaks at around 450, 500
and 520 nm are observed. The blue emission at around 450 nm is
assigned to electronic transitions from Zn interstitial levels ðZniÞ
to valence band where as the green emission at around 500 nm
is ascribed to singly ionized oxygen vacancies ðVþ

o Þ [1,18–20].
The emission at 520 nm is likely due to the doubly ionized oxygen
vacancy ðVþþ

o Þ. Moreover, in the present work these defects are
suggested as the origin of room temperature FM observed in un-
doped ZnO structures.

Raman scattering measurements were recorded to study the
vibration modes in the un-doped ZnO and Al doped ZnO structures,
as shown in Fig. 5. The Raman spectrum of the un-doped ZnO
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Fig. 3. A. EPR measurements for the undoped and Al doped ZnO. B. Shows the
enlarged EPR measurements.
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nanostructures shows the conventional vibration modes of A1ðTOÞ
and E2H at around, 380cm�1 and 438cm�1 [17], which have correla-
tion with oxygen vacancies [21–23]. The peak position of the
E2ðhighÞ mode, which is related to the oxide ion vibration, shifts
toward a lower frequency as the oxygen vacancies increase, which
helps to scale the amount of oxygen vacancies as similar conclu-
sion are drawn by Fukushima et al. [24]. Despite the fact that oxy-
gen vacancies related scattering in all samples are very small from
Raman spectra, the room temperature PL shows existence of oxy-
gen related defects in the samples. However, the increase in inten-
sity of Raman peaks with increase in Al concentration might be
related with band shift and distortion of FM ordering.

4. Conclusions

We have successfully synthesized undoped ZnO and Al doped
ZnO nanostructures by facile sol–gel approach. The effects of Al
concentration on the magnetic, optical and structural morphology
are investigated. EPR clearly indicates the hyperfine splitting in the
samples, and in addition it confirms defects, in particular, zinc
interstitials and singly ionized oxygen vacancies, are the origin of
ferromagnetism in undoped ZnO nanostructure. However, in the
Al-doped ZnO nanostructure, the suppression of FM ordering might
be ascribed to the formation of Al short range orders. The structural
analysis performed by SEM images, XRD, and EDX spectra reveals
that the prepared samples possess hexagonal wurzite polycrys-
talline structures. In addition, the PL spectra indicates the presence
of defects in the synthesized samples and also successfully incor-

poration of Al3þ into the ZnO lattice. The analysis of Raman spectra
also confirms this assertions.
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