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ABSTRACT: In this study, NiO films were processed on p-type Si by magnetron sputtering technique
under the mixture of argon (Ar) and oxygen (O2) gas atmosphere at room temperature and 300 °C.
The microstructure, nanoindentation, and electrical properties of the NiO films were compared with
the as-deposited and subsequent vacuum-annealed films at 300 °C for one hour. The grain size and phase
structure of NiO films were determined by an X-ray diffraction study. The microstructure and morphology
of the resultant NiO films were analyzed by Field Emission Scanning Electron Microscopy (FESEM) and
transmission electron microscopy (TEM). The results show that NiO films were nanocrystalline with grain
size in the range of 14-32 nm. The formation of NiSi, was noticed at the interface of vacuum-annealed NiO
films. Nanoindentation results showed an increment in the hardness of annealed NiO films over as-deposited
films at the same temperature. In contrast, Van der Pauw's four-point probe method showed a reduced
resistivity of vacuum-annealed NiO films which can be potential candidates for electrical contact applications.
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INTRODUCTION
Nanocrystalline NiO films have gained worldwide sensors, the automobile industry, solar cells,
attention because of their great applications in the field of supercapacitors, and spintronics because of their fantastic
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Table 1: Parameters for the magnetron sputtering of NiO films during processing

K Process parameters Values \
Base pressure 2.0 x10°® Torr
Working pressure 30 m Torr
Ar.0, 11
Ni DC power 100 W
Ar and O, flow rate 50 sccm
Substrate temperature 26 °C and 300 °C
Vacuum annealing 300 °C
Substrate-Target distance 150 mm
Substrate rotation 25 rpm
\_ Duration for deposition 1 hour J

optical, magnetic, and electrical properties along with
excellent chemical durability [1-7]. Furthermore, NiO
films have a p-type direct band gap semiconductor that is
in the 3.6-4.0 eV range [8], making them appropriate for
use in metal-oxide—semiconductor (MOS) devices.
Additionally, nickel silicides (NiSi,, Ni,Si, NiSi, etc.),
which are anticipated to form during the annealing of NiO
films, have been extensively used in optoelectronic and
contemporary microelectronic devices due to their low
resistance and midgap work function, making them more
suitable for contact applications in electronic devices
[1,6,9,10].

Scientists across the globe have reported that metal
oxide films were mostly studied in the fields of
semiconductor devices, bio/chemical Sensors,
photocatalytic activities, etc. applications as these possess
excellent physical and chemical properties [26-29].
Hotovy et al [30] in their study have discussed that the
electrical properties of sputtered NiO films increase
efficiently with the increase in oxygen content of NiO
films [31]. It has also been observed that increasing the
annealing temperature of spin-coated NiO films causes
a considerable decrease in electrical resistivity [31-33].
The gas-sensing properties of NiO films were also
verified by Liyo and Abirami [34,35]. Recently,
Zhao et al [10] studied the influence of the partial
pressure of oxygen on the optical and electrical
resistivity of NiO films.

Previous studies have described the creation of NiO
films by a number of physical and chemical vapor dep
osition techniques, such as thermal evaporation, electr
ochemical deposition, spray pyrolysis, magnetron sputt
ering, and chemical solution deposition [11-16]. The
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processing of the examined films was found to benefit
from magnetron sputtering the most out of these
approaches. This technique provides better control of
the purity of the processed films [17-22]. This
technique also monitors the surface morphology and
grain size distribution in the investigated films by
regulating the parameters in particular substrate
temperature, substrate bias, target power etc. [2,23-25].
The physical and chemical characteristics of the NiO fi
Ims can be controlled by the process parameters linke
d to magnetron sputtering, specifically, substrate temp

erature, vacuum annealing, partial pressure of oxygen,

etc [26,36-38]. Therefore, in this study, authors have
analyzed the impact of vacuum annealing and substrate
temperature on the microstructure and electrical
characteristics of magnetic sputtered NiO films.

EXPERIMENTAL SECTION
NiO thin film processing

NiO films were grown on p-type Si <100> substrates
using a Direct Current (DC) magnetron sputtering machine
(KVST-4065 model, Korea Vac. Technology) with Ni
target under a pure Ar and O; inert atmosphere. Around
2 x 10 Torr base pressure was attained for the deposition
using a rotary and turbomolecular combination. The flow
rate Ar/O, gas was maintained at 50 sccm by a throttle
valve, while the pressure inside the chamber was measured
by MKS Baraton gauge. The NiO films were sputtered at
room temperature (RT, 26 °C) and 300 °C respectively.
Further, as-deposited films were vacuum annealed at 300 °C
using a heating element of SiC attached to the substrate
holder. The various processing constraints used for the
sputtering experiment are presented in Table 1.
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Table 2: Microstrain and grain size of the processed NiO films

Temperature (°C) Strain (x 10°%) Grain size (nm) h

Deposition at RT 39+04 142+0.5

Deposition at 300 2305 325+05
\_Vacuum annealed at 300 19+04 304 £04 )
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Fig. 1: GIXRD patterns of NiO films processed at various conditions

Characterization

The surface profilometer was used to measure the NiO
films' thickness (Dektak 150, USA). To analyze the current
phases and crystallinity of the produced films, the grazing
incidence mode of X-ray diffraction (GIXRD, Philips
X'Pert PRO) was taken into consideration. Utilizing Cu K
radiation with a wavelength of 1.54, GIXRD was activated
at operating parameters of 40 kV and 30 mA with a
scanning rate of 0.05/s. A FESEM (Zeiss Supra, Germany)
coupled with an Energy-Dispersive X-ray spectrometer
(EDX) was employed to perform the morphology and
compositional analyses. TEM (JEOL-JEM 2100, Japan)
was also used for detailed microstructural examination.
TEM samples were prepared by mechanical thinning
(Model 656 Gatan Inc.) followed by milling using Ar+
(model 691, Gatan Inc.).

The nanoindentation properties of the samples were
determined by a nanoindenter (Berkovich tip; UNATS,
ASMEC Nanomechanical tester, Germany). The tests
were done at 30 locations up to 2000 pN and the load-
depth profiles were recorded.

The electrical resistivity of the films was analysed
using the VVan-der Pauw four-point probe method at ohmic
contacts with a 2 mm separation (Keithley 220 current
source and 2182 nano-voltmeter, USA) [39]. Additionally,
a constant current of 1 mA was recorded as the voltage
drop across the inner probe. The resistivity (p) of the
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samples was derived from equation (1) using the
calculated resistance R.

p=Ra-rax )

s I s

Where p is the resistivity, t is the thickness of the
deposited film, d is the substrate width and s is the probe
spacing. | and V are the applied current and voltages.

RESULTS AND DISCUSSION
XRD analysis

The characteristic XRD peaks of the processed NiO
films at various process conditions are shown in Fig. 1.
Fig. 1 depicts the presence of NiO phase with face-
centered cubic structure (FCC) which matches the
standard XRD database of ICDD (PDF # 47-1049) with
ideal orientation in <111> direction. There was no big
difference in phase evolution of as-deposited NiO films at
RT and 300°C, except for the smaller crystallite size (~14
nm) of RT-deposited films than those deposited at 300°C
(~32 nm). While nickel silicide (NiSi,) phase along with
the NiO phase is observed with diamond marks with (200),
(220), and (004) planes in annealed films.

The observed peaks (200), (220), and (004) are indexed
with FCC structure and are consistent with their analogous
bulk counterpart which further confirms the formation of
NiSi, phase [40-42]. The developed microstrain and the
average grain sizes were measured with the help of
Williamson-Hall relation [43] as given in Table 2.

We observed that there is a drop in the value of
microstrain with increasing substrate temperature which
occurred due to uniform deposition of NiO films at
relatively high temperatures. Due to the increase in
adatoms mobility, there was a decrease in the rate of
nucleation site formation which occurred at higher
temperatures, which leads to the formation of coarser grain
size in NiO films.

Microstructural and elemental analysis

The plane view FESEM images of the sputtered NiO
films at RT, 300°C and annealed at 300 °C for 1 h are
shown in Fig. 2a-d, respectively. It can be seen that the
size of the NiO films deposited at RT had fine grains which
increased with deposition at higher temperatures (300°C)
(Fig. 2a, b). Further, there were slight differences in the
microstructure of NiO films after post-annealing at 300 °C.
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Fig. 2: FESEM images of the nanocrystalli

The cross-sectional FE-SEM morphologies of the NiO
films annealed at 300 °C as shown in Fig. 2c-d shows the
coalescence of individual islands which leads to columnar
microstructure. During lower temperature deposition of
NiO films, limited atomic mobility on the substrate
confine nucleation sites on the substrate which ultimately
leads to the growth of film vertically instead of laterally.
An ideal condition for the deposition is that the growth rate
should be equal to the nucleation rate to lead to smooth-
continuous films with higher density. Nevertheless, this
study reveals that the adatoms deposition rate is smaller
than the rate of nuclei formation. Thus, there is individual
growth of the island microstructure.

TEM imaging

To investigate the phase evolution at the NiO/Si
interface, cross-sectional TEM analysis was done for
NiO films vacuum annealed at 300°C. The results are
shown in Fig. 3a-d. The cross-sectional bright and dark
field TEM images of NiO film annealed at 300°C are
shown in Fig.3a-b, respectively. These images clearly
show the formation of nickel silicides (NiSi,) at the
interface. Selected Area Electron Diffraction (SAED)
patterns consisting of circular rings are indexed to NiO
phase as well as NiSi, phase as shown in Fig.3c-d. The
formation of NiSi, was also detected in XRD analysis
(Fig. 1) for NiO films vacuum annealed at 300 °C
temperature. Furthermore, close observation of cross-
sectional TEM images shows the existence of a
homogeneous thin region grown between the Si
interface and NiO film (represented by blue arrows)
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because of interfacial diffusion. The interfacial diffused
region at the interface between NiO/Si substrate is
expected to provide a path for the inter-diffusion of Ni
and Si atoms across NiO/Si interface. A similar
formation of nickel silicides has been reported
by Qiu et al [44] in the case of Ni films reactively
sputtered on Si substrate at 200 °C.

The high-resolution TEM image reveals the lattice
planes of NiO (111) and NiSi; (200) films as shown in Fig.
3c. Fig. 3d represents the SAED pattern taken at the
interfacial area of NiO film-Si substrate. The observed
some of the un-indexed spots of the diffraction pattern are
the indication of the presence of other phases NiO, and Si
apart from NiSi, at the interface.

Nanohardness

The load-depth nanoindentation graphs depicting
the nanohardness (Hr) values of the investigated NiO films
are presented in Fig. 4a. Fig. 4b shows the corresponding
surface topography of NiO films annealed at 300 °C.
The measured values of nanohardness of the different
samples are shown in Fig. 4c. These results show that
the deposition temperature and annealing temperatures
affect the nanohardness of the sputtered NiO films. The
nanohardness values of NiO films estimated in the present
investigation are in the range of 3.5-8.2 GPa with
the highest hardness for the annealed NiO films. Sputter-
deposited Ni films are reported with hardness values of
3.12 GPa, while the hardness value of bulk Ni is 2.45 GPa [31].
Higher hardness values for the NiO films deposited
at 300 °C and vacuum annealed at 300 °C are expected due to
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Fig. 3: TEM images of the NiO films annealed at 300°C. (a-b) Bright and dark field image of NiO, (c) High resolution TEM image
of NiO/NiSiz, and (c) SAED pattern
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Fig. 4: (a) Load vs displacement plot, (b) corresponding surface topography of indents, and (c) bar chart for the Nanohardness values
of various samples

e to the formation of NiSi, phase which has been confirmed
6o e by both XRD and TEM results.
E =10 Electrical resistivity
= Error The value of resistivity calculated from the I-V
; I 1.52% - - - H H
£ a0 characteristic is expressed by Equation 1. Fig. 5 shows the
8 Ervor comparison of the electrical resistivity of the NiO films
30 -’59% deposited at RT (26 °C), 300 °C, and vacuum annealed
at 300 °C. The results show that the NiO films deposited
Deposited at KT ;i':‘t’f::’;:z:;‘:m:""“‘a'e" atsoore at 300 °C as well as vacuum annealed samples at 300 °C
Fig. 5: Electrical resistivity of the NiO films deposited at posses_,s lower eIectrlc.?\I resistivity as compared to those
various conditions deposited at RT varying from 36 po.cm to 62 po.cm.
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Due to the formation of the NiSi, at the interface,
there was a decrease in the electrical resistivity of
the annealed NiO films.

The electrons are get scattered by the presence of
phonons as well as impurities inside the processed films.
Wherever the current flows in the region comparable to
nano-size, the scattering of electrons occurs on the surface
which is called surface scattering. Therefore, it is
necessary to investigate the existence of the grain inside
the NiO films as well as NiSi; at the interface. It was seen
that NiO thin films sputtered at lower temperature exhibits
mainly p-type conductivity. However, for the NiO thin
films post-annealed at 300°C, the resistivity decreases
drastically due to the inclusion of majority carriers in the
form of electrons contributed by the metallic NiSi, which
shows the n-type conductivity. Moreover, the higher
resistivity for the NiO films processed at RT can be
the effect of grain boundary scattering along with the surface
scattering. The resistivity values indicate that the NiSi,
phase is metallic. A good agreement with this observation
is seen in the previous results [40, 41, 44].

CONCLUSIONS

Reactive  magnetron  sputtering, which  we
successfully used to deposit NiO thin films, revealed the
existence of nickel silicides at the interface, which was
further validated by GIXRD and TEM examination.
Additionally, GIXRD reveals the presence of
nanocrystalline NiO phases with the predominant
orientation being in the (111) plane and grain sizes
ranging from 12-32 nm. The cross-section TEM
micrographs reveal a more uniform distribution of grains
for the films processed at 300 °C and the formation of
NiSi, phase was evident. The nanoindentation results
showed increased hardness in annealed samples due to
the formation of harder NiSi, interfacial compounds as
confirmed by the XRD and TEM results. The analysis of
electrical resistivity obtained by four probe method show
the variation from 62 po.cm to 36 po.cm with the
increase in substrate temperature from ambient to 300 °C
as well as in vacuum annealed samples. A smaller
electrical resistivity in annealed samples was due to the
formation of the metallic NiSi, phase which decreases the
resistivity of NiO films. We also observed that electrical
resistivity was correlated with the grain size and it
decreases with increasing the grain size.
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