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Abstract

Nickel oxide (NiO) thin films were deposited on glass substrates by dc reactive magnetron sputtering technique. The influence of oxygen partial
pressure on the structural, microstructural, compositional, optical and electrical properties of NiO films was investigated by X-ray diffraction,
scanning electron microscopy with energy dispersive spectroscopy, spectrophotometer and Hall effect studies. The XRD analysis showed that the
preferred orientation changed from (2 0 0) to (22 0) as the oxygen partial pressure increases. Fine grains were observed at an oxygen partial
pressure of 6 x 1072 Pa. The deposited films exhibited optical transmittance of 60% and direct band gap of 3.82 eV at 6 x 1072 Pa. The Hall
measurements showed that the electrical resistivity of NiO films decreases as oxygen partial pressure increased to 6 x 1072 Pa, thereafter increased

at higher oxygen partial pressures.
© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Nickel oxide (NiO) is a wide band gap semiconductor with
energy gap in the range of 3.6-4.0 eV [1] and exhibits excellent
chemical stability. Because of its interesting optical, electrical
and magnetic properties, it has immense potential in a number of
applications. NiO is a p-type semiconductor with a wide range of
applications such as transparent conductive films [2], spin-valve
giant magneto (GMR) sensor [3-6], gas sensors [7], chemical
sensors [8], electrochromic display devices [9], etc. NiO has a
rock salt crystalline structure and has a lattice parameter
0.4176 nm. It is evident that the improvement of the material
properties can be reached by the optimization of the preparation
conditions. NiO films can be fabricated by different physical and
chemical vapour deposition techniques and numerous attempts
including sputtering [10,11], plasma-enhanced chemical vapour
deposition [12], pulsed laser deposition [13], electrochemical
deposition [14,15], sol-gel [16], and spray pyrolysis [17] have
been used in the preparation NiO thin films. Among these
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methods, reactive sputtering is considered to be most widely
useful technique having high deposition rates, uniformity over
large areas of the substrates and easy control over the
composition of the deposited films. The properties of the
deposited films mainly depend on the deposition parameters such
as substrate temperature, oxygen partial pressure, sputtering
power, sputtering pressure and substrate bias voltage. In the
present study, NiO thin films were deposited using dc reactive
magnetron sputtering technique and studied the effect of oxygen
partial pressure on the structural, microstructural, compositional,
optical and electrical properties.

2. Experimental

NiO thin films were grown on Corning 7059 glass substrates
by using the dc reactive magnetron sputtering from a
homemade circular planar magnetron sputtering system. The
sputtering system is capable of creating an ultimate vacuum of
5 x 10~* Pa. The sputter chamber was pumped with diffusion
pump and rotary pump combination. The pressure in the sputter
chamber was measured using digital Pirani and Penning gauge
combination. A circular planar magnetron of 100 mm diameter
was used as the magnetron cathode. The magnetron target
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assembly was mounted on the top of the sputter chamber such
that the sputtering could be done by sputter down configuration.
A continuously variable dc power supply of 1000 Vand 1 A was
used as a power source for sputtering. A 100 mm diameter and
3 mm thick pure nickel (99.98%) was used as sputter target.
Pure argon was used as sputter gas and oxygen as reactive gas.
The flow rates of both argon and oxygen gases were controlled
individually by Tylan mass flow controllers. Before deposition
of each film, the target was sputtered in pure argon atmosphere
for 10 min to remove oxide layer if any on the surface of the
target. NiO thin films were deposited at various oxygen partial
pressures from 2 x 10~ to 10 x 10~ Pa by keeping the other
deposition conditions such as substrate temperature, sputtering
power and sputtering pressure as constant. The sputtering
conditions maintained during the growth of NiO films are given
in Table 1. The deposited films were characterized by studying
crystallographic structure, morphological, optical and electrical
properties. The crystallographic structure of the films was
analyzed by X-ray diffractometer using Cu Ko radiation
(A =0.1546 nm) of model 3033TT manufactured by Seifert.
The surface morphology was studied by Scanning Electron
Microscope (SEM) of model EVO MA 15 manufactured by
Carl Zeiss, for which an EDS is attached of model Inca Penta
FETx3 manufactured by Oxford Instruments was used for
composition analysis. The optical properties of the films were
carried out by Perkin Elmer Lambda 950 UV-Vis—NIR double
beam spectrophotometer. The FTIR studies were carried out by
using Perkin Elmer Spectrum 100 FTIR spectrometer. The
electrical resistivity and Hall mobility were studied by
employing the van der Pauw method [18].

The sheet resistance (p,) of the films was calculated using
the equation:

e () )

where f'is the van der Pauw correction factor, which depends on
the position of electrical contacts on the film surface
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The electrical resistivity (p) of the films was determined
from the relation

p=ps Xt 3
Table 1

Deposition parameters maintained during the deposition of NiO films by dc
reactive magnetron sputtering at various oxygen partial pressures.

100 mm diameter
and 3 mm thick

Sputtering target pure nickel (99.98%)

Target to substrate distance 70 mm
Substrates Corning 7059 glass
Ultimate pressure (Py) 5x 107 Pa

Oxygen partial pressure (pO,) 2% 107210 10 x 107 Pa
Sputtering pressure (Pw) 4 Pa

Substrate temperature (7s) 523 K

Sputtering power (S;,) 150 W

where ¢ is the film thickness. The Hall mobility (u) of the films
was calculated from the relation

1 = (AR x 10°)Bp, )

where AR is the change of resistance with the applied magnetic
field (B).

3. Results and discussion
3.1. Deposition rate

The deposition rate of the films was directly influenced by
the oxygen partial pressure maintained during the preparation
of the films. The variation of deposition rate with the oxygen
partial pressure was shown in Fig. 1. The deposition rate
decreases from 22.7 to 8.1 nm/min as oxygen partial pressure
increases from 2 x 1072 to 10 x 1072 Pa. At lower oxygen
partial pressures the deposition rate was high due to the high
sputtering yield of nickel and insufficient availability of oxygen
for reaction with nickel. The decrease in deposition rate with
oxygen partial pressure was due to the oxidation of sputter
target resulting low sputtering yield. This type of dependence of
deposition rate on the oxygen partial pressure was also
observed in dc magnetron sputtered Cu,O films [19].

3.2. Structural properties

The X-ray diffraction patterns of the NiO films formed at
different oxygen partial pressures were shown in Fig. 2. The
films were identified to be polycrystalline and retain rock salt
structure. The films prepared at low oxygen partial pressure of
2 x 107% Paexhibited (2 0 0) orientation. As the oxygen partial
pressure increased to 4 x 1072 Pa, the films exhibited (2 2 0)
orientation along with (2 0 0), on further increasing the oxygen
partial pressure to 6 x 102 Pa the intensity of the (2 2 0) peak
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Fig. 1. Variation of deposition rate of NiO films as a function of oxygen partial
pressure.
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Fig. 2. X-ray diffraction patterns of NiO films at various oxygen partial
pressures.

was increased and becomes sharper, and (2 00) peak was
disappeared. With increasing the oxygen partial pressure, the
mean free path of the atoms was changed, as a result the
deposited atoms might have altered their direction, energy,
momentum and mobility, this may be the reason for orientation
change. Beyond this oxygen partial pressure, the intensity of the
(2 2 0) peak was gradually decreased. At higher oxygen partial
pressures, the excess oxygen might induce defects in the films,
which influenced the nucleation and growth of the films,
consequently the degradation of the crystalline quality. These
results were in agreement with the results reported by Lee et al.
[20], who observed that the decrease of crystallinity at higher
oxygen partial pressure in dc reactive magnetron sputtered NiO
films. Fujji et al. [21] was also reported the decrease in the
intensity of (2 00) peak with increasing of oxygen partial
pressure in dc magnetron sputtered NiO films. The increased
intensity of the (2 2 0) peak with increasing the oxygen partial
pressure up to 6 x 107> Pa may be due to an increase in the size
of grains. By comparing between XRD and SEM results, it is
apparent that the (2 2 0) peak of NiO films is related with the
grain growth of the film. The lattice parameter of the films was
also influenced by the oxygen partial pressure. The lattice
parameter of the films was decreased from 0.4202 to 0.4189 nm
with increasing the oxygen partial pressure up to 6 x 10> Pa,
thereafter the lattice parameter was increased to 0.4207 nm at
higher oxygen partial pressure of 10 x 107> Pa. The present
obtained lattice parameter value of 0.4189 nm at 6 x 10~ Pa
was close to the standard value [JCPDS no: 78-0643].

The stress (o) developed in the films was calculated from the
X-ray diffraction data employing the relation [22]

a—ap)

S— (5)

2va,

where E is the Young’s modulus of the NiO (200 GPa), a is the
lattice parameter of the bulk material, a, is the measured lattice

Table 2
Structural information of dc reactive magnetron sputtered NiO films at various
oxygen partial pressures.

pO, (Pa) Orientation Lattice parameter Grain size Stress
(nm) (nm) (GPa)
2x 1072 200) 0.4190 8.28 1.0778
4 %1072 220 0.4202 28.29 1.9961
6 x 1072 220) 0.4189 29.17 1.0091
8 x 1072 220 0.4203 22.17 2.0729
10 x 1072 220) 0.4207 18.98 2.3773

parameter and v is the Poisson’s ratio (0.31). The stress devel-
oped in the films is obtained by the shift in the interplanar
spacing hence change in the lattice parameter. The tensile stress
in the films decreased from 1.9961 to 1.0091 GPa with increas-
ing oxygen partial pressure from 4 x 1072 to 6 x 1072 Pa,
thereafter it increased to 2.3773 GPa at 10 x 10 2 Pa for
(220) peak. The tensile stress developed in the films is due
to the existence of microscopic voids incorporated in the films
during condensation [23].

The grain size (L) of the films was calculated for (2 2 0) peak
by using Scherer’s equation,

_ Ka
~ Bcos

(6)

where K is the correction factor, A is the wavelength of the
incident beam, 8 is the full width at half maximum correspond-
ing to diffraction angle 6.

The grain size of the films increased from 28.29 nm to
29.17 nm with the increase of oxygen partial pressure from
4%x10%t06 x 1072 Pa, thereafter it decreased to 18.98 nm
with increase of oxygen partial pressure to 10 x 102 Pa. The
decreasing of the grain size was attributed to the segregation
of oxygen into the grain boundaries, which causes limited
grain boundary mobility, and therefore a decrease in grain size
[24]. The lattice parameter, grain size and stress of the NiO
films as a function of oxygen partial pressure were given in
Table 2.

3.3. Surface microstructure and composition

The scanning electron microscopy images of NiO films
deposited at various oxygen partial pressures were shown in
Fig. 3. Very smooth and uniform surface was observed at an
oxygen partial pressure of 2 x 10~2 Pa and the fine and uniform
grains were appeared when the films deposited at oxygen
partial pressure of 6 x 1072 Pa. The size of the grains
decreased when the films deposited beyond this oxygen partial
pressure. The Energy Dispersive Spectroscopy (EDS) was
employed to identify the composition of the as deposited NiO
films at different oxygen partial pressures. Fig. 4 shows the
EDS spectra of NiO films deposited at various oxygen partial
pressures. EDS results revealed that all the deposited films
consists of nickel and oxygen and the composition of the films
was varied with oxygen partial pressure (Table 3) and the
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Fig. 3. SEM images of NiO films as a function of oxygen partial pressure (a) 2 x 1072 Pa (b) 4 x 1072 Pa(c) 6 x 1072 Pa (d) 8 x 1072 Pa (e) 10 x 1072 Pa.

content of nickel was decreased as oxygen partial pressure
increased.

3.4. Optical properties

The optical transmittance of the films increased from 45% to
60% with increasing of oxygen partial pressure from 2 x 10>
to 6 x 10 “2Pa. On further increasing the oxygen partial
pressure to 10 x 1072 Pa, the transmittance of the films
decreased to 43% (Table 4). It was observed that the absorption

edge was shifted towards shorter wavelength side with the
increase of oxygen partial pressure up to 6 x 10~2 Pa, which is
correlated with the change in the optical band gap. As the
amount of oxygen partial pressure increases, the transmittance
of films increases, which may be due to the decrease of oxygen
vacancies.

The optical band gap of the films increased from 3.65 to
3.82 eV with the increase of oxygen partial pressure from
2 x 1072 to 6 x 1072 Pa, beyond this oxygen partial pressure
the optical band gap of NiO films was decreased to 3.69 eV. The
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Fig. 4. EDS images of NiO films as a function of oxygen partial pressure (a) 2 X 1072 Pa (b) 4 x 1072 Pa(c) 6 x 1072 Pa (d) 8 x 1072 Pa (e) 10 x 1072 Pa.
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Table 3
The compositional analysis of dc reactive magnetron sputtered NiO films at
various sputtering pressures by Energy Dispersive Spectroscopy (EDS).

Oxygen partial Element Weight % Atomic % Ni/O

pressure (Pa)

2% 1072 O K 12.80 34.99 1.86
Ni K 87.20 65.01

4x1072 O K 15.84 40.87 1.47
Ni K 84.16 59.13

6x 1072 O K 20.78 49.04 1.04
Ni K 79.22 50.96

8 x 1072 O K 24.53 54.40 0.84
Ni K 75.47 45.60

10 x 1072 OK 28.76 59.70 0.67
Ni K 71.24 40.30

Table 4
Optical information of dc reactive magnetron sputtered NiO films at various
oxygen partial pressures.

Oxygen partial Transmittance Optical band
pressure (Pa) (%) gap (eV)
2x 1072 45 3.65

4% 1072 50 3.74

6 x 1072 60 3.82

8 x 1072 56 3.79

10 x 1072 43 3.69

optical band gap obtained at an oxygen partial pressure of
6 x 1072 Pain the present investigation was in good agreement
with the reported value of rf magnetron sputtered NiO films at
523 K by Nandy et al. [25]. However in the literature large
optical band gap of 4.3 eV was reported by Romero et al. [26] in
chemical spray pyrolysis deposited NiO films. Varkey and Fort
[27] reported the lower energy gap of 3.25 eV for NiO films
coated using solution growth method.

From the FTIR studies it was observed that all the samples
were humidity free and exhibits the absorption band around
500 cm ™!, this may be due to the stretching vibration of Ni—O
bond of nickel oxide. Fig. 5 shows the FTIR transmission
spectrum of NiO film deposited at an oxygen partial pressure of
6 x 1077 Pa.

3.5. Electrical properties

The electrical properties of the films were highly influenced
by oxygen partial pressure. Fig. 6 shows the electrical
resistivity of NiO films as a function of oxygen partial
pressures. It was found that the resistivity of the NiO films
decreases from 85.4 to 5.1 Qem with the increase of oxygen
partial pressure from 2 x 1072 to 6 x 107> Pa, and then
increased to 47.3 Qcm at higher oxygen partial pressure of
10 x 1072 Pa. The decrease in resistivity with the oxygen
partial pressure was related to increase in hole concentration
and crystallinity of the films. On the other hand the carrier
concentration of the films increased from 6.0 x 10'® to
2.6 x 10" cm ™ with the increase of oxygen partial pressure
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Fig. 5. FTIR Spectrum of NiO film deposited at oxygen partial pressure of
6 x 107* Pa.

from 2 x 1072 to 6 x 107 *Pa. The increase in hole
concentration with the oxygen partial pressure may be
attributed to increase in shallow acceptor states such as nickel
vacancies and/or interstitial oxygen, resulting from enhanced
oxidization during the sputter deposition [2]. The Hall mobility
measurements indicated that the films were p-type conduction.
The Hall mobility of the films increased from 1.2 to
4.6 cm?* V™' s7! with the increase of oxygen partial pressure
from 2x 1072 to 6 x 1072 Pa, thereafter it decreased to
2.7cm? V!5 at higher oxygen partial pressures. The low
mobility of the films grown under high oxygen pressure is
believed to be due to collisional energy loss of the particles with
oxygen during their arrival towards the substrate surface [28].
This energy loss considerably reduces the surface mobility
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Fig. 6. Variation of electrical resistivity of NiO films as a function of oxygen
partial pressure.
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Table 5
Hall effect data of dc reactive magnetron sputtered NiO films at different
oxygen partial pressures.

pO, (Pa) Resistivity Carrier concentration Mobility
(82 cm) (cm™) (em?V~'s™h
2x1072 85.40 6.0 x 10'° 1.2
4x1072 28.20 8.8 x 10'¢ 2.5
6x 1072 05.10 2.6 x 107 4.6
8 x 1072 19.80 7.8 x 10'° 4.0
10 x 1072 47.30 49 x 10'® 2.7

which gradually impairs the crystal quality. The detailed Hall
effect data was listed in Table 5.

4. Conclusions

NiO films were grown by dc reactive magnetron sputtering
and properties were investigated as a function of the oxygen
partial pressure. XRD results revealed that the orientation of the
films was strongly influenced by the oxygen partial pressure.
The lattice parameter of the films varied from 0.4202 to
0.4189 nm with increase of oxygen partial pressure from
4 x 1072 to 6 x 1072 Pa. The electrical resistivity of the films
decreased with increase of oxygen partial pressure up to
6 x 1072 Pa. The optical transmittance of the films was
increased from 45 to 60% and optical band gap of the films
increased from 3.65 to 3.82 eV with increasing of oxygen
partial pressure from 2 x 1072 to 6 x 1072 Pa, thereafter
optical band gap decreased to 3.69 eV on further increasing the
oxygen partial pressure to 10 x 10~ Pa.
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