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Abstract

Transparent thin films of nickel doped zinc oxide were deposited on to corning glass substrates via chemical spray pyrolysis using zinc
acetate and nickel nitrate as precursors. Structural, morphological, optical, electrical, dielectrical and impedance properties of the films
as a function of nickel doping concentration as well as inter-particle interactions by complex impedance spectroscopy were investigated.
The deposited films are polycrystalline with a hexagonal (wurtzite) crystal structure along (002) preferential orientation. The films are
highly transparent in the visible region with a transmittance higher than 86%, and have an optical band gap ranging from 3.23 to
3.19 eV depending on the nickel doping concentration. The high electrical conductivity of doped films is explained on the basis of the
presence of oxygen vacancies. Decrease of electrical conductivity due to nickel doping is explained on the basis of compensation of
oxygen vacancies. The dielectric constant and loss tangent as a function of frequency are reported. Interparticle interactions in the
deposited films are studied by complex impendence spectroscopy.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Zinc oxide is an attractive semiconductor for numerous
applications and a building block material for optoelec-
tronic devices because of its large band gap (3.3¢V),
exciton binding energy (60 meV), transparency, chemical
stability, etc. It has tremendous applications such as LEDs,
transparent FETs, photodetectors [1-3], spintronics and
piezoelectric devices [4,5]. However, these applications are
mostly dependent on intrinsic defects or additional defects
[6]. The physical properties of semiconductors are effi-
ciently enhanced by incorporating impurity doping. ZnO is
usually n-type due to electron doping via defects originat-
ing from Zn interstitials and O vacancies in the lattice. The
understanding of the role of various impurities and defects
in ZnO lattice is very crucial.

Yan et al. [7] reported synthesis and optical properties of
Mn and Ni-doped ZnO thin films by sol-gel process in
methyl alcohol. The effect of Ni concentration on the
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structural, electrical, optical, and non-linear optical prop-
erties of the Ni:ZnO thin films was investigated by Abed
et al. [8]. The effective non-linear quadratic and cubic
electronic susceptibilities of thin films were also determined
by the SHG and THG techniques. Liu et al. [9] reported
the growth of Ni-doped ZnO (Zn;_ Ni,O) thin films on
quartz substrates via magnetron sputtering process with
the Ni concentrations of 5, 10 and 20 at%. Pandey et al.
[10] reported the synthesis of a transparent magnetic
semiconductor by incorporating Ni in zinc oxide matrix
prepared by fast atom beam (FAB) sputtering. They
discussed an interaction between free charges generated
by doping and localized d spins of Ni. Combining optical
properties (high transmittance) with the electrical conduc-
tivity and magnetic behavior of Ni-doped ZnO is of
enormous consequence in the field of transparent spintro-
nic devices. Therefore, a detailed study on the transport
and optical transmission is required for better understand-
ing of this material. These films have been prepared by a
variety of techniques like sol—gel [7], magnetron sputtering
[9], Fast atom beam sputtering [10], Pulsed laser deposition
[11], Chemical vapor deposition [12] and spray pyrolysis
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[13,14]. Among many techniques, spray pyrolysis plays an
important role on microstructures, optical, electrical and
magnetic properties of the materials.

Many authors have extensively investigated Ni-doped
ZnO thin films by spray pyrolysis [13,14]. However, all of
them used a mixture of water, acids, methanol and ethanol
as solvents for preparing the spraying solution. Consider-
ing the need for the environmental affability of the
deposition technique, acids and alcohols are harmful and
toxic gases are evolved during pyrolytic decomposition of
the spraying solution in the spray technique. Combining
optical properties (better transparency) with an electrical
conductivity and magnetic behavior of Ni-doped ZnO is of
enormous consequence in the field of transparent spintro-
nic devices. Therefore, a meticulous study on the transport
and optical properties is necessary for better understanding
of this material. In this work, we have studied nickel-
doped ZnO thin films in the perception of their transparent
and electrically conducting properties. The influence of Ni
doping on to structural, morphological, optical, electrical,
dielectrical and impedance properties of zinc oxide host
lattice has been investigated.

2. Experimental

ZnO thin films were grown by chemical spray pyrolysis
onto corning glass substrates using zinc acetate
[Zn(CH5;COO),-2H,0] as a precursor. The precursor
solution was prepared from a mixture of 0.1 M
[Zn(CH;COO0), - 2H,0] 99.99%, A.R. Grade, Himedia
dissolved in double distilled water. To obtain doped ZnO
thin films with nickel was added in solution by using
Ni(NO3).6H,0 compound. The atomic percentages of [Ni/
Zn] were 0.5, 1.0, 1.5, 2.0 and 2.5 at% respectively. It was
observed that for higher doping concentration degradation
of films occurs probably due to a reaction of the solution
with excess nickel. The actual [Ni]/[Zn] ratios in the film
are far less than in the solution. Before loading into the
system, the substrates were washed with detergent and
then completely rinsed in methanol; acetone and double
distilled water and finally dried in air. Then the substrates
were progressively heated up to the required temperature,
before being sprayed on. The resulting solution was
sprayed onto the preheated substrates held at optimized
substrate temperature of 450 °C [15]. Compressed air was
used as a carrier gas. Other preparative parameters, such
as spray rate (5cm’/min), distance between the atomizer
and the substrates (30 cm) were kept constant for all
experiments.

The structural characterization of deposited thin films was
carried out, by analyzing the X-ray diffraction patterns
obtained under Cr-Ka radiation from a Philips X-ray
diffractometer model PW-3710 and surface morphology
was studied using a scanning electron microscope, JEOL
JSM-6360, Japan. Transmission spectra were recorded at
room temperature and near to normal incidence using a
119 SYSTRONICS UV-Vis spectrophotometer. Resistivity

measurements were carried out by two probe method as a
function of temperature. The type of semiconductor was
examined from thermoelectric power (TEP) measurement.
The AC parameters such as capacitance (C) and dissipation
factor (tan o) of the films were measured in the frequency
range from 20 Hz to 1 MHz using an LCR meter (HP 4284
A). The dielectric constant (¢') was calculated using the
relation [16].

3. Results and discussion
3.1. Structural analysis

X-ray diffraction (XRD) patterns of Ni-doped ZnO
(NZO) thin films for different Ni doping concentrations
from 0.5 to 2.5at% at optimized substrate temperature
450 °C are shown in Fig. 1. A matching of the observed
and standard ‘d’ values of NZO using JCPDS card no.
05-0664 confirms the deposited films fit well with the
hexagonal (wurtzite) crystal structure having preferred
orientation along (002) plane. The intensity of (002) plane
increases while the intensity of (101) plane decreases up
to 1.5at% and vice versa, showing crystal reorientation
effect [17]. Relatively prominent ZnO (002) peaks are
attributed to the lower levels of Ni content in the films
and also attributed to the Ni** ions which is substituted
for the Zn>* ions to form the primary phase Ni**:ZnO.
Some weak reflections such as (102) and (103) have also
been observed but with smaller intensities. No peaks
corresponding to metallic Zn or Ni are observed in the
XRD patterns. The average crystallite size of ZnO thin
films is calculated using the Scherrer’s relation [17]. The
crystallite size enhances with doping concentration up to
1.5 at% and then decreases as seen in Fig. 2. The average
crystallite size of the NZO thin films varies from 30 to
36 nm. The dopant atom destroys the initial preferential
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Fig. 1. X-ray diffraction patterns of Ni-doped zinc oxide thin films for
different doping concentrations.
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Fig. 2. Variation of crystallite size with Ni doping concentration.

orientation of the host lattice with increasing doping
concentration while it becomes polycrystalline with van-
ishing textured structure. It is obvious that the Ni doping
modifies the growth mechanism. As seen, the growth rate
increases linearly with increasing the doping level. It is
worth noting that the (002) plane requires lower energy
formation. Therefore, growth rate becomes faster with
increase in Ni doping concentration; consequently the
easiest formation of (002) plane is favored.

3.2. Morphological analysis

Fig. 3 shows the SEM images of Ni-doped ZnO thin
films. All the films are homogeneous, dense, adherent and
grow with thin columnar grains perpendicular to the
substrate. It is apparent that the morphology of the films
has tightly packed grains and relatively smooth surfaces
without any voids and crack. Apparently hexagonal-
shaped granules are seen without any noticeable pinholes,
which are uniformly distributed, giving a smooth surface
morphology. The grain size slightly decreases with increas-
ing the Ni content up to 1.5 at% and then increases. It is
attributed to the impurity effect of Ni on film structure.
i.e., large number of Ni atoms as impurity can lead to a
high nucleation density at initial stage of film growth,
decreasing grain size of the film.

3.3. Optical properties

Fig. 4 shows the optical transmittance spectra of NZO
thin films deposited at various Ni doping concentrations.
They show strong interference fringes due to the multiple
reflections at the interfaces; their observation indicates a
fairly homogeneous film thickness. All these films show
higher transparency in the visible range with an average
transmittance of about 85%. The transmittance falls
sharply at the band edge which is an indication of the
good films crystallinity. Besides, the absorption edge of

NZO films deposited for different doping concentration
shifts to a larger wavelength. This phenomenon indicates
that the optical energy gap is decreased with doping
concentration. For a direct band gap semiconductor, the
optical band gap energy (F,) can be estimated from the
absorption spectrum using to the following relation [18]:

ahv = C(hv—E,)""” )

Optical energy gap (E,) of the films is obtained by
extrapolating linear part of the spectrum (othv)? vs. (hv) to
zero. We observed that the band gap of NZO films
decreases with Ni concentration from 3.23 to 3.19 eV.

3.4. Electrical properties

Fig. 5 shows the variation of In p against (1000/7) for
Ni-doped ZnO thin films. It is well known that the film
microstructure plays an important role in the electrical
properties of the semiconductors. The decrease in dc
electrical resistivity with increasing temperature confirms
the semiconducting behavior of NZO thin films. It is seen
that electrical resistivity decreases with Ni doping concen-
tration up to 1.5 at% and then increases for higher doping
concentration. It is due to the fact that nickel exceeds the
maximum limit of solubility in zinc oxide, producing a
grain boundary segregation of impurities that causes a
dispersion of carriers. The XRD patterns indicate that the
increase of crystallite size results in decrease of grain
boundaries leading to enhancement in conductivity. How-
ever, when the Ni doping ratio exceeds 1.5at% the
conductivity decreases. The higher c-axis preferred orien-
tation results in higher conductivity because of the reduc-
tion in the scattering of the carries at the grain boundaries
[19]. For analysis of defect levels generated in the samples,
the activation energy is calculated by using the relation [16]

p = PoeXp (f—T) (2)
where E, is the activation energy, p the resistivity at room
temperature, k the Boltzmann constant and po is the
temperature independent constant. Fig. 6 depicts the
variation of activation energy with Ni doping concentra-
tion. It shows that, as the doping concentration increases
up to 1.5at% the activation energy decreases showing
lowest value 0.2979 eV and then increases. It is remarkable
that the activation energy increases due to grain relaxation
with porosity. The activation energy shows the position of
the Fermi level compared to that of the conduction band.

3.5. Thermoelectric power

The type of conductivity exhibited by NZO thin films is
determined from thermoelectric power analysis. The polarity
of thermally generated voltage at the cold end is negative
which confirms the films are of n-type. Fig. 7 shows the
variation of thermo-emf against temperature difference for
the films deposited at different Ni doping concentrations. It is
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Fig. 3. Scanning electron micrographs of Ni-doped zinc oxide thin films:

found that, the thermo-emf increases with doping concentra-
tion up to 1.5at% and then decreases for higher doping
concentrations and it varies linearly with difference in
temperature. Relatively higher thermo-emf is observed for
the film deposited at 1.5 at% doping concentration is due to
better crystallinity. The location of Fermi energy and the type
of scattering mechanism in the material decides the Seebeck
coefficient. Seebeck coefficient increases as the Fermi energy
moves further into the energy gap from the bottom edge of
conduction band.

3.6. Dielectric properties

The variation of dielectric constant with respect to fre-
quency at room temperature is shown in Fig. 8. It is seen that
the dielectric constant (¢') decreases suddenly at lower fre-
quencies and remains constant at higher frequencies, showing

(a) 0 at%, (b) 0.5 at%, (c) 1.0 at%, (d) 1.5 at%, (c) 2.0 at% and (f) 2.5 at%.

the dispersion behavior of dielectric constant at lower fre-
quencies owing to the charge transport relaxation time. The
dielectric constant increases up to 1.5 at% Ni doping and then
decreases. The large value of the dielectric constant (2.6 at
1000 Hz) is associated with space charge polarization and
inhomogeneous dielectric structure viz. impurities, grain struc-
ture, defects and pores. The decrease in dielectric constant
takes place when jumping frequency of electric charge cannot
follow the change in applied electric field beyond a certain
critical frequency. Decrease in dielectric constant with fre-
quency is due to decrease in polarization. At lower frequencies,
dielectric loss, tan o, (Fig. 9) is large and it decreases with
increasing frequency. tan ¢ is the energy dissipation in the
dielectric system, which is proportional to the imaginary
part of the dielectric constant. An increase in loss factor at
higher frequencies is may be due to the series resistance of
the electrodes [20]. The appearance of minimum loss with
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Fig. 4. Optical transmittance spectra of Ni-doped zinc oxide thin films.
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Fig. 5. Variation of resistivity with respect to temperature for Ni-doped
zinc oxide thin films.

frequency is a direct consequence of a mathematical analysis
of an equivalent capacitance circuit for oxide dielectric films
[21]. The higher values of dielectric constant and loss tangent
observed at 1.5at% Ni are due to the large surface charge
sorption of the Ni*™ ion in ZnO host lattice.

3.7. Impedance analysis

Fig. 10 represents the real (Z,) and imaginary component
(Z;) in the complex plan for Ni-doped ZnO thin films at room
temperature. The center of the semicircle is localized below the
real axis attributed to a constant phase element. The impe-
dance spectrum is characterized by the appearance of semi-
circle arcs whose pattern changes, but not its shape, when the
doping concentration is increased. Such pattern tells us about
the electrical process occurring within the film and their
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Fig. 6. The variation of activation energy with Ni doping concentration.
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Fig. 7. The variation of thermo emf. with Ni doping concentration.

correlation with their microstructures. Intersect with real axis
of the semicircle at low frequency is attributed to the total
resistance RT. On the other hand, the impedance response of
grain governs at high frequencies and the resistance of grain is
deduced from the left intersect of the semicircle with real axis.
The intercept of semicircle with real axis at low frequency
represents the sum of the resistance of grains and grain
boundaries, while the intercept at high frequency represents
the resistance of grains only. Grain boundary resistance
decreases with doping concentration up to 1.5 at% and then
increases, it seems that grain boundary effect has assisted in
lowering the barrier to the motion of charge carriers. The
impedance value is typically higher at lower temperatures in
the low-frequency region and decreases gradually with increas-
ing frequency. Also Z' decreases with doping concentration up
to 1.5 at% indicating an increase in conductivity as confirmed
from electrical measurements.
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Fig. 9. The variation of loss tangent with Ni doping concentration.

4. Conclusions

The transparent Ni-doped ZnO thin films were successfully
prepared by spray pyrolysis in an aqueous medium. Structural
analysis shows that the pure and Ni-doped ZnO films are
polycrystalline with a hexagonal (wurtzite) crystal structure.
The observed highest visible range transmittance is about 80—
85%. The dielectric behavior shows the electronic polariz-
ability at higher frequencies due to space charge polarization.
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