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Cu (0.1 mol%) doped ZnO nanopowders have been successfully synthesized by a wet chemical method
at a relatively low temperature (300°C). Powder X-ray diffraction (PXRD) analysis, scanning electron
microscopy (SEM), Transmission electron microscopy (TEM), Fourier transformed infrared (FTIR) spec-
troscopy, UV-Visible spectroscopy, Photoluminescence (PL) and Electron Paramagnetic Resonance (EPR)
measurements were used for characterization. PXRD results confirm that the nanopowders exhibit hexag-
onal wurtzite structure of ZnO without any secondary phase. The particle size of as-formed product has

IZ(%WOMS: been calculated by Williamson-Hall (W-H) plots and Scherrer’s formula is found to be in the range
Nanopowder of ~40 nm. TEM image confirms the nano size crystalline nature of Cu doped ZnO. SEM micrographs
XRD of undoped and Cu doped ZnO show highly porous with large voids. UV-Vis spectrum showed a red
SEM shift in the absorption edge in Cu doped ZnO. PL spectra show prominent peaks corresponding to near
TEM band edge UV emission and defect related green emission in the visible region at room temperature and
UV-Vis their possible mechanisms have been discussed. The EPR spectrum exhibits a broad resonance signal at
Eggmluminesce“ce g~2.049, and two narrow resonances one at g~ 1.990 and other at g~ 1.950. The broad resonance signal

at g~2.049 is a characteristic of Cu?* ion whereas the signal at g~ 1.990 and g ~ 1.950 can be attributed to
ionized oxygen vacancies and shallow donors respectively. The spin concentration (N) and paramagnetic
susceptibility (x) have been evaluated and discussed.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction [1-5] antireflection coatings, transparent electrodes in solar cells,

ultraviolet (UV) light emitters, diode lasers, varistors, piezoelec-

Zinc oxide (ZnO) is a direct wide band gap (3.37 eV) I[I-VI semi-
conductor, having high exciton binding energy (60 meV) and has
stable wurtzite structure with lattice spacing a=0.325nm and
¢=0.521 nm. Doping is a widely used method to improve electrical,
optical, and mechanical properties of semiconductor compounds,
facilitating the construction of many electronic and optoelectronic
devices. Doped ZnO is of considerable significance for its use in
industry as information storage materials, fluorescent lamps, con-
trol panel displays, plasma display panels, field effect transistor
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tric devices, surface acoustic wave propagator [6,7], anti bacterial
agent [8], photonic material [9] and for gas sensing [10]. Theoretical
and experimental studies showed that ZnO doped with appropri-
ate transition metals (TM) are diluted magnetic semiconductors
(DMS) [11] which attracted a lot of interest due to their potential
applications in spintronics [12].

Different physical or chemical synthetic approaches have been
developed to produce nano-sized ZnO particles including thermal
decomposition, thermolysis [13], chemical vapor deposition,
sol-gel [14,15], spray pyrolysis, precipitation [16-20] vapor phase
oxidation [21], thermal vapor transport, condensation [22] and
hydrothermal [23,24]. Generally, these preparation methods
involve complex procedures, sophisticated equipment and rig-
orous experimental conditions. Most of these techniques require
high temperatures and long processing time. Indeed, there is great
demand for economically viable synthesis techniques. Solution
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combustion synthesis (SCS) is emerging as a promising technique
for the preparation of nanopowders. This process is simple, fast
and economic, does not require high-temperature furnaces and
complicated set-ups. It can be used for the preparation of all kinds
of oxides [25].

In the present study, SCS is used to prepare the Cu doped ZnO
nano particles. Typically SCS involves a self-sustained reaction in
solutions of metal nitrates and different fuels. The following fea-
tures of SCS contribute to the unique properties of the synthesized
products. First, the initial reaction media existence in the liquid
state (e.g. aqueous solution) allows mixing of the reactants at a
molecular level, thus permitting precise and uniform formulation of
the desired composition on the nanoscale. Second, the high reaction
temperatures (>1000°C) ensure high product purity and crys-
tallinity. This feature allows one to skip an additional step, i.e., high
temperature product calcinations, which typically follow the con-
ventional sol-gel and solid state approach, to achieve the desired
phase composition. Third, the short process duration and formation
of various gases during SCS inhibit particle size growth and favor
synthesis of nanosized powders with a high specific surface area.

2. Experimental
2.1. Synthesis

The stoichimetric quantities of analytical grade Zn(NOs),, Cu(NOs3), and fuel
C2HgN4O, (oxalyl dihydrazide, ODH) are dissolved in minimum quantity of double
distilled water. These quantities determine the total oxidizing (0) and reduction (F)
valencies of the components so that the equivalence ratio v is unity (i.e., O/F=1) and
the energy released by the combustion is at a maximum. The Petri dish containing
this solution was placed in a pre-heated muffle furnace set at 300°C. The solu-
tion boiled resulting in a transparent gel. The gel then formed white foam, which
expanded to fill the vessel. Shortly thereafter, the reaction was initiated somewhere
inthe interior and a flame appeared on the surface of the foam and proceeded rapidly
throughout the entire volume, leaving a white powder with an extremely porous
structure. The energy released from the reaction can produce temperatures in excess
of 1000°C. The reaction is self-propagating and is able to sustain this high temper-
ature long enough, from 1 to 5s typically, to form the desired product. The entire
combustion process was over in about 5 min. The detailed flow chart of combustion
synthesis is illustrated in Fig. 1.

2.2. Instruments

The powder X-ray diffraction studies were carried out using Phillips X-ray
diffractometer (model PW 3710) with Cu Ko radiation (A =1.5405 A). The surface
morphology of the samples was examined using Scanning electron microscopy
(SEM) (JEOL JSM 840A). Transmission Electron Microscopy (TEM) analysis was per-
formed on a Hitachi H-8100 (accelerating voltage up to 200 kV, LaBg filament) (Kevex
Sigma TM Quasar, USA). The UV-Vis spectrum was recorded on a UV-3101 Shimadzu
Visible spectrophotometer. The photoluminescence (PL) studies were carried out
using a Perkin-Elmer LS-55 luminescence spectrophotometer equipped with Xe
lamp (excitation wavelength 250 nm). The EPR spectra were recorded at room tem-
perature using a JEOL-FE-1X EPR spectrometer operating in the X-band frequency
(~9.205 GHz) with a field modulation frequency of 100 kHz. The magnetic field was
scanned from 0 to 500 mT and the microwave power used was 10 mW. A powdered
specimen of 100 mg was taken in a quartz tube for EPR measurements.

3. Results and discussion
3.1. Powder X-ray diffraction (PXRD)

Fig. 2 shows the PXRD profiles of undoped and Cu doped ZnO
nanopowders. All diffraction peaks corresponding to (100),(002),
(101),(102),(110),(103),(112) planes were in agreement with
typical hexagonal wurtzite structure of pure ZnO. No additional
peaks corresponding to any secondary or impurity phase were
observed which confirms the phase purity of the sample. Quantita-
tive information concerning the preferential crystallite orientation
was obtained from the texture coefficient TC(h k I) defined as

(Tnia/To)
(3= Tnia/1o)

TChkl = x 100% (1)
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Fig. 1. Flow chart for the combustion synthesis of ZnO:Cu nanopowders.

where I(hkl) is the measured relative intensity of a plane (hkl),
and Ip(hkl) is the standard intensity of the plane taken from the
JCPDS data. The value TC(hkl)=1 represents randomly oriented
crystallite, while higher values indicate the abundance of grains
oriented in a given (h k) direction. From the texture coefficient val-
ues obtained, (100), (002), and (101) planes are the preferential
crystallite orientation for the nano-sized ZnO particles fabricated
in this study. The average crystallite size (D) was estimated from
the Debye-Scherrer’s equation
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Fig. 2. PXRD patterns of undoped and Cu doped ZnO nanopowders.
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Fig. 3. W-H plots of (a) undoped ZnO and (b) Cu doped ZnO nanopowders.

where A represents the wavelength of the X-ray radiation, g is the
full width at half maximum (FWHM) of diffraction peak (in rad)
and 6 is the scattering angle. The crystallite size calculated for Cu

doped sample (37 nm) was found to be less compared to undoped
ZnO (40 nm).

A small shift in the position of main peaks (Inset of Fig. 2) to the
lower side of 26 values and broadening of XRD peaks are observed
for Cu doped sample. A peak shift in XRD profiles arises due to the
presence of micro strains in the sample [26] but the line broad-
ening might also be observed. It is commonly accepted that XRD
line broadening may be the result of pure size, or micro strain,
or both size and micro strain broadening. Williamson and Hall
(W-H) have suggested a method [27] combining the domain size
and lattice micro strain effects on line broadening, when both are
operative. The W-H approach considers the case when the domain
effect and lattice deformation are both simultaneously operative
and their combined effects give the final line broadening FWHM
(B), which is the sum of 8 (grain size) and 8 (lattice distortion). This
relation assumes a negligibly small instrumental contribution com-
pared to the sample-dependent broadening. W-H equation may be
expressed in the form

,Bcos@:%+4asir19 (3)
where ¢ is the strain associated with the nanoparticles. Eq. (3) rep-
resents a straight line between 4sinf (X-axis) and Bcos6 (Y-axis).
The slope of line gives the strain (¢) and intercept (kA /D) of this line

Fig. 4. SEM images of undoped (a and b) and Cu doped (c and d) ZnO nanopowders.
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Fig. 5. TEM image of Cu doped ZnO nanopowder (selected area electron diffraction
(SAED) patterns).

on Y-axis gives grain size (D). Fig. 3 shows W-H plots of (a) undoped
and (b) Cu doped ZnO samples. The XRD data of all the (h k) planes
were used to construct the W-H plots. It is observed that the strain
for Cu doped sample (1.212 x 10-3) is greater than that of undoped
ZnO (0.906 x 10-3). This increase in strain causes the broaden-
ing and shift in XRD peaks in Cu doped sample. The crystallite
size calculated from the Y-intercept in W-H plots for Cu doped
sample (40 nm) was found to be less compared to undoped ZnO
(42 nm). These values are in good agreement with that obtained
from Debye-Scherrer’s equation.

3.2. Scanning and transmission electron microscopy (SEM and
TEM)

The surface morphology of undoped and Cu doped ZnO samples
is studied using SEM (Fig. 4). It can be clearly observed from low
resolution SEM images that, the powders show many agglomerates
with an irregular morphology. In case of undoped ZnO, particles
are connected to each other to make large network systems with
irregular pore sizes and shapes (Fig. 4a and b). In Cu doped ZnO, the
powder shows honeycomb structure with broken type of hollow
shells formed by the escaping gases during combustion (Fig. 4c).
This type of porous network with lot of voids is typical of com-
bustion synthesized powders due to escaping gases. These porous
powders are highly friable which facilitates easy grinding to obtain
finer particles. Higher magnification SEM micrograph shows the
presence of several small particles within the grains (Fig. 4d). It
can be observed that the crystallites have no uniform shape. This
is believed to be related to the non-uniform distribution of tem-
perature and mass flow in the combustion flame. Fig. 5 depicts the
TEM image of Cu doped ZnO particles which are quasi-hexagonal in
shape having average size in the range of 40-50 nm. This was also
confirmed by Debye-Scherrer’s equation and W-H plots. Hence, it
can be concluded that the obtained particles are not polycrystalline
in nature. Further, the same results are confirmed by selected area
electron diffraction (SAED) patterns shown in Fig. 5.

3.3. Fourier transformed infrared spectroscopy (FTIR)

The purity and molecular structure of product were analyzed
by the FTIR spectroscopy. Fig. 6 shows the FTIR spectrum of the
undoped and Cu doped ZnO nanocrystalline powder which was
acquired in the range of 400-4000 cm~!. The two peaks at ~3428
and 1590cm™! are attributed to O-H stretching vibration and
H-0-H bending vibration, which are assigned to small amount
of H,0 existing in the nanocrystalline ZnO. The peak at 420 cm™!

ZnO:Cu

Undoped ZnO

% Transmittance

1 1 1 1 1 1 1
500 1000 1500 2000 2500 3000 3500 4000

Wavenumber (cm™)

Fig. 6. FTIR spectra of undoped and Cu doped ZnO nanopowders.

is ascribed to Zn-O0 stretching vibration. No other impurity peaks
related to other groups are observed which shows the purity of the
sample.

3.4. UV-Visible absorption spectrum

UV-Vis spectroscopic measurements were carried out at room
temperature to study the effect of Cu doping on ZnO in the range
300-800 nm. The UV-Vis absorption spectrum of undoped and Cu
doped ZnO sample is shown in Fig. 7. A red shift in the absorp-
tion edge is observed in Cu doped ZnO which may be related to
formation of shallow levels inside the band gap due to doping. The
optical energy band gap Eg of samples was estimated using the Tauc
relation [28]

(ahv)~(hv — Eg)'/? (4)

where hv is the photon energy and « is the optical absorption
coefficient near the fundamental absorption edge. The absorption
coefficients were calculated from the optical absorption spectra.
The optical band gap of ZnO is obtained by plotting (achv)? versus
(hv) in the high-absorption range followed by extrapolating the
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Fig. 7. UV-Vis spectra of undoped and Cu doped ZnO nanopowders.
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Fig. 8. Band gap of undoped and Cu doped ZnO nanopowders.

linear region of the plots to (aehv)? =0 (Fig. 8). From the figure it
is seen that the Cu doped ZnO sample has an optical energy band
gap of 3.04 eV that is lower than that of the undoped ZnO (3.28 eV).
Similar red shift in energy band gap of transition-metal doped I1-VI
semiconductors was reported by Diouri et al. [29,30] which was
attributed to the p—d spin-exchange interactions between the band
electrons and the localized d electrons of transition-metal ion sub-
stituting the cation. Elilarassi et al. [31] observed a red shift in the
band gap in Cu doped ZnO nanoparticles synthesized by solid state
reaction method. Ferhat et al. [32] also found a reduction of band
gap in Cu doped ZnO. The analysis of the partial density of states
reveals that narrowing of ZnO band gap is due principally to the
strong p—d mixing of O and Cu. The mechanism behind the s-d and
p-d exchange interactions was theoretically explained by Bylsma
et al. [33] using the second-order perturbation theory which was
attributed to the band gap shrinkage. The red shift in band gap of
combustion derived Cu doped sample confirms the uniform substi-
tution of Cu for Zn ions in the lattice.

3.5. Photoluminescence (PL) studies

Fig. 9 shows the typical room temperature photoluminescence
spectrum of as-prepared undoped and Cu doped ZnO nanopowders.
In case of undoped ZnO, a high-intensity sharp peak at 418 nm in
the violet-region was observed while low intensity peaks at 486

250
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8 nm Undoped ZnO
200
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& 150
2
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£ 100
-
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50 486 nm
527 nm
0 1 1 1 1
350 400 450 500 550 600

Wavelength (nm)

Fig. 9. PL emission spectrum of undoped and Cu doped ZnO nanopowders
(Aexi =325nm).

and 527 nm were observed in the blue-green and green region.
However, the PL spectra of copper-doped ZnO samples consist of
an additional peak in the ultra violet band centered at 400 nm. The
ultraviolet-emission also known as near band edge emission (NBE)
of the wide band gap ZnO is attributed to the exciton transition from
the localized level below the conduction band to the valance band
[34,35] while defect related visible emissions in ZnO nanomaterials
may be ascribed to the intrinsic defects such as oxygen vacancies
(Vo), Zinc vacancies (Vzy ), oxygen interstitials (O;), Zinc interstitials
(Zn;) and oxygen antisites (Oz,) [36,37]. The blue-green emission
centered at 486 nm is due to a radiative transition of an electron
from the deep donar level of Zn; to an acceptor level of neutral
Vzn [38]. The green emission at 527 nm is attributed to radiative
transition of an electron from the deep donor level of Zn; to an
acceptor level caused by singly ionized charged state of the defect
Vzy~ in ZnO [39-42] as illustrated in the energy level diagram
(Fig. 10) representing the emission probabilities from respective
luminescence centers. Cu-doping can effectively reduce the defects
such as oxygen vacancies and zinc vacancies in ZnO nanocrystals
[31,43,44]. Thus, in Cu doped ZnO sample, the intensity of defect
related green emission decreased slightly with enhanced UV emis-

Conduction band

J +
t 0.4 eV Zn;
: 400 nm —>
3.3-3.5eV | Band edge 486 nm C—>527nm
emission
—>418 nm
VZn-
—_—
A
Vzn 0.61 eV

v 7 v 0.4 eV v

Valence band

Fig. 10. Energy levels of defects present in the band gap of ZnO.
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Fig. 11. EPR spectrum of Cu doped ZnO nanopowder.

sion. This strongly depicts that the concentration of the defects
responsible for deep-level emissions could be reduced by Cu doping
in ZnO and also it is possible to tune the UV emission.

3.6. Electron paramagnetic resonance (EPR) studies

Fig. 11 shows the EPR spectrum of Cudoped ZnO nanocrystalline
powder recorded at room temperature. The EPR spectrum exhibits
a broad resonance signal at g~ 2.049, and two narrow resonances
one at g~ 1.990 and other at g~ 1.950. The broad resonance sig-
nal at g~2.049 is a characteristic of Cu?* ion. It is evident from
literature that, various behaviors of ZnO are due to the presence of
native defects, such as oxygen vacancies and zinc vacancies. Most of
the experimental investigations of oxygen vacancies in ZnO to date
have relied on the EPR measurements. Many of these studies fall on
two categories based on the g-factor: one set of reports associates
oxygen vacancies with g~ 1.960, the other with g~ 1.990. There is
overwhelming evidence that oxygen vacancies are actually asso-
ciated with the g~ 1.990 line. Therefore, EPR signal in the present
study at g~ 1.990 has been unambiguously assigned to singly ion-
ized oxygen vacancies [45,46]. The resonance signal observed at
g2~1.950 can be attributed to shallow donors and it shows slight
anisotropy due to the wurtzite crystal structure. In general this sig-
nal will be observed in nano crystals with diameters larger than
20 nm, due to the random orientations of the nanocrystals and this
signal is isotropic [47].

3.7. Calculation of spin concentration (N)

The number of Cu?* ions participating in resonance can be cal-
culated by comparing the area under the absorption curve with
that of a standard (CuSO4-5H;0 in this study) known concentra-
tion. Weil et al. [48] gave the following expression which includes
the experimental parameters of both sample and standard.

_ Ax(Scan)’ Gota(Bm s (€sta) [S(S + Dlra(Psta)'
Asta(Scane)* Gu(Bim)y(&sta)*[S(S + D] (P)'/?

where A is the area under the absorption curve which can be
obtained by double integrating the first derivative EPR absorption
curve, scan is the magnetic field corresponding to unit length of
the chart, G is the gain, By, is the modulation field width, g is the
g factor, S is the spin of the system in its ground state. P is the
power of the microwave source. The subscripts ‘x’ and ‘std’ repre-
sent the corresponding quantities for Cu?* in ZnO sample and the
reference (CuSO4-5H,0) respectively. The number of Cu2* ions par-
ticipating in resonance for g=2.049 at room temperature is found
to be 1.55 x 1022,

N [std] (5)

3.8. Calculation of paramagnetic susceptibility (x) from EPR data

The EPR data can be used to calculate the paramagnetic suscep-
tibility of the sample using the formula [49]

_Ng?BJU+1)

X= kpT (6)

where ‘N’ is the number of spins per m3, ‘B’ is the Bohr magneton, ‘|’
is the total angular momentum, ‘kg’ is the Boltzmann constant and
‘T is the absolute temperature. The number of spins ‘N’ can be cal-
culated by double integrating the first derivative EPR spectrum and
g=2.049 is taken from EPR data. The paramagnetic susceptibility at
room temperature is found to be 3.96 x 10~3 emu/mol. We chose
to determine the spin susceptibility from EPR, because this tech-
nique has several advantages over a static measurement, where a
diamagnetic contribution must be subtracted.

4. Conclusions

Cu has been successfully incorporated into ZnO lattice by solu-
tion combustion method at much lower temperature. PXRD pattern
shows that the nanopowders have typical hexagonal wurtzite
structure with particle size in the range of ~40 nm. The charac-
terization of the samples confirmed that Cu dopant substitute for
Zn cation sites homogeneously. For undoped ZnO, the particles
are connected to each other to make large network systems with
irregular pore sizes and shapes whereas, in Cu doped ZnO, the
powder shows honeycomb structure with broken type of hollow
shells formed by the escaping gases during combustion. A red shift
and narrowing of band gap in Cu doped ZnO is due principally
to the strong p-d mixing of O and Cu and it confirms the incor-
poration of Cu into ZnO lattice. From PL study, slight decrease in
the green emission and enhancement of UV emission in Cu doped
ZnO might be due to the decrease in defects. The EPR spectrum
exhibits a broad resonance signal at g ~ 2.049, and two narrow reso-
nances one at g~ 1.990 and other at g ~ 1.950. The broad resonance
signal at g~ 2.049 is a characteristic of Cu2* ion whereas the sig-
nal at g~ 1.990 and g~ 1.950 can be attributed to ionized oxygen
vacancies and shallow donors respectively. The number of spins
participating in resonance and its paramagnetic susceptibility (x)
is found to be 1.55 x 1022 and 3.96 x 10~3 emu/mol respectively.
We chose to determine the spin susceptibility from EPR, because
this technique has several advantages over a static measurement,
where a diamagnetic contribution must be subtracted.
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