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Ferromagnetic and highly conductive copper doped ZnO �ZnO:Cu� films were prepared by filtered
cathodic vacuum arc technique. By employing a biasing technique during growth, the electron
concentration and resistivity of the ZnO:Cu films can be as high as 1020 cm−3 and 5.2
�10−3 � cm, respectively. The ferromagnetic behavior is observed in all the conductive films, but
its magnetization is quenched with an increment in carrier concentration, suggesting that carrier
induced exchange is not directly responsible for the ferromagnetism. Heterojunction light emitting
diodes have been fabricated using the conductive ZnO:Cu layer as an electron injector and a p-type
GaN as hole injector. Electroluminescence can be detected from the devices. © 2008 American
Institute of Physics. �DOI: 10.1063/1.3021142�

I. INTRODUCTION

The emerging field of spintronics has attracted signifi-
cant attention since it promises new semiconductor device
functionality through utilization of both electron charge and
spin degree of freedom. It is desirable to achieve both semi-
conducting and magnetic properties within a single material
system by doping nonmagnetic semiconductor with a small
fraction of magnetic transition metal ions producing diluted
magnetic semiconductors. The quest for copper doped ZnO
�ZnO:Cu�1,2 with Curie temperature �Tc� above room tem-
perature �RT� has gained momentum, following theoretical
studies3,4 that ZnO:Cu could be a promising candidate dis-
playing RT ferromagnetism �FM�. The fact that Cu and its
oxides �CuO and Cu2O� are nonferromagnetic5 removes any
possibility of FM arising from the presence of secondary
magnetic phases in this system. Our group6,7 and Buchholz et
al.8 demonstrated RT FM in ZnO:Cu films. However, the
realization of ZnO:Cu as a functional material for spintronics
application has been a challenge. The performance of many
RT ferromagnetic ZnO:Cu has been insufficient for use as
functional material owing to their poor electrical
properties.9,10 The carrier concentration and conductivity re-
duce significantly with the incorporation of Cu. One of the
possible ways to improve the conductivity of the ZnO-based
sample is the utilization of substrate biasing technique during
the film deposition. In this paper, we probe into the fabrica-
tion of highly conductive and yet ferromagnetic ZnO:Cu
films by utilizing filtered cathodic vacuum arc �FCVA� in
conjunction with substrate biasing technique at RT. The elec-
tron concentration of the ZnO:Cu films can be increased
from 1016 to 1020 cm−3.

The realization of magnetic and conductive ZnO:Cu
films is an essential step toward the fabrication of spin light
emitting diodes �LEDs�. Reproducible and stable p-type ZnO
material with sufficiently high conductivity and carrier con-
centration is still in a development phase. Therefore, the fab-
rication of ZnO homojunction LEDs continues to be
problematic.11,12 In an alternative approach, the electron in-
jection behavior of ZnO:Cu might be best exploited by con-
structing ZnO:Cu/GaN:Mg heterojunction LEDs. The p-type
GaN:Mg can be served as hole injection layer and they have
the same crystal structure �wurtzite� as ZnO with a small
in-plane lattice mismatch ��1.8%� and the same stacking
sequence.13 In the latter part of this paper, we report the
fabrication and characterization of ZnO:Cu/GaN:Mg hetero-
junction LEDs. The appearance of electroluminescence �EL�
signal gives an important insight that the ferromagnetic
ZnO:Cu could be acted as an electron injector for LEDs.

II. EXPERIMENTAL DETAILS

A series of ZnO:Cu films on Si substrates was prepared
at RT by the FCVA technique. Zn:Cu alloy target containing
1 at. % of Cu was used in this experiment. The apparatus of
FCVA has been described elsewhere.14 During the deposi-
tion, O2 was kept at 60 SCCM �SCCM denotes cubic centi-
meter per minute at STP� with a dc arc current of 60 A. To
investigate the biasing effect, the substrate and sample holder
were biased under various applied voltages, ranging from
−200 to +200 V by a dc power supply during the film depo-
sition. The magnetic properties of the ZnO:Cu films were
investigated by an alternating gradient magnetometer with a
maximum field of 10 kOe. To eliminate the spurious mag-
netic data, the ZnO:Cu samples and polymer tweezers were
cleaned with acetone prior to magnetic measurement. The
applied magnetic field was parallel to the surface of the
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sample. The structural properties of the ZnO:Cu films were
studied by x-ray diffraction �XRD�. The conductive ZnO:Cu
films on Si have made electrical analysis unfavorable, thus
ZnO:Cu films were prepared on quartz substrates under iden-
tical conditions with ZnO:Cu on Si in order to study the
electrical properties using van der Pauw method at RT.

III. RESULTS AND DISCUSSION

The XRD patterns of the ZnO:Cu films are illustrated in
Fig. 1. The XRD peaks of �100�, �002�, and �110� are per-
fectly indexed and they are corresponding to ZnO wurtzite
structure. No secondary phases were detected within the sen-
sitivity of XRD. It can be seen that the film deposited at RT
without bias exhibited predominately c-axis �002� orienta-
tion. However, the intensity and full width at half maximum
of �002� peak degrade with an increase in positive biased
voltage. For the negative bias �−40 V, the �002� peak dis-
appears and the films change its predominated orientation to
�100� direction with poor crystallinity as indicated by the
broad and weak diffraction peak. A positive �negative� biased
voltage is thought to attract negatively �positively� charged
ions; the bombardment by these charged ions could deform
the c-axis orientation and create an imperfect structure with
large density of defects �i.e., Zn interstitial, Zni and/or O
vacancies�.15,16 It is noted from Fig. 1 that negative biased
samples showed poorer structural properties as compared to
its positive biased counterparts. The heavier mass of posi-
tively charged particles �i.e., Cu and Zn� could generate
higher impingement force to the negative biased samples,
leading to dramatic deformation of structural properties.
These results are consistent with Suzuki et al.16 and Xu et
al.17 that the crystal orientation of ZnO is dependent on bi-
ased voltage and the negative biased samples generally ex-
hibited poorer crystallinity as compared to positive biased
samples. The �002� peak is shifted to a lower angle with an
increase in biasing voltage, which indicates that the samples

exhibited larger lattice parameter c. Defects and imperfection
in the grain of the biased ZnO:Cu lead to higher compression
stress exerted on lattice resulting in a larger c.14

As illustrated in our previous work,9 the incorporation of
Cu into ZnO reduces its conductivity as Cu introduces deep
acceptor level and it traps electrons from the conduction
band.9,11 However, with the biasing technique, all the pre-
pared ZnO:Cu films are conductive with n-type behavior and
its electrical properties are depicted in Fig. 2. The resistivity
and carrier concentration of the unbiased ZnO:Cu film are
6.7 � cm and 7.6�1016 cm−3, respectively. The carrier
concentration of the biased ZnO:Cu increases drastically by
four orders of magnitude to �1.2�1020 cm−3, whereas the
resistivity reduces to �3.7�10−2 � cm. As the biased volt-
age increases, a flux of energetic atoms impinging on the
substrate with increasing kinetic energy would cause a devia-
tion from crystallinity, accompanied by a change in electrical
properties. The structural defective ZnO:Cu led us to envis-
age that the enhanced electrical properties are related to the
presence of structural defects �i.e., Zni or/and O vacancies� in
the films. The improved electrical properties in the ZnO:Cu
films by the biasing technique are a common characteristic of
doped ZnO film.15,18

Figure 3 shows the magnetic properties of the biased
ZnO:Cu films. A well defined hysteresis loop was observed
for the +100 V biased ZnO:Cu film with Ms of 0.32 �B /Cu
and Hc of 98.5 Oe as shown in the inset of Fig. 3, showing a
RT FM. The Ms of the ZnO:Cu samples prepared at various
biasing conditions are normalized by the corresponding un-
biased sample, where Mn=Ms�V� /Ms �unbiased�. It is worth-
while to mention that the unbiased ZnO:Cu prepared at RT
possessed the Ms �unbiased� of 0.4 �B /Cu.19 As depicted in
Fig. 3, the Ms reduces with an increase in biased voltage. All
the biased films possess weaker magnetic moment as com-
pared to the unbiased ZnO:Cu film, Mn is �1. These results
elucidate that magnetic ordering depends on the applied bias;
the transformation of the crystal orientation and quality
would lead to the transition of FM to paramagnetism. Theo-
retical modeling of the ZnO:Cu system indicates that the
location of the Cu atoms relative to each other and its sub-
stituted sites in host lattice can strongly affect the magnetic
properties of the system.20–22 Feng22 studied the effect of Cu
separation and the stability of the ferromagnetic state in

FIG. 1. XRD patterns of ZnO:Cu films deposited at various biasing
conditions.

FIG. 2. Electrical resistivity and electron concentration of the ZnO:Cu films
as a function of bias voltage.
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ZnO:Cu. The FM is only possible to occur if two Cu2+ sub-
stitute two Zn2+ sites in c-plane, which gives a well separa-
tion distance at the lowest total energy at RT. However, if
two Cu2+ ions are separated within the ab plane the antifer-
romagnetic state is favored, as evidenced by the absence of
FM in the predominated �100� films. Taking the XRD and
magnetic data together, it is noted that the magnetic moment
reduces with increasing structural disorder. The presence of
structural defects could suppress the magnetic ordering,
which is in good agreement with recent literature.23,24

In addition to the Cu atom placement, the Zni also plays
a significant role in enhancing and mediating magnetic or-
dering in the ZnO:Cu.19 To investigate the role of Zni in the
biased sample, the +100 V biased ZnO:Cu films were an-
nealed at 200 and 400 °C under oxygen rich ambient for 1 h.
The magnetic moment has been reduced by �30%
�0.22 �B /Cu� and �45% �0.18 �B /Cu� for the samples an-
nealed at 200 and 400 °C, respectively. It is attributed to the
outdiffusion of Zni to the second nearest neighbor position as
Zni has low diffusion barriers and easy to diffuse into the
lattice at relatively low temperature.25 As expected, the elec-
trical properties of the films degrade with an increase in an-
nealing temperature as shown in Fig. 4. After annealing treat-
ment at 400 °C, the electron concentration of the biased

ZnO:Cu reduced to 9.33�1017 cm−3 with the resistivity of
0.353 � cm. This result suggests that the deficiency of Zni

in ZnO:Cu could degrade the magnetic ordering as well as
electrical properties, which is consistent with the unbiased
ZnO:Cu �control sample�.

Now, let us explore the applicability of this ferromag-
netic and conductive ZnO:Cu film as an electron injection
layer in heterojunction LED. Among the samples, it is found
that the ZnO:Cu prepared at the biased voltage of +100 V
exhibited the highest Ms, considerably superior structural
and electrical properties with carrier concentration of 7
�1019 cm−3, thereby it was chosen for the heterojunction
LED fabrication. The inset of Fig. 5 shows the schematic
diagram of the proposed p-n heterojunction diode
�ZnO:Cu / p-GaN:Mg� with the size of 6�5 mm2. A 150
nm thick ZnO:Cu �1 at. %� was deposited on 1-�m-thick
p-GaN:Mg/sapphire �Technologies and Devices Interna-
tional, Inc.� with the hole concentration of �1�1018 cm−3.
The contact layer of Ti �100 nm� and Ni �100 nm� was then
e-beam evaporated onto the p and n layers, respectively.

The LED was biased under rectangle pulse voltage
source �with repetition rate and pulse width of 12.6 and 60
ms, respectively� at RT and its corresponding light-voltage
curve, which shows a rectifying behavior with a turn-on volt-
age of �16 V, is plotted in Fig. 5. The large turn-on voltage
of the LED might be attributed to the interface defects be-
tween ZnO:Cu and GaN layer and the high Ohmic resistance
from Ti/Ni contact on the p-GaN:Mg and ZnO:Cu. The in-
terface defects and high contact resistance will lead to a high
turn-on voltage of the LED.

Figure 6 shows the EL spectrum of the diode at different
forward-biased voltages. The EL spectrum obtained in the
sample is fitted by two Gaussian curves, which is dominated
by broad blue and green luminescence bands peaking at 466
and 554 nm, respectively.12 The peak intensity increases with
an increase in biased voltage, indicating that the diode ex-
hibits effective band radiative recombination. The appear-
ance of EL signal provides important insight that the conduc-
tive n-ZnO:Cu is sufficient for electron injection in the
heterojunction LED.

FIG. 3. Normalized saturated magnetic moment Mn of the ZnO:Cu films as
a function of biasing voltage. Inset: magnetization curve of the ZnO:Cu
prepared at +100 V.

FIG. 4. Electrical resistivity and electron concentration of the +100 V bi-
ased ZnO:Cu film as a function of annealing temperature.

FIG. 5. �Color online� Current-voltage and light-voltage characteristics of
the ZnO:Cu / p-GaN heterojunction LED. Inset: schematic illustration of the
n-ZnO:Cu / p-GaN heterojunction LED structure.

103104-3 Herng et al. J. Appl. Phys. 104, 103104 �2008�

 07 January 2025 01:46:23



The photoluminescence �PL� measurement was carried
out on the ZnO:Cu film deposited on SiO2 /Si substrate to
examine the origin of EL emission and center of radiative
recombination. The Nd:yttrium aluminum garnet laser source
with a pump intensity of �0.9 MW /cm2 was used in PL
analysis. As expected, the PL spectrum consists of two com-
ponents as depicted in Fig. 7. The peaks at 486 and 568 nm
can be attributed to the blue and green luminescence bands,
respectively. The PL spectrum is dominated by the green
luminescence, whereas the blue luminescence dominates the
EL spectra. The deviation in the PL and EL spectrum might
be attributed to the influence of the heterointerface defect.
Until now, the origin of this green emission is rather
controversial.12 Dingle26 reported that the green lumines-
cence was attributed to the introduction of Cu ions into ZnO,
which has been supported by recent experimental observa-
tion by Alivov et al.27 and Leiter et al.28 In contrast, Studeni-
kin and Cocivera29 assigned the green luminescence to a
donor-acceptor transition �D ,A� from oxygen vacancy �OV�
to Zn vacancies �ZnV�. On the other hand, Kang et al.30 as-
cribed the appearance of the green luminescence to transi-
tions involving deep levels within the band gap associated
with oxygen vacancies. The annealing process that revealed

FM in our ZnO:Cu could be partially associated to the pres-
ence of Zni, thereby we proposed the broad green band
would come from multiple energy levels in the forbidden
band due to Cu or/and Zni. There is no ultraviolet �UV� peak
observed in either PL or EL spectrum. The observation is
consistent to the recent reports that the incorporation of Cu
into ZnO could suppress the UV peak.27,31

To understand the origin of the blue emission band, the
PL of the as-deposited GaN:Mg films was studied. Figure 8
shows the PL spectrum of the GaN:Mg film on a sapphire
substrate. A sharp peak at �362 nm is observed with a tail
extending to �520 nm. The curve can be fitted by two
Gaussian curves at �363 and �400 nm. The emission at
�363 nm is attributed to the near band edge emission of
GaN:Mg, whereas the emission at �400 nm is likely to be
the transition from the conduction band to the Mg acceptor
level.32 Hence, it is believed that the EL emission is not
emerged from the GaN:Mg film. The proposed energy band
diagram of n-ZnO:Cu / p-GaN:Mg is presented in Fig. 9. In
this diagram, the electron affinity ��� for ZnO:Cu and

FIG. 6. �Color online� EL spectrum of the ZnO:Cu / p-GaN heterojunction
LED at various forward bias.

FIG. 7. �Color online� PL spectrum of the ZnO:Cu on SiO2 /Si substrate.

FIG. 8. �Color online� PL spectrum of the GaN:Mg film on sapphire
substrate.

FIG. 9. Energy band diagram of the n-ZnO:Cu / p-GnN:Mg heterojunction.
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GaN:Mg is taken as �4.35 and �3.9 eV, respectively. The
bandgap �Eg� for ZnO:Cu is assumed as �3.3 and �3.51 eV
for GaN:Mg.33 As can be seen from the diagram, the ener-
getic barrier �EC for electrons is �EC=��ZnO:Cu�−��GaN:Mg�
= �4.35−3.9� eV=0.45 eV, while the energetic barrier �EV

for holes is �EV=Eg�ZnO:Cu�+�EC−Eg�GaN:Mg�= �3.3+0.45
−3.51� eV=0.24 eV. Thus, the energetic barrier for holes
�EV is �2 times less than the barrier for electrons �EC,
showing a much smaller barrier for holes than that which
exists for electrons. Thus, it is suggested that the EL emis-
sion emerges from the ZnO:Cu region of the device. In order
to obtain band-to-band EL emission in the heterojunction
LED, an intrinsic ZnO layer should be inserted between the
ZnO:Cu and GaN:Mg layers. This work is currently under-
way and will be reported elsewhere.

It is recalled that the relatively high-resistive unbiased
ZnO:Cu films exhibit higher magnetic moment as compared
to the conductive films, although the latter possess a higher
carrier concentration, thereby the FM in the conductive
ZnO:Cu may not be carrier mediated.34 The experimental
results indicate that Zni, crystal quality, and crystal orienta-
tion play an important role in the magnetic moment of the
conductive ZnO:Cu films. In this case, the highly nonequi-
librium process of FCVA-biasing technique makes the Zni

defects located throughout the lattice in the films; the inter-
action between Zni and Cu2+ ions in the lattice at the appro-
priate distance and density35 will give rise to magnetic order-
ing in the ZnO:Cu according to the bound magnetic polarons
�BMPs� model.36 The annealing process has provided impor-
tant insight into the role played by Zni in the ZnO:Cu system.
It is worthy to highlight that the crystal orientation is crucial
to the FM in the ZnO:Cu films in addition to Zni-Cu2+ inter-
action, a �002� crystal orientation appears to be essential to
the observation of magnetic ordering. However, it is not clear
why conductive ZnO:Cu film will give a lower magnetic
moment as compared to relatively high-resistive films, which
is also a common characteristic for the conductive ZnO:Cu
�Ref. 10� and ZnO:Co films.37,38 Until now, the explanation
of this phenomenon is rather controversial. Venkatesen et
al.37 reported that reduction in magnetization in the conduc-
tive ZnO:Co was attributed to the absence of cobalt nano-
clusters, whereas Song et al.38 suggested that the presence of
the structure defects could enhance FM in insulating ZnO:Co
films as compared to semiconducting films. Chakraborti et
al.2,10 proposed that carrier induced exchange was not di-
rectly responsible for the conductive ZnO:Cu samples but
the BMP model. Here, we propose that the deviation in mag-
netic moment could be related to the defect density of the
sample as certain critical defect density will lead to the op-
timized magnetic couplings.35 Based on the BMP model, the
magnetic properties of the ZnO:Cu films could be tuned
through Cu and defects concentration, which are in good
agreement with our results.

IV. CONCLUSION

In summary, conductive and ferromagnetic ZnO:Cu have
been demonstrated using the biasing technique. The magne-
tization of the biased ZnO:Cu is correlated with its structural

properties, crystal orientation, and biasing voltage. The struc-
tural properties of the ZnO:Cu degrade with an increase in
biasing voltage and lead to the transition of FM to paramag-
netism. Furthermore, it is found that the crystal orientation
�i.e., �002� oriented� and defect density are crucial to the FM
in the ZnO:Cu. A n-ZnO:Cu / p-GnN:Mg heterojunction
LED has been demonstrated. The heterojunction exhibited
RT EL, showing the blue and green band luminescences. The
appearance of EL signal is an important insight that the con-
ductive ZnO:Cu can be acted as electron injector in LED.
The realization of ZnO:Cu based LEDs may open up a new
prospect for spin LEDs.
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