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Abstract Thin films of NiO (bunsenite) with (200)
preferential orientation were synthesized on glass sub-
strates by direct current sputtering technique in Ar+O,
atmosphere. Nanostructural properties of the NiO films
were investigated by X-ray diffraction and also by atomic
force microscopic (AFM) studies. Electrical and optical
properties of the deposited films were investigated as a
function of different partial pressure of oxygen in the
sputtering gas mixture during deposition. The films showed
p-type electrical conduction and the conductivity depends
on the partial pressure of oxygen. The electrical conduc-
tivity (ort) was found to be .0615 S cm™ for films
deposited with 100% O, and its value sharply decreased
with the decrease the partial pressure of O,; for example
or for 50% O, was 6.139 x 10 S cm™. The mechanism
of the origin of p-type electrical conductivity in the NiO
film is discussed from the viewpoint of nickel or oxygen
vacancies, which generate holes and electrons respectively.
X-ray photoelectron spectroscopic studies supported the
above argument. Corresponding optical properties showed
that the transparency decreases with increasing oxygen
partial pressure and the bandgap also decreases.
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Introduction

Nickel oxide (NiO), with excellent chemical stability,
having a wide band gap in the range 3.6-4.0 eV [1], as well
as interesting optical, electrical and magnetic properties,
has immense potential in a number of applications. NiO
thin films have been widely investigated as a promising
material for the possible applications in spin-valve giant
magneto resistance (GMR) sensor [2-5], gas sensors [6],
chemical sensors [7], electrochromic display devices [8],
p-type transparent conducting electrodes [9] etc. NiO has a
rock salt crystalline structure (i.e NaCl-type structure) and
has a lattice constant of 0.417 nm. Numerous attempts
including sputtering [10, 11], electron beam evaporation
[12, 13], and sol-gel technique [14] have been used for the
synthesis of NiO thin films. NiO thin films usually exhibit
p-type conduction due to holes generated by Ni vacancies
in the lattice. Recently, various theoretical methods for the
calculation of the electronic states in NiO, using Low Spin
Density Approximation (LSDA), LSDA + U, or GW
approximation can be found in the literature [15, 16].
However, the behavior of NiO as a p-type semiconductor is
not yet fully understood. Also, the electronic structure of
NiO makes it an interesting candidate for material research.

The electrical conductivity of undoped NiO has a strong
dependence on the formation of microstructural defects,
such as nickel vacancies and interstitial oxygen in NiO
crystallites [17]. With proper thermal treatment, it becomes
slightly non-stoichiometric, acquiring an excess of oxygen,
which is compensated by the oxidation of some Ni** to
Ni**. In the ground state the extra charge of Ni** is trapped
close to the Ni vacancy [18] and can move only by an
activated hopping process similar to that exhibited by ionic
diffusion. Therefore this kind of compound is generally
denoted as a hopping semiconductor [19]. By controlling
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the resistivity and thickness of NiO thin films, it is ex-
pected to enhance the utility in current applications as well
as creating new ones. Literature survey indicated that the
synthesis of NiO film by dc sputtering of NiO target is
scanty and more work is necessary to decipher its con-
duction mechanism. In this paper we have investigated the
electrical and optical properties of direct current sputter
deposited highly oriented NiO thin films as a function of
oxygen partial pressure.

Experimental procedure
Target preparation for sputtering

NiO target for the sputtering was fabricated by compacting
nickel oxide powder (99.99%, Sigma Aldrich) taking in a
grooved aluminium holder of 5 cm diameter and applying
a suitable hydrostatic pressure (~100 kg/cm?). The fabri-
cated NiO target was placed in the DC sputtering chamber
for the deposition of nanocrystalline thin films on glass and
Si substrates for different partial pressure of oxygen in the
sputtering gas mixture.

Film synthesis and characterization

DC Sputtering [20] is a well known technique for the
deposition of thin films. For the synthesis of NiO thin films
we used DC sputtering for different partial pressure of
oxygen in the oxygen + argon gas mixture, keeping the
other sputtering parameters unaltered (substrate tempera-
ture, substrate to target distance, HT power, deposition
time etc.). Both the argon and oxygen gas flows were
controlled by mass flow controllers. Although bulk NiO is
not really a good conductor and hence DC sputtering is not
usually attempted for the synthesis of NiO thin film. The
reason of origin of moderate conductivity of NiO is the
presence of excess oxygen as NiO is a defect semicon-
ductor. During sputtering in oxygen atmosphere (either
100% or less) the resistivity of the NiO target decreased
due to increase of oxygen concentration in the lattice.
Hence although the sputtering rate was not as good as in
the case of a conducting target an average moderate sput-
tering rate of ~5 nm/min was achieved by DC sputtering.

The chamber was initially evacuated by a standard ro-
tary and diffusion pumping arrangement to a base pressure
of 107® mbar and the sputtering pressure was 0.2 mbar.
Table 1 gives the details of sputtering parameters used
during deposition. For all the films, the deposition time was
150 min and the substrate temperature was kept at 350 °C.
X-ray diffraction pattern was recorded by an X-ray dif-
fractometer (Bruker D8 Advance) in the 20 range 20-70°

using CuK, radiation (4 = 0.15406 nm) operated at 40 kV
and 40 mA. A UV-Vis-NIR spectrophotometer (Shimadzu-
UV-3101-PC) was used to determine the optical properties.
It is a double beam spectrophotometer with integrating
sphere attachment for reflectance measurement within the
wavelength range of 190-2600 nm. The bond vibrational
energy of Ni-O was determined by a Fourier-transformed
infrared spectrometer (FTIR, Shimadzu 8400S). The sur-
face morphology of NiO thin film was studied by an atomic
force microscope (NT-MDT, Solver Pro) with the scanning
region 25 pm?® The sheet resistance and temperature
dependence of the electrical conductivity of the films were
studied by a linear four-probe method using a Kiethley
electrometer (Model 6514) from 300 K to 550 K. The
thickness of the films varied in range 700-800 nm with the
increase of oxygen partial pressure (as measured by cross
sectional SEM measurement, not shown here) for the same
deposition time of 150 min. Considering the correct
thickness of each film, the electrical conductivity was
calculated. X-ray photoelectron spectra were recorded by
an XPS system (Specs, Germany) with a hemispherical
analyzer (HSA-3500).

Results and discussion
Crystalline structure
XRD analysis

Figure 1 shows the XRD patterns of the nickel oxide (NiO)
film deposited on glass substrates for different oxygen
partial pressure. It is seen from the XRD pattern that the
crystalline structure of cubic NiO (bunsenite) film is highly
(200) oriented with ag = by = ¢ = 4.178 [21]. The rela-
tively sharp (200) diffraction peaks imply that the films
have a good quality of crystallinity and preferential ori-
entation. Fig. 1 indicates that as the partial pressure of
oxygen increases, the (200) peak intensity of NiO thin films
also increases. It is also noticeable from the XRD pattern
that the NiO thin films showed crystallinity even when the
oxygen partial pressure is 0; i.e. the films were deposited
only in Ar atmosphere. This is in contradiction with the
results reported by Lee et al. [22] who indicated that the
crystallinity was achieved only when the percentage of
oxygen was greater than 3%. From the XRD pattern using
Sherrer equation we get the particle size of NiO thin films
are around 10-11.7 nm.

AFM studies and FTIR analysis

An atomic force microscope was used for scanning a
5 um X 5 pm area of the NiO films for examining the
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Table 1 Details of deposition parameters

Electrode distance 1.5 cm
Sputtering pressure 0.2 mbar
Substrate Glass and Si
Deposition time 150 min
Substrate temperature 350 °C
Sputtering voltage 2 kV
Current density 1.5 mA/em?

Volume percentages of O, 100%, 80%, 70%, 50%, 20%, 0%

surface morphology. From the AFM images (not shown
here) the particle size of NiO was also obtained and it was
observed that the particle size has a sharp distribution
having a mean value ~15 nm.

The Ni—O orbitals are formed by the overlapping be-
tween the 3d® and 4s” orbitals of Ni atom and the 2p*
orbitals of the O atom. From the orbital diagram of ground
state of NiO, as shown schematically in Fig. 2, it can be
seen that the &% orbital is nonbonding, do? and 7% orbitals
are weakly antibonding and the remaining orbitals (¢°7*)
are bonding. There are also nonbonding 4s¢” orbitals
formed from the valance 4s orbitals of Ni [23-28, 29]. The
ground electronic state is known to be a *X~ state having an
electronic configuration that can be approximately de-
scribed as ... (80)*(31)*(10)*(90)*(4n)* [28] with sub-
stantial ionic character. FTIR spectra (not shown here) of
the films deposited on Si substrates clearly showed
absorptions bands corresponding to vibrational mode of
Ni-O bonds. The observed peak was at around 848 cm™
which is assigned due to the bond vibration of Ni-O at
ground state [29] and another peak at 666 cm™ for anion
state [29].
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Fig. 1 XRD pattern of NiO thin film on glass substrate for different
partial pressure of oxygen
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Fig. 2 Schematic diagram showing molecular orbital diagram of the
35" ground state of NiO showing the mixing of atomic O and Ni
orbitals

Electrical conductivity measurements

Figure 3 represents the temperature variation (from 300 K
to 575 K) of the electrical conductivity (o) of the films for
different percentage of oxygen (100%, 80%, 70% and
50%) present in the sputtering gas at a constant substrate
temperature of 350 °C. An increase of the room-tempera-
ture conductivity (or) was observed with the increase in
partial pressure of O, It was seen that at the presence of
100% O, the oy is 0.0615 S cm™! and it sharply decreases
with the decrease of partial pressure of O,; gt for 50% O,
is nearly about 6.139 x 10° S cm™. For films deposited
with 0% O, the electrical conductivity of the film was so
low that we could not measure in our conductivity setup.
From the conductivity versus temperature plot we calcu-
lated the activation energy of NiO by using the following
relations:

o= 6()e’E“/kT

or

E, = {In(ay) — In(0)} x kT

where ¢ represents the electrical conductivity, k the
Boltzman constant and E, is the activation energy. The
details of orT and activation energy have been furnished in
Table 2. From Fig. 3 it can also be observed that the
conductivity increases as temperature increases and nearly
above 450 K the difference of conductivity between dif-
ferent partial pressure of O, was very little.
Non-stoichiometric nickel oxide is referred to as the p-
type extrinsic semiconductors [30] in which vacancies
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Table 2 Electrical conductivity at 300 K and activation energy at
different oxygen percentages

Sample no orr (S cm™) E, (meV)
NiO-(100%) 0.062 224
NiO-(80%) 0.0078 277
NiO-(70%) 0.0037 289
NiO-(50%) 6.14 x 1075 363

occurred at cation sites. For each cation vacancy there must
be two holes formed. The overall reaction can be explained
as bellow [31, 32]:

1
502(8) = 0, + Vi + 2Niy;

where V{; represents the Ni?* vacancy and the 2Ni”’y; act
as Ni*> jons. From the above relation it is clear that the
defects, Ni%* ion vacancies, are the cause for holes con-
ductivity. Each vacancy of Ni** is replaced by two Ni**
ions which increase the holes as carriers in NiO.

Figure 4 shows the schematic diagram of cation vacancy
created due to non-stoichiometric NiO. It can be noticed
that there is some excess oxygen comparing to the number
of metal ions, but as a whole the total system is charge
neutral. Therefore the holes are responsible for the elec-
trical conductivity of the undoped NiO. Then finally nickel
oxide, when it acts as a p-type material, can be written as
[33]:

[Ni*, VNi3[]O

It was also shown that the electrical conductivity is
proportional to the transfer of positive charge from cation
to cation through the lattice [32, 34]. i.e.
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Fig. 3 In(o) versus 10%/T plots of NiO thin film for different partial
pressure of oxygen
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Fig. 4 Schematic diagram showing cation vacancies trapping
positive holes (p) in non-stoichiometric NiO

Therefore the resistivity can be lowered by an increase
of Ni** ions resulting from an addition of monovalent
atoms such as lithium or by the creation of nickel vacancies
and/or interstitial oxygen in NiO crystallites [35].

According to the Mattiessen’s formula [36] the total
resistivity [p7] in the film is a result of various electrons
scattering processes, which can be described by the fol-
lowing equation:

P =P+ Pt Pp

where pty, p1 and pp defined as thermal, impurity and
defect resistivity respectively. At a constant temperature
and for an undoped film, resistivity of NiO film is mainly
determined by the defect resistivity component. From the
previous explanation it can be said that this defect of NiO
films is due to interstitial oxygen that occurs to create
vacancies for Ni** ions. As a result, excess of oxygen in
NiO creates vacancies in normally occupied Ni sites. To
preserve overall electrical neutrality in the crystal, two Ni**
ions must be converted to Ni** ions for each vacant Ni**.
When an electron hops from a Ni** site to a Ni** site, it is
as if a positive hole moves through the Ni** sites. There-
fore NiO with excess of oxygen is p-type semiconductor
[37]. To verify the above conjecture X-ray photoelectron
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spectroscopic study was performed for the deposited NiO
thin films.

X-ray photoelectron spectroscopic measurement

Figure 5 shows the XPS spectra corresponding to Ni2ps,,
and 2p,,; levels. The binding energies for Ni2ps/, and 2py,»
were located at 855.55 eV and 873.53 eV respectively. For
the Ols spectra peak at 530.6 eV was detected. It can be
seen clearly, that the intensity of Ols peak is increasing
with the higher amount of oxygen presence in the atmo-
sphere at the time of deposition of NiO films. The binding
energy of Ni** and Ni’* of NiO and Ni,O; are chosen to
deconvolute the spectra of Ni2ps,,. Here Ni** cations are
for the defects occurred in non-stoichoimetric NiO. The
binding energies of Ni** of NiO and Ni** of Ni,Oj for the
Ni2p;/, peak are located around 854.6 eV and 857.2 eV
[38] respectively. Figure 6a,b shows the deconvoluted
peaks of Ni** and Ni** 2p/, peaks of non-stoichoimetric
NiO films for complete oxygen and argon atmosphere
respectively. As we have explained previously that the
conductivity of NiO films is due to the defects structure of
the non-stoichoimtric NiO, where Ni** cations are occu-
pying the vacant positions of Ni** ions as oxygen partial
pressure increases. The integrated peak area ratio of Ni*>/
Ni*? (obtained from Fig. 6a, b) increases from 0.7 to 1.95
as oxygen partial pressure increases. These experimental
results agreed with our schematic diagram and conductivity
explanation.

UV-vis spectroscopic measurement

Figure 7 shows the transparency versus wavelength plot for
different oxygen partial pressure in the sputtering gas
mixture during deposition. It was seen that in the NIR re-
gion the transparency of NiO films are nearly about 75%.
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Fig. 5 XPS spectra of Ni2p and Ols for 100% O, and 100% Ar

Intensity(arb. unit)

\

@ Springer

(a)
— e
=
c
3 %
g -
1= ~
= Ni =
S—
£ Ni™
7]
: r I'\
o .
-
c ,
=
r T T T T T T u
852 854 856 858 860
Binding energy(eV)
(b)
=
c
=
o
13
©
e
>
=
w
c
®
o
: ¥

T T T
852 854 856 858 860
Binding energy(eV)

Fig. 6 Deconvolution of Ni*> and Ni*? of Ni2ps» spectra of
sputtered NiO films. (a) 100% O, and (b) 100% Ar atmosphere

From Fig. 7 it is also seen that with the increase of oxygen
partial pressure the slope of the transmittance versus
wavelength plot decreases, i.e. the spectrum becomes more
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Fig. 7 Transmittance of NiO thin film for different partial pressure of
oxygen
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Fig. 8 Band gap variation of NiO thin film with different partial
pressure of oxygen

flatter, which is due to the defects of non-stoichiometric
NiO thin films [39].

The fundamental absorption that corresponds to the
electron excitation from valance band to conduction band
can be used to determine the nature and value of the optical
band gap. The relation between the absorption coefficient
(«) and the incident phonon energy (hv) can be written as
[40]:

(chv)/" = A, (hv — Eg)

where A, is the constant, E, correspond to the bandgap of
the material and exponents n depends on the type of tran-
sition. For n = 1/2,2,3/2,3 values corresponding to allowed
direct, allowed indirect, forbidden direct and forbidden
indirect transition respectively. Figure 8 shows the (xhv)?
vs. (hv) plots for allowed direct transition. From the
intercept on the energy axis by the extrapolation of the
linear part of the curve (c¢hv)® where o = 0, the band gap
E,, of the NiO thin films were determined.
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Fig. 9 Variation of conductivity and transparency of NiO thin film as
a function of partial pressure of oxygen

Comparisons between conductivity and transmittance

Figure 9 shows the comparison between conductivity at
400 K and transparency of non-stoichoimetric NiO thin
film at 600 nm deposited with different partial pressure of
oxygen. The plot indicates that as the partial pressure of
oxygen increases conductivity of NiO increases but trans-
parency decreases. The reason behind it is that the defect
states density of the NiO films increases due to excess
oxygen.

Conclusions

NiO is a well-known metal deficient p-type semiconductor
having wide bandgap and excellent chemical stability. Thin
films of NiO (bunsenite) with (200) preferential orientation
were synthesized on glass substrates by direct current
sputtering technique in Ar + O, atmosphere. Electrical and
optical properties of the films were investigated as a
function of different partial pressure of oxygen in the
sputtering gas mixture during deposition. It was shown that
the films showed p-type electrical conduction and the
conductivity depends on the partial pressure of oxygen. We
also explained the cause behind the p-type conductivity of
NiO films by defect chemistry. Corresponding optical
properties showed that the transparency decreases with
increasing oxygen partial pressure and also decreases the
bandgap.
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