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a b s t r a c t

A set of Zn0.97−xCuxCr0.03O (0 ≤ x ≤ 0.03) samples has been synthesized by the sol–gel method. The struc-
tural, optical and magnetic properties of the samples were investigated by X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), photoluminescence (PL) and vibrating sample magnetometer (VSM).
With Cu doping concentration increasing up to 2 at%, the XRD results showed that all diffraction peaks
corresponded to wurtzite structure of ZnO, but for Zn0.94Cu0.03Cr0.03O, the secondary phase of Cu emerged.
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PL measurements showed that Zn0.97−xCuxCr0.03O powders and pure ZnO with the Cu concentration var-
ied from 0.00 to 0.02 exhibited obvious blue shift; the green emission peak could be effectively enhanced
with the increase of the Cu concentration. Magnetic measurements indicated that room-temperature
ferromagnetism of Zn0.97−xCuxCr0.03O was an intrinsic property when Cu concentration was less than
0.02. The saturation magnetization of Zn0.97−xCuxCr0.03O (x = 0, 0.01, 0.02) increased with the increase of
u co-doping
erromagnetism

the Cu concentration.

. Introduction

Oxide-diluted magnetic semiconductors (O-DMSs) based on
nO, TiO2 and SnO2 have attracted great attention in recent years
ue to the possibility of inducing room temperature ferromag-
etism. Since ZnO has a wide bandgap energy (Eg = 3.37 eV) and

s a promising transparent ferromagnetic material, ZnO DMS has
een intensively studied for its advanced spintronic application in
ecent years [1]. A theoretical prediction pointed out that room-
emperature (RT) ferromagnetism (FM) can be obtained in p-type

n-doped ZnO [2]. In succession, further theoretical calculation has
een carried on the ZnO doped with Cr, V, Fe, Ni and Co and pre-
icted that they should exhibit ferromagnetic properties [3]. Both
xperimental results and theoretical calculations revealed that dif-
erent transition metal ions and carrier concentration in the ZnO

ased DMSs would strongly influence their properties [4–14].

Recently, many researchers have tried to dope other ions into
he ZnO based DMSs to obtain two metal ions co-doped ZnO in order
o change their optical and magnetic properties by introducing
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additional carriers [15–19]. Lin et al. supposed that a small amount
of additional Cu doping would create additional carriers in Co dop-
ing ZnO, and its magnetization would be greatly enhanced in bulk
samples [20]. N. Brihi et al. asserted that the anti-ferromagnetism
of Zn0.97Mn0.03O polycrystalline increased after Al-doping [21]. Lu
et al. also declared that compared with weak ferromagnetism in
the Co-doped ZnO single crystalline film, the film with additional
Al co-doping had much stronger ferromagnetic order at room tem-
perature [4].

So far, according to the Cr-doped ZnO, we cannot determine
that the ferromagnetic order actually arises from the Cr ion sub-
stitution in the lattice or the secondary phases [22]. Another thing
to be revealed is the effect of donor and acceptor impurity bands
on the magnetic couplings [23–25]. Therefore, we chose Cr and Cu
as doping elements, because unlike many other metals, Cr itself
is anti-ferromagnetic and an extrinsic ferromagnetism cannot be
induced even if Cr clustering occurs [26]. In addition, Cu is a pre-
ferred choice to avoid controversies since the secondary phases
such as CuO, Cu2O or Cu clusters are non-ferromagnetic, which
may make the interpretation of ferromagnetism in ZnCuO easier

[2,27,28].

In our previous work, we have investigated the effect of Cr-
doping and Cu-doping on the optical and magnetic properties in
ZnO samples [22,26]. In this work, we reported the room tem-
perature magnetic and optical properties of Zn0.97−xCuxCr0.03O

dx.doi.org/10.1016/j.jallcom.2010.12.157
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:jhyang1@jlnu.edu.cn
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Zn0.97Cr0.03O, the Cr 2p3/2 peak is located in the vicinity of 576.6 eV,
which is clearly different from 574.2 eV of Cr metal and 576.0 eV of
Cr2+ [33]. After comparison, we found that this peak can be indexed
to Cr3+ ions, whose binding energy of Cr 2p3/2 is 576.7 eV [32].
Ordinarily, the valence of Cr should be +2 if Cr is present in the sub-
Fig. 1. XRD patterns of the pure ZnO (a) and Zn0.97Cr0.03O (b).

0 ≤ x ≤ 0.03) powders prepared by the sol–gel method. This sol–gel
ethod allows the mixing of the chemicals at the atomic level, thus

he possibility of forming an undetectable impurity phase could be
educed. Hence, the physical properties of the samples prepared
y this method usually exhibit their intrinsic nature. The sol–gel
ethod also has other advantages such as good reproducibility

nd a simple experimental procedure [29,30]. The effect of Cu on
he structure, optical and magnetic properties of ZnCrO has been
tudied in detail.

. Experimental details

Appropriate proportions of Zn nitrate [Zn(NO3)2·6H2O] (99.9%), Cr nitrate
Cr(NO3)3·9H2O] (99.9%) and Cu nitrate [Cu(NO3)2·3H2O] (99.9%) were dissolved
nto citrate (C6H8O7·H2O) (99.5%) aqueous solution with stirring to form the sol.
hen, the mixture was polymerized to form a gel at 80 ◦C. After the swelled gel was
yrolyzed at 130 ◦C, a reticular substance was obtained, which was then grinded to
owder in agate mortar. The powder was sintered at 700 ◦C under argon atmosphere
or 10 h.

The structural characterization of Cu, Cr doped ZnO samples were performed
n a D/max-2500 copper rotating-anode X-ray diffractometer with Cu K� radiation
40 kV, 200 mA). The chemical composition of Zn0.97Cr0.03O and Zn0.95Cu0.02Cr0.03O
as determined by X-ray photoelectron spectroscopy (XPS) (VG ESCALAB Mark II).

L measurements of the samples were performed on an HR800 Labram Infinity Spec-
rophotometer, which was excited by a continuous He–Cd laser at a wavelength of
25 nm and a power of 10 mW. Magnetic hysteresis loops of Zn0.97−xCuxCr0.03O were
easured by a Lake Shore 7407 vibrating sample magnetometer.

. Results and discussion

.1. Structural characteristics

The XRD patterns of as-synthesized ZnO samples without and
ith Cr ions doping are shown in Fig. 1. There are no other impu-

ity phases in both diffraction patterns and all diffraction peaks
ould be indexed to wurtzite hexagonal ZnO (space group P63mc).
he cell constant of pure ZnO is estimated to be a = 0.325775 nm,
= 0.521853 nm, and the volume is 0.04791 nm3 (Fig. 1a). However,
he cell constant of Zn0.97Cr0.03O is estimated to be a = 0.325444 nm,
= 0.521216 nm, and the volume is 0.04782 nm3 (Fig. 1b), which is
maller than that of pure ZnO. The result can be ascribed to the
ubstitution of Cr3+ ions with a smaller ionic radius of 0.063 nm
or Zn2+ (0.074 nm) sites [26]. Fig. 2 shows XRD patterns for
n0.97−xCuxCr0.03O (x = 0, 0.01, 0.02, 0.03), in which we can see
hat all diffraction peaks correspond to wurtzite structure ZnO
ith Cu doping concentration increasing up to 2 at%. No trace of

opper, chromium metal, oxides, any binary zinc copper phases,

inary zinc chromium phases or ternary zinc copper chromium are
iscovered. For Zn0.97−xCuxCr0.03O (x = 0, 0.01, 0.02), the radius of
u+ ions (0.057 nm) are smaller than that of Zn2+ ions (0.074 nm).
nce Cu ions or Cr ions or both of them replace Zn2+, the bond-

ng length of Cu–O or Cr–O will be shorter in comparison with
Fig. 2. XRD patterns of the Zn0.97−xCuxCr0.03O (x = 0, 0.01, 0.02, 0.03).

Zn–O. Thus, the lattice constant will decrease. However, for the case
of Zn0.94Cu0.03Cr0.03O, the secondary phase of Cu emerged, which
indicates that the Cu ions and Cr ions would not only substitute the
Zn place but also exist as interstitial ions or enter into vacancies. As
a whole, the atoms are rearranged and placed on the equilibrium
state due to the coulomb interaction between Zn2+ and O2−, so the
lattice constants abnormally increase [27,1].

To clearly show how Cu doping concentration influences
the structural properties of ZnCrO, the lattice parameters of
Zn0.97−xCuxCr0.03O are summarized in Table 1. The average grain
sizes are estimated from the full width at half maximum (FWHM)
of three main peaks by the Debye–Scherrer formula. The Cu doping
(x = 0, 0.01, 0.02) leads to the decrease of the interplanar distance
of the (0 0 2) crystal plane, which is in agreement with the shift of
the (0 0 2) peak position towards high angles [31,32]. When Cu con-
centration increases from 0.02 to 0.03, the interplanar distance of
the (0 0 2) crystal plane increases, which can be deduced from the
shift of the (0 0 2) peak position towards low angles. Above results
further prove Cu successfully substitutes Zn position when Cu con-
centration is less than 0.02 [32]. In addition, the solid solution of
Cu doping ZnCrO is 0.03.

3.2. Chemistry state

The high resolution scans of Cr 2p XPS spectra are shown in
Fig. 3 for the Zn0.97Cr0.03O and Zn0.95Cu0.02Cr0.03O samples. For
Fig. 3. The Cr 2p core-level photoemission spectra for Zn0.97Cr0.03O (a) and
Zn0.95Cr0.03Cu0.02O (b) samples at room temperature.
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Table 1
Summary of cell parameters, grain size of Cu and Cr codoped ZnO.

Sample a (nm) c (nm) Vol. (nm3) d (0 0 2) (nm) Averaged grain size (nm)

Zn0.97Cu0.00Cr0.03O 0.32544 0.52122 0.04787 0.26083 61.3
Zn Cu Cr O 0.32541 0.52121 0.04779 0.26065 54.4
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after Cu doping into ZnCrO, the magnetization of Zn0.97−xCuxCr0.03O
0.96 0.01 0.03

Zn0.95Cu0.02Cr0.03O 0.32538 0.52115
Zn0.94Cu0.03Cr0.03O 0.32545 0.52080

titutional site in a defect-free ZnO crystal. However, in our case, we
an deduce that Cr dopants probably incorporate into the ZnO lat-
ice as Cr3+ ions on the basis of the XPS results. As shown in Fig. 3(b),
e can find that the Cr 2p3/2 peak position for Zn0.95Cu0.02Cr0.03O

ample is located at 577.1 eV after fitting with the Gaussian func-
ion. The peak position is clearly different from that of Cr metal and
r2+. But it is quite close to the peak position of Cr 2p3/2 in Cr2O3
15,33]. It further suggests that Cr dopants are actually incorporated
nto the ZnO lattice as Cr3+ ions [26]. That is to say, the entrance of
u irons in ZnCrO does not change the valence state of Cr. However,
he binding energy of the Cr 2p enlarges with Cu doping. Accord-
ng to the XRD result, with increasing Cu doping concentration, not
nly the lattice parameters decrease but also the distance between
r ions becomes shorter, which will make the binding energy of Cr
p increase. Of course, the environment of Cr coordination chang-

ng due to Cu doping was another possible reason for the increase
f binding energy of Cr 2p.

The valence state of Cu for Zn0.95Cu0.02Cr0.03O is also determined
y XPS spectra. As shown in Fig. 4, the peaks located at 932.4 eV and
51.6 eV can be ascribed to Cu 2p3/2 and Cu 2p1/2 peak respectively.

t is expected that the Cu+ 2p3/2 and 2p1/2 peaks would locate at
32.5 and 952.3 eV, while Cu2+ 2p3/2 and 2p1/2 peaks would locate
t 933.7 and 953.6 eV, respectively. Therefore, we can conclude that
he Cu ions present as +1 valence state [23].

.3. Optical properties

In order to study the effect of Cu doping concentration on the
ptical properties of Zn0.97−xCuxCr0.03O (x = 0, 0.01, 0.02) samples,
L spectra are shown in Fig. 5. To make the comparison clear,
he PL spectrum of pure ZnO is also illustrated here. We can
bserve that all the spectra contain a strong UV band peak around
80 nm, which commonly originates from excitonic recombina-

ion corresponding to the near-band-edge emission of ZnO [34,35].

ompared with pure ZnO, on the one hand, for the PL spectra from
n0.97−xCuxCr0.03O (x = 0, 0.01, 0.02), the peak position of UV emis-
ion exhibits a blue shift with Cu doping concentration increasing
o 0.02. To see it clearly, we enlarge the UV region of all the spec-

ig. 4. The Cu 2p core-level photoemission spectra for Zn0.95Cu0.0Cr0.032O samples
t room temperature.
04778 0.26063 47.5
04777 0.26084 44.0

tra in the inset of Fig. 5. On the other hand, with the increase of
Cu doping concentration from 0 to 0.02, the intensity of the green
emission band is enhanced, and especially sharply increases when
Cu concentration increases from 0.01 to 0.02. The near-band-edge
emission is a process related to the crystal volume. A decrease of
crystal size not only causes a blue shift in the emission wavelength
due to the confinement effect, but also leads to a change in the
energy transfer from excited states to the ground state [36]. The
green emission peak is commonly referred as deep-level or trap-
state emission [37,38]. Various mechanisms have been proposed for
the green emission of ZnO [39]. Oxygen vacancy was recently testi-
fied to be one of the origins of green emission in ZnO, which occurs
in three different charge states: the neutral oxygen vacancy (Vo),
the singly ionized oxygen vacancy (Vo•), and the doubly ionized
oxygen vacancy (Vo••) [40]. In comparison with the PL spectra of
ZnCrO, it can be observed that Cu doping could effectively enhance
the green emission in the Zn0.97−xCuxCr0.03O (0.01, 0.02) powders.
The enhanced intensity of the green emission indicates that the
density of defects increases, which could be attributed to Cu dop-
ing since Cu ions exist in the ZnO crystal lattices with +1 valence
state as discussed in XPS spectra. With increasing the Cu doping
concentration, more oxygen vacancies will be introduced in the
samples, which finally results in an enhanced green emission in
Zn0.97−xCuxCr0.03O powders [41].

3.4. Magnetic properties

Fig. 6 shows the dependence of magnetic field (H) on the
magnetization (M) at 300 K for pure ZnO and Zn0.97−xCuxCr0.03O
powders with different Cu concentrations. From Fig. 6 we find
that pure ZnO has no magnetic property and the powders of
Zn0.97−xCuxCr0.03O exhibit ferromagnetism at 300 K. Moreover,
increased significantly. With Cu concentration increasing from 0
to 0.02, the remnant magnetization (Mr) increases from 0.0004
to 0.0024 emu/g and the saturation magnetization (Ms) increases
from 0.0056 to 0.0088 emu/g.

Fig. 5. PL spectra of pure ZnO and Zn0.97−xCuxCr0.03O (x = 0, 0.01, 0.02) samples.
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ig. 6. Magnetic field dependence of magnetization for pure ZnO and
n0.97−xCuxCr0.03O (x = 0, 0.01, 0.02, 0.03) samples.

Exchange interaction between Cr 3d and O 2p spin moments
hould be the main reason for the ferromagnetism behavior in Cr-
oped ZnO samples [26]. From the PL data of pure ZnO and ZnCrO,
r3+ incorporation may prompt the formation of Vo, which may
e another reason for ZnCrO with weak ferromagnetism. In Cr, Cu
o-doped ZnO samples, no trace of CrO2, which exhibits room-
emperature ferromagnetism, can be found in either XRD or XPS

easurements when the concentration of Cu is less than 0.02. It
an be concluded that the ferromagnetism has nothing to do with
he existence of the second phase. Furthermore, the magnetiza-
ion of Zn0.97−xCuxCr0.03O (x ≤ 2) increases markedly in comparison
ith that of Zn0.97Cr0.03O samples, which is consistent with the

esults reported by Lu et al. [4] and Dinesha et al. [17]. In other
ords, the introduction of the Cu element is conducive to the for-
ation of ferromagnetic order. One reason is attributed to oxygen

acancies (Vo), since in PL spectra we deduce that the Vo density
ncreases with increasing Cu doping concentration. At the Fermi
evel, Vo can initiate defect-related hybridization and establish a
ong-rang ferromagnetic ordering [42–44]. The other reason is that
he Cu ion with +1 valence state plays the role of the acceptors.
nce the Cu ions further substitute the Zn ions, the local hole con-
entration at the anion site increases, the local density of states
DOS) at the Fermi level increases and the exchange interaction is
nhanced [23]. Therefore, the magnetization can be achieved with
reasonable amount of global acceptor concentration. Therefore,

he origin of the ferromagnetism in the Zn0.97−xCuxCr0.03O (x ≤ 2)
s the Cu and Cr doping, i.e. the room-temperature ferromagnetism
f Zn0.97−xCuxCr0.03O (x ≤ 2) was the intrinsic property.

. Conclusions

In summary, Zn0.97−xCuxCr0.03O (x = 0, 0.01, 0.02, and 0.03) sam-
les were synthesized by the sol–gel method. The structural, optical
nd the magnetization properties were investigated. It can be con-
luded that Zn0.97−xCuxCr0.03O samples have wurtzite structure of
nO with Cu doping concentration increasing up to 2 at%. Com-
ared with the PL spectra of ZnO and ZnCrO, the UV emission
f Zn0.97−xCuxCr0.03O samples exhibits a blue shift and the inten-
ity of green emission obviously is enhanced due to more oxygen
acancies introduced to the samples. Since the density of oxygen
acancies increases and Cu1+ plays the role of the acceptor with Cu

oping into the ZnCrO, Zn0.97−xCuxCr0.03O samples exhibit ferro-
agnetism in room-temperature and the saturated magnetization

Ms) increase with Cu doping concentration increasing from 0 to
.02.
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