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In the present research work, crystallographic, optical, molecular, morphological and magnetic properties of Znj _,CuxO
(ZnCu) and Zn| _x _yCeyCuxO (ZnCeCu) nanoparticles have been investigated. Polyvinyl alcohol (PVA) coated ZnCu and
ZnCeCu nanoparticles have been synthesized by chemical sol-gel method and thoroughly studied using various characteri-
zation techniques. X-ray diffraction pattern indicates the wurtzite structure of the synthesized ZnCu and ZnCeCu particles.
Transmission electron microscopy analysis shows that the synthesized ZnCu and ZnCeCu particles are of spherical shape, hav-
ing average sizes of 27 nm and 23 nm, respectively. The incorporation of Cu and Ce in the ZnO lattice has been confirmed
through Fourier transform infrared spectroscopy. Room temperature photoluminescence spectra of the ZnO doped with Cu and
co-doped Ce display two emission bands, predominant ultra-violet near-band edge emission at 409.9 nm (3 eV) and a weak
green-yellow emission at 432.65 nm (2.27 eV). Room temperature magnetic study confirms the diamagnetic behavior of ZnCu
and ferromagnetic behavior of ZnCeCu.
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1. Introduction (Eg ~ 3.3 eV at 300 K) in near-UV region [6-10].
Its large free exciton binding energy (60 meV) al-
lows efficient excitonic emission over UV and vis-
ible region at room temperature [11, 12]. Some op-
toelectronic properties of ZnO overlap with that
of wurtzite gallium nitride (GaN; E; ~3.4 eV at
300 K, 21 meV to 25 meV, widely used for pro-
duction of green, blue, and white light emitting
devices). As compared to GaN, only high purity
large size single crystals of ZnO can be grown
at laboratory as well industrial level. This might

be due to the single crystal growth manufactur-

In recent years, one-dimensional (1D) nano-
structures like nanowires, nanorods, nanobelts and
nanotubes have attracted a great deal of interest
in academic as well as industrial research [1, 2].
These nanostructures find applications in electronic
devices and circuits, optoelectronic integrated cir-
cuits, electrochemical and electromechanical de-
vices, etc. [3, 4]. Over the last decade, consid-
erable attempts have been made for the develop-
ment of various 1D semiconductor nanostructures

with emphasis on III-V, and II-VI semiconductor
compounds. Among various semiconductor com-
pounds, zinc oxide (ZnO) is considered to be
one of the most important nanomaterials due to
its superior optoelectronic and magnetic proper-
ties [5]. ZnO is a direct wide band gap material

*E-mail: mohitnano.nit@gmail.com

(http://creativecommons.org/licenses/by-nc-nd/3.0/)

ing technology only realized in ZnO, whereas it
has never been available for GaN and other mate-
rials [11]. The development of electronic industry
started with availability of wide gap semiconductor
materials like germanium, silicon, gallium ni-
tride [12]. Consequently, the need of newer wide
gap semiconductor materials with high purity, large
size single crystals has become apparent. This has
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led to an accelerating scientific interest in ZnO in
electronic industry [13]. Other significant proper-
ties of ZnO material, due to which it exhibits in-
teresting application in biomedical and textile in-
dustries is biocompatibility and biosafety [14, 15].
ZnO nanostructures doped with a small amount
of magnetic impurities are among the most in-
teresting new class of magnetic materials which
find potential application in spintronics. The main
challenge for any material to be utilized for spin-
tronic application is to exhibit a Curie tempera-
ture above 300 K. ZnO doped with certain transi-
tion metal ions displays Curie temperature above
300 K, hence enabling its efficient application in
spintronics [16, 17]. For spintronics applications,
Sharma et al. [18], in 2003 confirmed the ferro-
magnetic behavior of ZnO when doped with Mn.
Dopant which is not properly incorporated to the
ZnO lattice, leads to the formation of secondary
phase. This is one of the main obstacles in creat-
ing ferromagnetism in ZnO [19, 20]. The recent
work by Costa-Kramer et al. [19], Garcia et al. [20],
and Liu et al. [21], also confirmed that presence of
magnetic ions is not exclusively responsible for the
magnetic properties of ZnO; it is also strongly de-
termined by defects in ZnO.

In the present research work, structural, opti-
cal, photoluminescence and magnetic properties of
Zn; _xCuxO and Zn;| _x yCeyCuxO (x = 0.05 and
y = 0.04) nanoparticles coated with polyvinyl alco-
hol (PVA) have been investigated. The PVA coated
particles were synthesized by sol-gel method and
characterized by XRD, TEM, FT-IR, PL and VSM.

2. Materials and methods

2.1.

Zinc acetate [(CH3COO),Zn-2H,0], copper
chloride (CuCl;-6H,0) and cerium chloride
(CeCl3-2H,0), polyvinyl alcohol (C,H40),,
ethanol (C;HgO) and acetic acid (C,H40,) were
purchased from Merck Germany. All the glass
wares were rinsed with concentrated HNO3 and
distilled water and dried in an oven. Type-I
deionized (DI) water (Siemens, Singapore) was
used in all the experiments wherever required.

Materials

2.2. Preparation of Zn; ,CuO (ZnCu)
and Zn; y CeyCuyO (ZnCeCu) nano-
structures

For the synthesis of ZnO, doped with copper
(Cu) and co-doped with cerium (Ce), well-known
chemical sol-gel method has been used [22, 23]. In
a typical experimental process, desired molar ra-
tio of precursor solutions were prepared from zinc
acetate [(CH3COO),Zn-2H,0], copper chloride
(CuCl,-6H,0) and cerium chloride (CeCl3-2H,0).
Polyvinyl alcohol (PVA) was used as a stabiliz-
ing agent for ZnO particles. Ethanol (C,HgO) and
acetic acid (C;H40,) were mixed in the ratio of
3:1. Zinc acetate solution was added to it and
stirred for two hours. In this solution, dopant Cu
and co-dopant Ce were added in the desired stoi-
chiometric ratio and stirred for another one hour.
Further, to this molar solution (M), PVA was added
in the molar ratio of M:PVA = 5:2. The reaction
was completed with formation of precipitates. For
the complete crystallization of precipitates, the so-
lution was dried at 250 °C and annealed at 700 °C
for two hours.

2.3. Characterization

The phase purity and crystal structure of the
synthesized samples were determined from X-ray
diffraction patterns recorded using X-ray diffrac-
tometer (PANalytical X Pert Pro) with CuK« radi-
ation source (1.542 A). The size and morphology of
nanoparticles were determined using transmission
electron microscope (H-7500, Hitachi) operated at
an acceleration voltage of 100 kV. Photolumines-
cence (PL) spectra of the Cu and Ce doped ZnO
nanoparticles were recorded using a spectrofluo-
rometer (Cary Eclipse, Varian). Surface stabiliza-
tion of ZnO by PVA and incorporation of Cu and
Ce into the ZnO lattice were analyzed using Fourier
transform infrared (FT-IR) spectrometer (BX II,
PerkinElmer). Magnetic behavior of ZnO doped
with Cu and Ce were analyzed using vibrating sam-
ple magnetometer (7307, Lakeshore).
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3. Results and discussion

3.0.1. Phase and structural analysis of ZnCu
and ZnCeCu

X-ray diffraction patterns of ZnO doped with
Cu and co-doped with Ce, annealed at 700 °C for
two hours have been shown in Fig. 1. The promi-
nent X-ray diffraction lines in the diffractogram
correspond to (1 0 0), (002),(101),(102)and
(1 1 0) reflection planes of ZnO as observed at 20
values of 31.8, 34.6, 36.3, 47.6 and 56.7, respec-
tively. On comparison with standard ZnO sample
(JCPDS# 5-664) [14], the X-ray diffractograms and
20 values of synthesized ZnO were found to be in
fairly good agreement, thus confirming the hexag-
onal wurtzite phase of ZnO with a space group
P63mc for all samples.
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Fig. 1. XRD pattern on ZnCu and ZnCeCu.

Lattice parameters for hexagonal wurtzite ZnO
structure have been calculated using the following
equations [24]:

1 4 (W +hk+k> 12
L (LA o 1
d? 3( a? )+c2 M

A = 2dsin6 2)
where d is the spacing between lattice planes, a and
c are lattice parameters, 0 is the diffraction angle, A
is the incident wavelength; h, k and 1 are the Miller
indices. Based on the whole spectra fitting method,
the values of lattice parameters, i.e. a and ¢ and
crystallite size have been calculated and given in
Table 1.

3.1. Morphological analysis ZnCu and
ZnCeCu nanostructures

Fig. 2 and Fig. 3 show the high magnifica-
tion and resolution images of ZnO doped with
Cu and co-doped with Ce, taken with a transmis-
sion electron microscope (TEM). Fig. 2a shows the
non-agglomerated particles with consistent shapes.
Each spherical cloud consists of three to four par-
ticles. The nanometer bar scale in the TEM im-
age confirms the nanometer size of the synthesized
ZnO particles. Fig. 2b shows the histogram of size
distribution for ZnCu nanoparticles.

The average size of synthesized particles has
been calculated from TEM micrograph by plotting
a histogram, and was found to be 27 nm for ZnCu.
Fig. 3a also shows the bunch of non-agglomerated
particles with consistent shapes. Each spherical
cloud consists of four to six particles. The nanome-
ter bar scale in the TEM image confirms the
nanometer size of the synthesized ZnCeCu parti-
cles. Fig. 3b shows the histogram of size distribu-
tion of ZnCeCu nanoparticles. The average size of
ZnCeCu particles has been calculated from TEM
micrographs by plotting the histogram, and was
found to be 23 nm.

Similar type of morphology and sizes of ZnO
nanoparticles have also been observed by Pal et
al. [25]. The values of average diameter (d) and
length (1) of each particle have been given in
Table 1.

3.2. FT-IR analysis of ZnCu and ZnCeCu
particles

The Fourier transform infrared (FT-IR) spec-
tra of ZnCu and ZnCeCu have been shown in
Fig. 4 and Fig. 5, respectively. The spectra were
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Fig. 3. TEM image of (a) ZnCeCu particles and (b) size distribution.

recorded in the transmittance mode and were used
to study various bands of Zn—O. In the absorp-
tion spectra (Fig. 4) of Cu doped ZnO, a num-
ber of absorption peaks can be observed. The
wave number at 677.23 cm~! is attributed to
C-H bending of alkynes, 1233.62 cm~! corre-
sponds to vibrations of C—N stretching of aliphatic
amines, 1587.34 cm™! corresponds to C—C stretch-
ing of aromatics, 2338.15 cm~' corresponds to
C=N stretching of nitriles and 3638.97 cm~! cor-
responds to vibrations from O-H stretching of
alcohols and phenols. Similarly, in the absorp-
tion spectra of Cu doped and Ce co-doped ZnO
(Fig. 5), we can observe the absorption peaks
at wave number 656.26 cm~! attributed to C—
Br stretching of alkyl halides, 1226.56 cm™!
corresponding to vibrations of C-N stretching

of aliphatic amines, 1698.34 cm~' correspond-
ing to C=O0 stretching of aldehydes and ketones,
2352.78 cm~! corresponding to C=N stretching
of nitriles and 3151.77 ecm™! corresponding to
vibrations of C-N stretching of aromatics. The
bands in the range of 600 cm™! to 800 cm™!
are attributed to the vibration of Zn-O-Cu
and Ce bonds, respectively. The vibrations of usual
bands of ZnO have been changed due to presence
of Cu and Ce. This also confirms that Cu and Ce
are well incorporated in the ZnO lattice.

3.3. PL study of ZnCu and ZnCeCu nano-
structures

Fig. 6 and Fig. 7 show the photolumines-
cence spectra of ZnCu and ZnCeCu samples
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Fig. 4. FT-IR spectra of ZnCu particles.
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Fig. 5. FT-IR spectra of ZnCeCu particles.

(annealed at 700 °C) at an excitation wavelength
of 325 nm (3.81 eV). It shows an ultraviolet (UV)
near-band edge emission at 409.9 nm (3 eV) and
a broad green-yellow emission around 430.22 nm
(2.27 V). UV emission in the samples might be
due to the recombination of free excitons through
an exciton-exciton collision process [26] as well
as transitions of excited optical centers from the
deep level to the valence level (deep-level emis-
sions are usually accompanied by the presence of
structural defects and impurities). Green emission
in ZnCu and ZnCeCu are caused by zinc intersti-
tials, oxygen vacancies [26] and presence of singly
ionized vacancies. Panigrahy et al. [27] proposed
that the intensity of the green-yellow emission de-
creases after annealing the samples in oxygen rich
environment.

160000 - ZnCu
140000 -
120000
100000 /

800004 |

60000

PL Intenstiy (Arb. Unit)

40000 /

20000 \/ 64851 675.51

0 T T | T T T
400 450 500 550 600 650 700

‘Wavelength (nm)

Fig. 6. PL spectra of ZnCu.

In the present research work, annealing of sam-
ples has been carried out at high temperatures
(>700 °C) which led to the variation in the con-
centration of defects, such as oxygen vacancy and
zinc vacancy as compared to unannealed samples.
Thermal diffusion process is mainly responsible for
this phenomenon and due to this, more deep level
defects are created. These deep level defect bands
compete with the UV emission which further de-
creases UV emission intensity in ZnO.
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Fig. 7. PL spectra of ZnCeCu.

After the sample annealing, UV emission in-
tensity depends upon two competing processes: re-
combination on the centers near the surface, which
increases UV emission intensity and the forma-
tion of deep level defects which reduces the UV
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emission intensity. Therefore, the structural and
optical properties can be modified by the sample
annealing.

3.4. M-H study of ZnCu and ZnCeCu

Fig. 8 and Fig. 9 show the magnetiza-
tion (M) versus applied magnetic field (H),
i.e. hysteresis curves (M-H) for ZnCu and
ZnCeCu samples respectively at room temperature.
M-H curves (Fig. 8) show that ZnCu exhibits
diamagnetic behavior whereas ZnCeCu sample
(Fig. 9) displays ferromagnetic behavior. The val-
ues of My calculated from Fig. 8 and Fig. 9 are
0.0023 emu/g and 0.01318 emu/g for ZnCu and
ZnCeCu samples, respectively (Table 1). Magnetic
nanostructures are commonly characterized by a
high value of saturation magnetization (Ms). The
variations in the values of M depend on vari-
ous factors, such as the shape and size of nano-
structures, their stoichiometric ratio, concentra-
tion of dopants, lattice parameters, etc. The ferro-
magnetic interaction mechanism mainly includes
two effects: the Ruderman-Kittel-Kasuya-Yosida
(RKKY) mechanism [28-31] and Bound Magnetic
Polarons (BPM) formation [32]. RKKY is caused
by the interaction of electronic spin of homoge-
nously distributed dopant within the host materi-
als whereas the formation of BMP is caused by the
alignment of the spins in transition metal ions with
those of weakly bound carriers (excitons within a
polaron radius). The localized holes of the polarons
act on the transition-metal impurities, leading to the
production of an effective magnetic field by align-
ing all spins. The BMP model is inherently attrac-
tive for low carrier density systems such as ZnO.

M-H loop of ZnO doped with Cu (Fig. 8) shows
the non-linear magnetic behavior of the compound.
It confirms the diamagnetic nature of ZnCu with
high value of coercive force around the origin. The
value of coercive field (H.) has been found to be
1497 Oe for ZnCu (Table 1). Similarly, M-H loop
of ZnCeCu (Fig. 9) shows the nearly linear behav-
ior of the compound. It confirms the ferromagnetic
nature of the ZnO doped with Cu and co-doped
with Ce, with low value of coercive force around

ZnCu
0.0010
=
»
b
0.0005 - I
\“I\ [ u ll\ u
c " ..\l'l/ W \l.\ u
£ 0.0000 . b}
: LL] g
= g . '\Ff
E \l. II/ v P
L}
-0.0005 - '~\-|(
. ]
\\
.
s
-0.0010- \
T . T L T * T
-6000 -4000 -2000 0 2000 4000 6000
H(O¢)
Fig. 8. M-H hysteresis of ZnCu.
0.015 - ZnCeCu
.l....‘.lll
0.010 o "
./ /l'
| //.
0005 T
® »
=
Eo.ooo /
= J /
-0.005 - /
. | |
| o /
L
-0.010 ol |
P
T
-0.015 1
T T r T T T T T T y
6000 -4000  -2000 0 2000 4000 6000
H(Oe)

Fig. 9. M-H hysteresis of ZnCeCu.

the origin. The value of H; has been found to be
44 Oe for ZnCeCu (Table 1). The small value of
H. shows the overlapping around the origin in the
M-H loop as explained on the basis of both size
dependent as well as magnetic behavior of dopants
Cu and Ce in ZnO.

Generally, in ferromagnetic materials, assem-
blies of single-domain nanoparticles show differ-
ent types of magnetic behavior depending on their
interparticle distances. In recent years much exper-
imental and theoretical work has been carried out
to understand the interactions between the dopants
and host materials [33].
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Table 1. Values of Cu doped and Ce co-doped ZnO
nanoparticles: lattice parameters (a and c), av-
erage particles size (x) from XRD, (x’) from
TEM, remanent magnetization (M;), coercive
field (H,) and saturation magnetization (M).

Sample ZnCu ZnCeCu
a[A] 3.24 3.23
c [A] 5.19 5.18
X [nm] 14.46 11.9
x’ [nm] 27 23
H. [Oe] 1497 44
M; [emu/g] 2.3 3.8
M; [emu/g] 0.0023 0.01318

4. Conclusions

Copper doped and cerium co-doped ZnO
nanoparticles have been successfully synthesized
by sol-gel method using PVA as surfactant. The
XRD pattern reveals the hexagonal wurtzite struc-
ture of the samples. TEM images show the average
particle diameter of 27 nm and 23 nm, for ZnCu
and ZnCeCu, respectively. FT-IR study confirms
the effective incorporation of Ce and Cu in the ZnO
lattice. PL spectra show UV near-band edge emis-
sion at 409.9 nm (~3 eV) and a broad green-yellow
emission band around 432.65 nm (~2.27 eV).
M-H curves show that ZnCu exhibits diamagnetic
behavior whereas ZnCeCu sample exhibits ferro-
magnetic behavior. The saturation value of magne-
tization (M) for ZnCu and ZnCeCu has been found
to be 0.0023 emu/g and 0.01318 emu/g, respec-
tively. Small size of the synthesized particle might
be the reason for higher values of My in ZnCuCe as
compared to ZnCu. Therefore, the synthesized par-
ticles may find wide applications in optoelectronics
as well as spintronics in future.
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