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Abstract Copper-doped ZnO nanoparticles were synthesized by the sol-gel method. The X-ray diffraction(XRD)

result shows that Zn,_,Cu,O(x=0.04) samples are single phase with ZnO-like wurtzite structure, while the secondary

phase Cu is observed in a Zng¢sCug¢sO sample. Magnetic measurements indicate that Zn;_,Cu,O(x=0.04) samples

are ferromagnetic at room temperature. A strong green peak(520 nm) was observed except for UV band peak in

photoluminescent(PL) spectrum of Zng ¢gCuy ,0.
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1 Introduction

Diluted magnetic semiconductors(DMSs) are
under intense investigation worldwide because of the
possibility of manipulating the charge and spin de-
grees of freedom in a single material. ZnO with wide
band gap has been identified as a promising semicon-
ductor material for exhibiting room temperature
ferromagnetism(RTFM) when doped with most of the

transition metal elements!' "\ For example, ferro-

magnetism was observed in ZnO:Co and ZnO:Mn™?).
However, the origins of RTFM remain controversial:
some reports claim that the magnetic signature arises
from secondary phase, while others claim that the
magnetic property may be caused by the substitution
of TM ions into the Zn site!'”. We chose Cu-doped
ZnO as the study object to avoid controversies be-
cause the Cu-ralated secondary phase is antiferro-

magnetic[”’lz]. In this article, the structures and pro-
perties of Zn;,Cu,O nanoparticles synthesized by

sol-gel method were studied.

2 Experimental

Zn nitrate[Zn(NOs3), 6H,0, 99.9%] and appropri-
ate amounts of Cu nitrate[Cu(NO3),:3H,0, 99.9%]
were dissolved in citric acid[C¢HgO7, 99.5%] with
stirring. The solution was dried at 80 °C to obtain xe-
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rogel. After the swelled xerogel was completed at 130
°C, a reticular substance was obtained, and then
ground to powder in an agate mortar. The powder was
sintered at 600 °C under Ar atmosphere for 10 h. The
reaction mechanism of decomposing citrate was de-

scribed previouslym].

This method allows the mi-
xing of the chemicals at atomic level, thus reducing
the possibility of undetectable impurity phase. Addi-
tional advantages are the good reproducibility and the
simple experimental procedure. The structural proper-
ties of Zn; ,Cu,O nanoparticles were studied by XRD
on a D/max-2500 copper rotating-anode X-ray dif-
fractometer with Cu Ka radiation(40 kV, 200 mA).
The ZnggsCuppsO was determined by XPS(VG
ESCALAB Mark II). Magnetic hysteresis loops of
Zn; ,Cu,O(x=0.04) were measured by a Lake Shore
7407 vibrating sample magnetometer with a maxi-
mum field of 7.96x10°> A/m. PL(He-Cd Laser, 325 nm)
was used to characterize the optical properties of
Zn_Cu,O.

3 Results and Discussion

3.1 Structure

The XRD patterns of Zn; ,Cu,O(x=0, 0.02, 0.04,
0.05) are shown in Fig.1. All peaks are perfectly
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Fig.1 XRD patterns of Zn,;_,Cu,O
x:a.0;b.0.02; c. 0.04; d. 0.05; * Cu.

indexed and correspond to wurtzite structure ZnO

with Cu doped concentration up to 4%(molar fraction).

No trace of copper metal, oxides, or any binary zinc
copper phases was observed within the sensitivity of
XRD. For Zn; ,Cu,O(x=0.04), with the increase of x,
these peaks shift towards lower angles. Calculation
shows larger cell parameters of a and ¢ for Zn; ,Cu,O
than the corresponding ones of the undoped sam-
ple(Fig.2). For the first four concentrations, the cell
parameters increase almost linearly, whereas for the
fifth one(x=0.05), they decrease, indicating that the
limiting composition must be lesser than that. The
Zny95Cug 95O shows segregation of a second phase,
which is Cu according to the standard JCPDS card. It
is well known that the radius of Cu®" ion(radius=0.057
nm) is smaller than that of Zn®" ion(radius=0.074
nm). From the results of the ZnO:Cu films and
Zn0:Co powder'*"*!, we can conclude that the reason
of increment may be owing to the nonuniform substi-
tution of Cu ions into the Zn sites.

0.3258 - J 05218
0.3256 ~ 05216

% 03254 Y 1 05214 »%
03252 | / — ~ 05212
0.3250 4 0.5210

L 1 1 1 1
001 002 003 004 0035
Content of Cu(x)

Fig.2 Dependence of the cell parameters a
and ¢ on X of Zn,_,Cu, O

3.2 Magnetic Properties

The magnetic properties of Zn; ,Cu,O(x=0, 0.01,
0.02, 0.03, 0.04) were characterized at room tempera-
ture on a vibrating sample magnetometer. Fig.3 shows
the magnetization hysteresis curves of Zn;_,Cu,O
samples at room temperature; all samples show fer-

romagnetic ordering at room temperature except pure
ZnO and with the Cu concentration increasing, the
magnetic moment per Cu atom decreases markedly.
The atom magnet moments of 1%, 2%, 3%, and 4%
Cu doped samples are 0.74, 0.66, 0.40 and 0.19 ug/Cu,
respectively. The largest moment observed was 0.74
us/Cu atom; this value is larger than the experimental
value reported by Herng et al" and lesser than the
theoretical value(1.00 up/Cu). The moment per Cu
atom can be lesser owing to the nanostructured nature
of the material, and weaker interparticle exchange is
also responsible for the low magnetic moment. The
consistent drop in moment per Cu atom of dopant at a
higher Cu concentration can be an increased occur-
rence of antiferromagnetic coupling between Cu pairs
occurring at shorter separation distances, which have
been predicted in earlier theoretical studies. Theoreti-
cal modeling of the Zn, ,Cu,O system indicates that
the location of the Cu atoms with relation to each
other can strongly affect the magnetic properties of the

systemm_lg].
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Fig.3 Magnetization hysteresis curves of Zn,; ,Cu,O

samples at room temperature
Content of Cu, x: a. 0; 5. 0.04; ¢. 0.03; d. 0.02; e. 0.01.

3.3 Photoluminescence Properties

To study the influence of Cu doping on the lumi-
nescence of ZnO, the room temperature photolumi-
nescence(PL) measurements were carried out, and the
PL spectra of Zn,_,Cu,O samples(x=0, 0.01, 0.02) are
shown in Fig.4.

The unique UV band peaks are observed at 384
and 405 nm individually in the entire photolumines-
cence spectrum for undoped ZnO and Zngg9Cug ;0.
The UV emission is originated from excitonic recom-
bination®*?") corresponding to the near-band-edge
(NBE) emission of ZnO. Compared with the PL spec-
trum of undoped ZnO, the UV emission peak of
71 99Cug 0O exhibits a large redshift; this is attri-
buted to the shift of the optical band gap in these
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Fig.4 Room temperature PL spectra of

Zn;_,Cu,O samples
a.x=0;b.x=0.01; c. x =0.02.

samples. A red-shift of the band edge reveals the in-
corporation of Cu in the lattice sites in Zngg9Cug ;0.
This supports the X-ray results on the incorporation of
Cu into the ZnO structure. When doped with
2%(molar fraction) Cu atoms, the sample exhibited
NBE emission at about 384 nm and a broad green
emission centered at about 520 nm. To explain the
green emission in ZnO, various models have been
proposed, for  example, the emission involved

22-25] and O,

O-vacancy(Vo)t , interstitial Zn
, an electronic transition from an

Zn-vacancy(Vz,)?"*
interstitial Zn to a Zn-vacancy, and extrinsic impuri-
ties such as substitutional Cul®). Theoretical investi-
gations have also been reported, that is, the green
emission is owing to intrinsic and extrinsic defects in
ZnOP". In our article, the green emission in the PL
spectrum of Zng 9sCu 02O is mainly attributable to the
extrinsic impurities when most of the Cu atoms have
substituted into the ZnO lattice sites. At the same time,
point defects, such as oxygen vacancies or impurities

also make a contribution to the green emission.

4 Conclusions

In summary, we have prepared Cu-doped ZnO
nanoparticles with the Cu content up to 5%(molar
fraction) by the sol-gel method. The results of XRD
show that the samples(x=<0.04) are single phase with
the ZnO-like wurtzite structure, while a secondary
phase Cu was observed in Zng¢5Cug 50 sample. The
magnetization data of samples doped with up to 4%
Cu show ferromagnetic ordering at room temperature.
The PL spectra of Zn; ,Cu,O all contain a UV band
peak, and a relatively strong green band was obtained

88(24), 242507
[3] Liu X. C., Shi E. W,, Chen Z. Z., et al., Appl. Phys. Lett., 2006,
88(24), 252503
[4] Kane M. H., Shalini K., Summers C. J., et al., J. Appl. Phys., 2005,
97(2), 023906
[5] Norton D. P., Overberg M. E., Pearton S. J., et al., Appl. Phys. Lett.,
2003, 83(26), 5488
[6] Liu L. Q., Xiang B., Zhang X. Z., et al., Appl. Phys. Lett., 2006,
88(6), 063104
[7] Karmakar D., Mandal S. K., Kadam R. M., et al., Phys. Rev. B, 2007,
75(14), 144404
[8] Ueda K., Tabata H., Kawai T., Appl. Phys. Lett., 2001, 79(7), 988
[9] Jung S. W., An S. I, YiG. C,, et al., Appl. Phys. Lett., 2002, 80(24),
4561
[10] Shim J. H., Hwang T., Lee S., et al., Appl. Phys. Lett., 2005, 86(8),
082503
[11] Dietl T., Ohno H., Matsukura F., et al., Science, 2000, 287(5455),
1019
[12] Wei M., Braddon N., Zhi D., et al., Appl. Phys. Lett., 2005, 86(7),
72514
[13] YangJ.H., Zhao L. Y., Zhang Y. J., et al., Solid State Commun., 2007,
143,566
[14] Ye L. H., Freeman A. J., Delley B., Phys. Rev. B, 2006, 73, 033203
[15] Kolesnik S., Dabrowski B., Mais J., J. Appl. Phys., 2004, 95(5), 2582
[16] Herng T. S, Lau S. P, Yu S. F., et al., J. Appl. Phys., 2006, 99(8),
086101
[17] Sato K., Katayama-Yoshida H., Jpn. J. Appl. Phys., 2000, L555
[18] Park M. S., Min B. 1., Phys. Rev. B, 2003, 68(22), 224436
[19] Chien C. H., Chiou S. H., Gao G. Y., et al., J. Magn. Magn. Mater.,
2004, 282,275
[20] Bagnall D. M., Chen Y. F., Zhu Z., et al., Appl. Phys. Lett., 1997,
70(17), 2230
[21] Kong Y. C., YuD. P, Zhang B., et al., Appl. Phys. Lett., 2001, 78(4),
407
[22] Kasai P. H., Phys. Rev., 1963, 130(3), 989
[23] Vanheusden K., Warren W. L., Seager C. H., et al., J. Appl. Phys.,
1996, 79(10), 7983
[24] Kang H. S., Kang J. S., Pang S. S., Mater. Sci. Eng., B, 2003, 102,
313

[25] Yamauchi S., Goto Y., Hariu T., J. Cryst. Growth., 2004, 260(1/2), 1
[26] Liu M., Kitai A. H., Mascher P., J. Lumin., 1992, 54, 35

[27] Bylander E. G., J. Appl. Phys., 1978, 49(3), 1188

[28] Yang X., Du G., Wang X., et al., J. Cryst. Growth., 2003, 252, 1

[29] Dingle R., Phys. Rev. Lett., 1969, 23, 579

[30] Yamamoto T., Katayama-Yoshida H., Jpn. J. Appl. Phys., 1999, 38,

L66



