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Abstract This study analyzed the effects of annealing
temperature and dopant concentration on the structural,
optical, and magnetic properties of Cu-doped ZnO
nanopowders. Cu-doped ZnO nanopowders were prepared
using a solid-state reaction method. The X-ray diffraction
results demonstrated that the Cu ions successfully substi-
tuted the Zn ions in the hexagonal wurtzite structure of the
ZnO nanoparticles. Ultraviolet—visible spectroscopy mea-
surements revealed that the band gap decreased due to the
incorporation of Cu. The photoluminescence results
showed that the intensity of the emissions increased with
doping and decreased as the annealing temperature (T,)
increased, which can be attributed to the increase and
decrease of the oxygen vacancies (Vp), respectively. The
magnetic properties of the ZnO nanopowders were also
found to be affected by Cu doping and T,. The ferro-
magnetic behavior of the ZnO nanopowders decreased as
both the doping concentration and T, increased. This
behavior can be explained by the increase in the antifer-
romagnetic superexchange interaction along with Cu dop-
ing due to the decrease in the distance between the Cu ions
and the decrease in Vg, respectively. Thus, the results
indicate oxygen stoichiometry and Vg both play a domi-
nate role in the room temperature ferromagnetic response
of ZnO nanopowders.
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1 Introduction

Currently, there is a lot of interest in the science and
potential technological applications of spin transport elec-
tronics, or spintronics, in which the spin of charge carriers
is exploited to provide new functionality for electronic
devices [1]. To develop multifunctional devices, it is
essential to combine the charge and spin of the electrons
that can be used as an added degree of freedom in new
electronic devices [2]. Spintronics, a new area in the field
of science, explores the physics of previously unavailable
combinations of electronic, optical and magnetic properties
in semiconductors. Diluted magnetic semiconductors
(DMSs) represent a synergetic collaboration between
charge-based semiconductors and spin-based magnetism
[1]. DMSs, which are emerging as promising spin injection
sources, are a prerequisite for advancing the field of spin-
tronics, and their possible functionalities have recently
attracted broad interest. The discovery of many DMS
materials with room-temperature ferromagnetism (RTFM)
has generated a lot of interest because of their scientific and
technological importance. Theoretical studies have pre-
dicted, and experiments have verified that some wide-band-
gap oxide semiconductors (such as ZnO, TiO,, GaN, etc.)
doped with transitional metals (e.g., Mn, Fe, Co, Ni, V, Cr
and Cu), are DMSs [3-5]. However, the consensus is that
the experimental results on oxide-based DMSs are difficult
to interpret owing to the low doping concentration and the
reduced conductivity, both disfavoring carrier-based
mechanisms [6]. Furthermore, in spite of the growing
interest in DMSs, there is no explicit agreement about the
nature and origin of the observed ferromagnetism (FM) in
the diluted magnetic oxide that is doped with a few percent
of 3d cations. The scientific community is still debating
about whether FM is indeed intrinsic, that is, mediated by
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carriers or defects inside the host semiconductor, or if it is
purely extrinsic, due to the formation of ferromagnetic
secondary phases, metallic clusters or impurities [7, 8].

In this context, the scientific community has responded
enthusiastically to recent reports about the observation of
RTFM in ZnO:Cu. This is mostly because neither copper
(Cu) nor its oxides (CuO and Cu,0) are ferromagnetic [9].
Therefore, ZnO:Cu has the possibility of being free of
ferromagnetic impurities; hence, it could form an intrinsic
DMS. Thus, if any FM is observed in a Cu-based system, it
will undoubtedly be the inherent property of the material.
Nevertheless, the ZnO:Cu system is controversial. A recent
magnetic circular dichroism study of ZnO:Cu thin films did
not detect any significant spin polarization on the Cu 3d
and O2p states, although the samples showed RTFM, and
they were free of contamination [7]. Such intriguing results
suggest that the origin of RTFM in ZnO:Cu is different
from the carrier-mediated mechanism, and this warrants
further investigation.

To date, recent investigations of ZnO:Cu DMS have
primarily focused on the films [8, 10-12]. A survey of the
literature shows that few studies have examined RTFM in
ZnO:Cu nanostructures, and a comprehensive study of the
structural, optical characteristics, and magnetic properties
of ZnO:Cu nanopowders has not yet been conducted. More
studies have shown that the annealing temperature (Tj,)
plays an important role in microstructures and the optical
and magnetic properties of magnetic materials
[8, 10, 12—15]. Therefore, the present investigation pro-
vides details on the effects of dopant concentrations and Ty
on the structure, optical characteristics, and magnetic
properties of Cu,Zn;_,O (2 < x < 0.06) nanopowders that
are synthesized using a solid-state method.

2 Experimental details
2.1 Preparation of the samples

Nanopowder samples of nominal compositions of Cu,.
Zn,;_,0O (x = 0.02, 0.04 and 0.06, hereafter referred to as
7C2, ZC4, and ZC6, respectively.) were synthesized via a
standard solid state reaction route. In this route, appropriate
amounts of ZnO (99.9% purity, Sigma-Aldrich) and Cu,O
(99.9% purity, Strem Chemicals Inc.) were ground for 3 h
to obtain homogeneous mixtures according to the required
compositions. The resulting powder underwent calcination
at 400 °C for 8 h in air, followed by furnace cooling up to
room temperature (RT). The resulting material was
reground and pressed into dense pellets before being sin-
tered at 500 °C in air for 12 h, followed by furnace cool-
ing. Additionally, two different parts of 2% Cu-doping
nanopowders (pre-heated at 400 °C for 8 h in air) were
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annealed at various temperatures of 600 and 700 °C (the
ZC2-600 and ZC2-700 samples). Finally, the pellets were
ground for 3 h to obtain the homogeneous Cu,Zn;_,O
(2 < x < 0.06) nanopowder samples.

2.2 Characterization techniques

To characterize the structure of the prepared samples,
X-ray diffraction (XRD) measurements were taken using a
PANalytical X Pert PRO diffraction system with 1.54 A of
CuK,, radiation. The optical properties of the samples were
characterized using ultraviolet—visible spectroscopy (UV—
Vis) (CARY 5000) with a wavelength of 200-800 nm and
photoluminescence (PL) spectrophotometer (CARY
Eclipse, A = 381 nm) in the range of 400-800 nm. The
magnetic properties (M(H) loops) of the samples were
measured using a Lakeshore vibrating sample magne-
tometer (VSM) (Model no. 7410).

3 Results and discussion
3.1 X-ray diffraction (XRD)

Figure 1 shows the XRD patterns of the ZnO:Cu samples:
(a) undoped ZnO, (b) ZC2, (c) ZC4, (d) ZC6, (e) ZC2-600,
and (f) ZC2-700, respectively. The XRD analysis showed
that all the samples had a polycrystalline hexagonal wurt-
zite structure. The pattern can be indexed for diffractions
from the (100), (002), (101), (102), (110), (103), (200),
(112), (201), (004), and (202) planes of the wurtzite crys-
tals corresponding to ZnO. The XRD also showed some
weak diffraction peaks attributed to CuO [16] (Fig. 1). This
result is consistent with the low solubility limit (~1%) of
Cu in ZnO [17]. This present study found that, as the Cu
content increased, the CuO diffraction peaks became evi-
dent and stronger. Moreover, by increasing T from 500 to
700 °C, the CuO diffraction peak increased (ZC-600) and
decreased (ZC-700), respectively. When copper ions were
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Fig. 1 RT 0-20 XRD spectra of ZC2, ZC4, ZC6, ZC2-600, and ZC2-
700 samples. Peaks are indexed to the hexagonal wurtzite structure,
while CuO peaks, when present, are marked by the asterisk
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introduced as dopants, the width broadened as a result of
the increase in disorder on Cu*" [18, 19]. The diffraction
intensities were weaker in the doped sample than the
undoped ZnO, which illustrates that Cu doping can slightly
impede the crystallinity of ZnO.

The average particle size for the undoped ZnO was
estimated to be about 27.5 nm from the X-ray line broad-
ening using the Scherrer formula Dy = KA/BpCosH,
where Dy is the particle diameter, K is the Scherer
coefficient (K = 0.89), B is the full width at half maximum
(FWHM), and A is the wavelength of X-rays. Slightly more
broadening of the peaks was observed in the Cu-doped
samples, and this is understood to be due to the additional
thermodynamic barrier to the nanocrystals’ growth as a
result of the added dopant [18]. The average particle size of
the ZnO:Cu nanopowders was found to be 26.3-24.9 nm
(Table 1). The reduction in the crystal size is mainly due to
the distortion in the host ZnO lattice caused by the foreign
impurity, i.e. Cu®", which also decreases the nucleation
and subsequent growth rate by the addition of different Cu
concentrations [18-20]. The average particle size calcula-
tions for the Zn:0.02CuO nanopowders annealed at 500 °C
(ZC2), 600 °C (ZC2-600), and 700 °C (ZC2-700) indicate
a minuscule improvement from 26.3 to 26.7 nm when Ty
increased from 500 to 700 °C; this implies that only limited
sintering occurs. This means that the random distribution of
nanograins critically influences the microstructural prop-
erties of the materials by changing the local disorder and
surface defects. Furthermore, the marginal improvement in
the particle size, on the one hand, could be due to the
existence of the CuO secondary phase in the sample, which
prevents grain growth, and on the other hand, the inhibit in
the oxygen vacancy (Vo) concentration due to annealing at
high temperatures (i.e. 600 and 700 °C), which also inhi-
bits growth, as reported by Zhang et al. [21]. Moreover,
since the surface-to-volume ratio is very high in the
nanocrystalline phase, surface defects play an important
role. These defects have some impact on grain size
development with annealing, as grain growth is restrained
by the nanoscale grain size that has more defects on the
surface and by the grain boundary [22]. However, these

findings are compatible with the PL results (discussed
below in Sect. 3.3).

A shift in the XRD peak positions related to the changes
in the lattice parameter was also clearly observed when the
Cu concentration and T, varied. The diffraction peaks of
the ZC2 sample shifted to the lower angle, and the lattice
parameters increased (a = 3.2531 A; ¢ =52125 A) in
comparison to ZnO (a = 3.2495 A; c = 5.2065 A), as
shown in Table 1. The calculated lattice parameters were
also in agreement with the reported values [19]. Since the
radii of the octahedral coordinated Cu”" ions (0.057 nm)
are slightly smaller than those of the Zn”>" ions (effective
ionic radius of 0.060 nm), substitutional doping of Cu into
the ZnO lattice should cause the diffraction peak to shift to
a higher angle. The lower angle shift is possible due to the
non-uniform substitution of the Cu ion into the ZnO site
[23, 24]. This increment could also be due Vg formation in
the nanopowders, as reported by Sundaresan et al. [25].
Because the ZnO is an ionic crystal, the formation of Vg
induces a profound structural relaxation as a consequence
of the repulsion of the nearby Zn ions [15]. From the
tabulated data, shifts toward lower values of the lattice
parameters due to increases in the dopant concentration
(x > 2%) and T4, were also observed for most of the
samples; however the ‘a’constant for the ZC2-700 sample
increased. Defects and imperfections in the grain of the
ZC2-500 sample exert higher compression stress on the
lattice, resulting in larger lattice parameters. The shifting
and broadening of the XRD lines, with both doping and
annealing, strongly suggest that Cu®" has successfully been
substituted into the ZnO host structure at the Zn”; which
is similar to the findings from previous studies
[19, 20, 23, 24].

3.2 UV-Visible absorption and energy gap
calculation

UV-visible absorption spectroscopy (UV-Vis) is a pow-
erful technique that is used to explore the optical properties
of semiconducting nanopowders. Fig. 2 shows the UV-Vis
optical absorption spectra and clear pictures of the

Table 1 Lattice and magnetization parameters, and grain size for ZC2, ZC4, ZC6, ZC2-600, and ZC2-700 samples

Samples Lattice Grain size (nm) M M, H. (G) M
Parameter (A) Volume (A3 ) 1073 emu/g 1073 pp/Cu

7C2 a = 3.2531; ¢ = 5.2125 47.76 26.27 27.70 0.41 205 36

7C4 a = 3.2526; ¢ = 5.2082 47.70 25.28 24.68 0.33 163 16

7C6 a = 3.2521; ¢ = 5.2060 47.67 24.90 23.43 0.28 145 10

ZC2-600 a = 3.2509; ¢ = 5.2122 47.69 26.57 22.86 0.30 193 29

7C2-700 a = 3.2541; ¢ = 5.2087 47.75 26.65 21.42 0.26 184 27
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absorption changes in the Cu,Zn;_,O nanopowders. The
absorption spectra indicate that the absorption initially
increases from x = 0 to 0.04, then it decreases with the
additional Cu doping (x = 0.06; ZC6); the sample where
x = 0.04 (ZC4) has a higher absorption than the other
samples. The absorption edge exhibits a blue shift after
x = 0.02, whereas it exhibits a red shift from x = 0 to
0.02. Furthermore, with the increase in T, from 500 to
700 °C, the absorption edge exhibits a red shift. This can
be attributed to the decrease in Vg or the surface defects
due to annealing at high temperatures. The calculated band
gap for the ZC2, ZC4, ZC6, ZC2-600, and ZC2-700
nanopowders are: 3.187, 3.204, 3.196, 3.077, and
2.109 eV, respectively. The optical band gap (E) of the
samples was determined by using the formula, E, = hc/A,
where h is plank’s constant, c is the velocity of light, and A
is wavelength [18]. The E, values are similar to those
reported for Cu-doped ZnO nanorods [19] and nanocrystals
[26]. The E; values for x = 0.02 (ZC2), 0.04 (ZC4), and
0.06 (ZC6) were found to increase with the growth of Cu
doping [18, 27], which may be explained by the Burstein—
Moss shift. In comparison to the undoped ZnO nanopow-
ders (~3.22 eV), the E, value for the ZC2 nanopowders is
lower [19, 26, 28, 29]. A similar narrowing of E, was also
observed with increasing TA. It is interesting to note that as
T, increased, the E, values decreased [13, 30], indicating
an apparent red shift, which may be attributed to the rigid
shift in the valence and the conduction bands due to the
coupling of the band electrons and the localized Cu®"
impurity spin [16]. Therefore, it has been concluded that
the nanometric size of the grains and their distributions
significantly influence the local electronic structure of the
Cu-doped ZnO lattice.

3.3 Photoluminescence

Photoluminescence (PL) is a useful technique used to
determine defects in wide band gap oxides. To reveal the
effect of Cu doping and T on the PL properties of the ZnO
nanopowders, PL. was measured at RT. Figure 3 shows the
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Fig. 2 (Color online) RT UV-Vis absorption spectra of ZC2, ZC4,
ZC6, ZC2-600, and ZC2-700 samples
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PL spectra of the ZC2, ZC4, ZC6, ZC2-600, and ZC2-700
nanopowders by exciting the sample at 381 nm. The shape
of the PL spectra for the ZnO nanopowders is similar to
those reported by others [31, 32]. As seen in Fig. 3, the
samples have three emission bands: (i) a predominant peak
at 424 nm corresponding to the violet region, (ii) low-in-
tensity peaks centered at 448 and 461 nm, representing the
blue region, and (iii) strong peaks centered at 486 and
521 nm, representing the green band. The defect levels
created by Cu do not appear to form a luminescence center
because the PL emission band matches that of the undoped
ZnO [18, 19, 26]. It has also been observed that the position
of different emission peaks is nearly constant for all the
samples [26]. It is the intensity of the emission peaks that
changes with Cu doping and T,. Compared with the
undoped ZnO sample, the intensity of the PL emissions
increased after Cu was introduced into the sample [18].
This indicates that Cu doping increases the radiative
recombination processes. The intensity of the Cu®" emis-
sion increases at 2-4%, and then it decreases again at 6%.
The reduction in the emission intensity at 6% can be
explained by the concentration quenching effect [10]. The
intensity of the PL emissions of the ZC2 sample also
decreased slightly as the T4 increased from 500 to 600 °C
(ZC2-600), and then it was reduced significantly as the Tx
further increased to 700 °C (ZC2-700). However, in the
ZC2-700 sample, the green peak located at about 521 nm
showed that the intensity is only slightly increased (by a
factor of ~2%), becoming nearly identical to the intensity
of the ZC2 sample that was annealed at 500 °C. This
behavior may be due to the reduction in the concentration
of Vg with increasing T, from 500 to 700 °C, which, in
turn, decreased the concentration of the recombination
centers. It was concluded that the ZC2 sample annealed at
500 °C had higher PL emissions than the ZC2-600 and
ZC2-700 samples annealed at higher temperatures of 600
and 700 °C, respectively, due to the higher Vo concen-
tration in the sample annealed at a lower temperature (ZC2;
500 °C). Based on these arguments, the high Vo concen-
tration may be responsible for the higher intensity of the PL

—Zn0O
—ZC2
—7C4
—ZC6
Z.C2-600
—ZC2-700

PL intensity (a.u.)

500 550 600
Wavelength (nm)

450

Fig. 3 (Color online) RT PL spectra of ZC2, ZC4, ZC6, ZC2-600,
and ZC2-700 samples
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emissions of the sample that was annealed at a low tem-
perature (ZC2; 500 °C).

Interestingly, the origin of the PL emissions is ques-
tionable because these emissions have been observed in
both the undoped and ZnO:Cu samples. Previous experi-
mental and theoretical results have shown that Vg origi-
nates in the violet luminescence [33-37] and blue
luminescence in ZnO [35, 38—41], which is consistent with
the results observed in this present study. A higher intensity
of the violet luminescence may be attributed to more grain
boundary defects in the sample, while a low blue emission
could be because the neutral oxygen vacancy (V},) centers
are not underactive ionized, which is a response to the
absence of a blue emission in bulk ZnO [40]. As for the
green luminescence in ZnO, it is accepted that this is due to
the singly ionized oxygen vacancy (V) [38, 41-44]. The
V) charged center can easily trap a photoexcited electron
through a non-recombination step to form V§, which is
unstable at RT. Then, a radiative recombination of the V,
charged center with the photoexcited holes in the valance
band effectively occurs, giving rise to green emissions,
which were also observed in this present study [38, 42].
However, zinc vacancies and oxygen interstitial defects
often have higher formation energy than Vg, and these can
only form in oxygen-rich environments [45]. Due to the
lower formation energy of Vg in oxides compared with
cation interstitials [46], the oxygen deficiency in ZnO is
attributed to Vg instead of the zinc interstitials. Besides,
according to an earlier report [47], the zinc interstitial is not
a stable defect in ZnO at RT. Mishra et al. [48] also
reported that the Zn; defects are highly mobile at and above
400 °C, and they are likely to recombine with the V, that
is dominant in ZnO nanocrystal grain boundaries. Fur-
thermore, Sanyal et al. [49] and Dutta et al. [50] showed
that a significant number of Vo were produced and Zn;
atoms acquired sufficient energy and returned to the crystal
lattice site (i.e., Zn; recombined with V) by annealing the
polycrystalline ZnO in the air at about 500 °C. Recently,
Liu et al. [51] also demonstrated that when annealing
ZnO:Co films in the air at 600 °C, the Zn; atoms are
returned to the crystal lattice site. Note that all of the
samples in our case were annealed in ambient air, resulting
in an oxygen-deficient ZnO crystal; consequently, the
visible emission is most likely connected to the Vg defects.
Thus, it is safe to conclude that Vg is the origin of the PL
luminescences.

3.4 Magnetic measurements of the samples

The magnetic measurements of the samples using vibrating
sample magnetometer (VSM) are shown in Fig. 4. The inset
in this figure shows the magnification portion of the plot near
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Fig. 4 (Color online) RT M-H curves of ZC2, ZC4, and ZC6
samples. The inset shows the RT hysteresis in the low-field region

the origin. Small but distinct evidence of ferromagnetic
ordering was observed in all the samples. As Fig. 4 shows,
after subtracting the diamagnetic background of the sample
holder, all the samples demonstrate FM at RT. The param-
eters obtained from the M (H) data at 300 K are listed in
Table 1. As seen in Table 1, the ZnO:0.02Cu sample (ZC2)
shows RTFM with a saturated magnetic moment (Ms) of
2770 x 102 emu g™' (or Ms =36 x 107> pg Cu™ !,
based on the overall Cu concentration, which was almost
three orders of magnitude larger than that of the undoped
ZnO sample (not shown here), and a coercivity (Hc) of about
205 G (insetin Fig. 4). As the mass fraction of Cu increases,
Ms changes to 24.68 emu g~' (16 x 107> pg Cu™') and
2343 emu g~' (10 x 1073 pg Cu™") for 4 and 6% Cu-
doped ZnO (ZC4 and ZC6), respectively, suggesting that
increasing the Cu-doping leads to a decrease in FM. Hc also
decreases with doping: 163 and 145 G for4% Cu and 6% Cu,
respectively (Table 1). These Hc and Ms values agree clo-
sely with the results reported in other studies
[11, 20, 23, 24, 26].

The ferromagnetic behavior shown in Fig. 4 is a com-
pensation effect between the ferromagnetic system and the
antiferromagnetic (AFM) superexchange interaction. The
drop in moment per Cu atom with doping could be due to
the increasing occurrence of AFM coupling between the
Cu pairs occurring at shorter separation distances. The
AFM was found to be present even at a low loading level
(2%), and it continues to increase as the amount of tran-
sition metal increases. This implies that the AFM interac-
tion becomes stronger with X, most likely due to the
decreasing distance between the Cu ions [9-11, 18, 23].
Since the Cu atoms are separated, yet still closely situated
near one another in the thin surface layers, the short-range
Cu—-O-Cu AFM superexchange should become more
stable. Theoretical modeling of the Cu,Zn;_,O system
indicates that where the Cu atoms are located in relation to
concerning each other can strongly affect the magnetic
properties of the system [17, 52]. From their ab initio study,
Weissmann et al. [53] concluded that Cu impurities only
produced a magnetic moment for very small concentra-
tions, and they proposed that this depends strongly on the
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distance between the Cu atoms. Besides, it is known that
the CuO secondary phase is AFM material [54], and it
could not contribute to the RTFM observed in the samples.
The existence of the CuO secondary phase in the sample
decreases the ferromagnetic ordering [16, 20, 23]. Fur-
thermore, the formation of the CuO secondary phase most
probably occurs at the surface, and it is accompanied by a
reduction of Cu** [14]. Tt is well known that Cu ions may
exist in Cu™ or/and Cu®" states. The 3d orbitals in Cu'™
are fully filled; hence they do not contribute to FM. The
origin of the RTFM should be due to the Cu®" ions.
Accordingly, the magnetic moment per Cu atom should be
reduced with the decrease in the concentration of Cu®™, as
observed in the present study.

In fact, the contribution of point defects, such as Vg, to
the FM of transition metal doped ZnO samples has been
reported by many research groups. To see how the total
magnetization scales with T, two additional samples with
2% Cu annealed at different temperatures of 600 and
700 °C (ZC2-600 and ZC2-700) were investigated.
Annealing in air eliminates the Vg of the samples. The
total magnetization decreased as the T, increased (Fig. 5).
We also observed that the FM of the Zn0:0.02 CuO
nanopowders decreased after annealing at higher temper-
atures. This present study’s results prove that the RTFM of
the ZnO:Cu nanopowders originates from V. The Ms was
found to be 22.86 emu g™ (29 x 1073 pg Cu™") and
2142 emu g=' (27 x 1072 pg Cu™'), respectively, and
Hc was found to be 193 and 184 G when annealing
occurred at 600 and 700 °C (ZC2-600 and ZC2-700),
respectively. The reduction in the magnetic moment for T
above 500 °C may be attributed to the decrease in Vo,
which degraded the magnetic exchange. Annealing can
regulate the concentration of Vg at high air temperatures
(600 and 700 °C). Thus, the Cu-doped ZnO system became
less ferromagnetic when annealed at air temperatures of
600 and 700 °C. It is well-known that Vo and the densities
of the defects have a significant effect on the physical
properties of oxide nanostructures. This also suggests that
defects play an essential role in the magnetic ordering in

0.03 —7Z.C2-500
0.02 [ —ZC2-600
0.01 [ —2ZC2-700

0 T
-0.01+F 010003 =]
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002} e =]
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Fig. 5 (Color online) RT M-H curves of ZC2-500, ZC2-600, and
ZC2-700 samples. The inset shows the RT hysteresis in the low-field
region
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Zn0O:Cu materials. The PL study verified the correlation
between structure and property.

From the above discussion and analysis, it can be seen
that both the incorporation of donor defects and the sub-
stitution of Cu®" for Zn in ZnO are assumed to be two key
factors in introducing magnetic ordering in the ZnO:Cu
samples. All the samples showed RTFM, but with a lower
magnetic moment as both the mass fraction of Cu and Tx
increased. Therefore, the RTFM is unlikely to be ascribed
to secondary phases. The decrease in FM with increasing
Cu concentration and T, demonstrates that FM observed at
RT is an intrinsic property of CuyZn;_,O nanopowders.
Therefore, we suggest that the observed FM is intrinsic in
all the samples [19]. The origin of the FM in ZnO:Cu
nanopowders can be explained by a non-carrier mediated
bound magnetic polarons (BMPs) model [55], which
implies that ferromagnetic coupling between two Cu®™
ions is facilitated through V. Sufficient concentration of
Vo defects, which exceed the percolation threshold, leads
to Vo overlapping with the dopant ions, thereby forming
BMPs [44, 56]. As the Vo density decreases with elevated
temperatures, the number of BMPs decreases, which leads
to the reduction of FM [12]. Therefore, it can be proposed
that a Vg defect-mediated mechanism, such as a BMP-
mediated mechanism, is responsible for FM in Cu-doped
ZnO-based DMSs [8].

4 Conclusions

In summary, ZnO:Cu nanoparticles were successfully
synthesized by a solid-state reaction route. The XRD
results demonstrated that Cu ions were successfully sub-
stituted for Zn ions in the hexagonal wurtzite structure of
the ZnO nanopowders. The UV-Vis measurements
revealed that E, decreased due to the incorporation of Cu,
and it also decreased with increasing T . The PL intensity
emissions were found to increase due to these substitutions,
but they decreased with the increase in T, due to the
reduction in the V. The RT VSM study demonstrated that
the Ms and Hc of the samples decreased with Cu doping
and T, because of the increase in the AFM superexchange
interaction along with Cu doping, due to the decreasing
distance between the Cu ions, and the decrease in Vg,
respectively. Finally, it can be concluded that defects play
an important role in manipulating the ferromagnetic and PL
properties of ZnO nanopowders.
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