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NiO thin films were deposited on Si and Corning 1737 glass substrates using radio frequency (rf)
magnetron sputtering system. The physical properties of NiO films under different sputtering power
were thoroughly studied. The XRD results indicated that as-prepared NiO films with the sputtering
power above 100 W developed only (200) preferred orientation. The AFM results showed that the NiO
films were composed of different-size NiO nano-grains and the grain size increased with increasing
the sputtering power. The samples marked A-E under the sputtering power of 80, 100, 120, 140 and
160 W have optical band gap values of 3.70, 3.65, 3.50, 3.45 and 3.44 eV, respectively. Comparatively,
the controllable electrical properties of the films could be achieved by the variation of crystal quality

arises from the sputtering power.
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1. Introduction

Recently, substantive research efforts have been made on
Nickel oxide (NiO) materials due to its excellent chemical
stability, magnetic, electric and optical properties, which
are widely applied in the fields of functional chemical
sensor layers', antiferromagnetic materials?, ultraviolet
(UV) transparent conducting films® and cathode material for
electrochromic display devices*. Especially, the attractiveness
of NiO material lies in the fact that the NiO films has an
natural p-type conductivity and low preparation costs
compared to the high-quality p-type ZnO and GaN materials,
which are difficult to achieve due to the less stability and
high resistance®'?. Recently, Patel et al.!" fabricated NiO/
ZnO heterojunction on plastic substrate for ultraviolet
photodetector applications. Baraik et al.'* grew the NiO
epilayer on GaN templates to investigate the band alignment
properties for the NiO/GaN heterostructure light-emitting
diode applications. And Shi et al."* used Mg-doped NiO
as the p-type layer to design high-efficiency and air stable
perovskite quantum dots heterostructure light-emitting diodes.
The NiO film has been recognized as a promising p-type
conductive material for the fabrication of heterojunction
light emitting diodes and laser diodes. As well known, many
methods have been used for preparing NiO films, which
involves magnetron sputtering'®, vacuum evaporation's,
sol-gel deposition'®, pulsed laser deposition'’, metal organic
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chemical vapor deposition (MOCVD)'8, etc. Among these
methods, magnetron sputtering has been most widely useful
technique due to high deposition rates, uniformity over large
areas of the substrates and easy control over the composition
of the deposited films. Generally, the oxide film properties
are dependent on various deposition process parameters
such as substrate temperature, sputtering pressure, oxygen
partial pressure and doping concentration'®?!. In this work,
we report on the fabrication of p-type NiO films on Si and
Corning 1737 glass substrates by radio frequency magnetron
sputtering system. The effects of sputtering power on the
crystal structure, surface morphology, optical and electrical
characteristics of NiO films are investigated.

2. Experiments

The NiO films were deposited on Si and Corning 1737 glass
substrates by radio frequency magnetron sputtering system
from a NiO target of 99.99% purity at different sputtering
power. The sputtering powers were adjusted to be 80, 100,
120, 140 and 160 W respectively corresponding to the NiO
samples marked as (A)-(E), respectively. The deposition was
performed in a mixture of Ar and O, atmosphere under Ar/
O, flow rate ratio of 1:1. The distance between the target and
the substrate was approximately 7 cm. Sputtering deposition
was performed at room temperature and the pressure in
vacuum chamber was kept 1.0 Pa. The thickness of the NiO
film was about 200 nm.
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The crystal structures of NiO samples were measured by
Ultima IV X-ray Diffracrometer (XRD) in a 6-20 configuration
with Cu Ko radiation (A=0.154nm). The surface morphologies
were observed by Veeco atomic force microscopy (AFM).
The characteristics of UV transmission were investigated
by SHIMADZU UV-3600 Spectrophotometer. In addition,
X-ray photoelectron spectroscopy (XPS) (SPECS XR50)
was carried out to determine the composition and nickel
valence state in the NiO films. And the electrical properties
of the NiO samples were measured by ACCENT HL5500PC
Hall system. All the measurements were performed at room
temperature.

3. Results and Discussion

The crystal structure characteristics of the NiO samples
A-E deposited on Si substrates under different sputtering
power were shown in Fig. 1. It was noted that the XRD
pattern of NiO sample grown at lower sputtering power
revealed a weak and a strong diffraction peak, located at
~37.3° and 42.8°, which was corresponding to the NiO (111)
and NiO (200) reflections, respectively. Further increasing
the sputtering power above 100 W, the NiO (111) peak had
completely disappeared and only NiO (200) peak could be
observed. This was probably due to the fact that most of the
sputtered NiO particles did not have enough kinetic energy to
migrate to the suitable nucleation sites under lower sputtering
power. Nevertheless, more crystallites could move to the
substrate surface and grow in the structure under higher
sputtering power?. Moreover, it was noted that the intensity
of NiO (200) diffraction exhibited an increasing trend as the
sputtering power increased. However, the intensity of the
diffraction decreased heavily over the sputtering power of
160 W, which might be attributed to the worse integrality of
the films under the condition of excessive sputtering power.
This could be seen clearly from the result found in AFM
images as shown in Fig.2.

The 3D surface morphologies of the NiO samples deposited
on Si substrates under different sputtering power were shown
in Fig. 2. It was evident that the surface morphology of the
NiO films was influenced by the sputtering power. On the one
hand, it could be seen that the NiO samples had a columnar
structure with growth perpendicular to the film surface and
the grain size of the NiO samples increased significantly
with increasing sputtering power. On the other hand, the
surface of the NiO films became rough and ununiform at
the sputtering power above 160 W, which indicated that
excessive sputtering power would destroy the integrality of
the films. This might be attributed to fact that the sputtering
rate would increase heavily under higher sputtering power,
which could induce the secondary sputtering and decrease
the kinetic energy of the sputtered NiO particles*. Moreover,
the RMS roughness of the NiO samples grown at 80, 100,
120, 140 and 160 W, calculated from 3x3 um? AFM scans,
were 3.7,4.1,5.9, 7.8 and 13.1 nm, respectively.
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Figure 1. XRD spectra of the NiO samples deposited on Si substrates
at different sputtering power: (A) 80W, (B) 100W, (C) 120W, (D)
140W and (E) 160W

Figure 2. 3D morphology of the AFM images (3x3 um?) of the
NiO samples deposited on Si substrates at different sputtering power

The optical properties of the NiO samples deposited
on Corning 1737 glass substrates were investigated by
the transmittance and optical absorption measurements as
shown in Fig. 3. It could be seen in Fig. 3(a) that the NiO
samples had good transmittance characteristics in the visible
range with an average transmittance about 80%. However,
the transmittance fell rapidly in the UV region near the
absorption edge, which indicated that the NiO films could
be a good candidate for the fabrication of UV detectors.
Moreover, it was noted that the transmittance exhibited an
increasing trend with the increase in sputtering power. This
was probably attributed to the decrease of the interstitial
atoms in non-stoichiometric NiO films, which would cause to
scatter or absorb the incident light*. Furthermore, the optical
band gaps of the NiO samples were detected by the optical
absorption measurement as shown in Fig. 3(b). The optical
band gap could be estimated according to the relation (1):

ahv =A(hv—E,)" M
Where A is a constant and hv is the photon energy. The

optical band gaps of the NiO samples A-E were about 3.70,
3.65, 3.50, 3.45 and 3.44 eV, respectively, which were all
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Figure 3. (a) Transmittances of NiO samples A-E deposited on
Corning 1737 glass substrates at different sputtering power. (b)
Optical absorption spectra of NiO samples grown at different
sputtering power. The dotted line is a guide to the eye

larger than that of ZnO (3.3 eV) or GaN (3.4 eV) materials.
It could be noticed that the optical band gap shifted towards
lower energy with the increment of the sputtering power.
This was probably attributed to the band tailing effect by
the non-stoichiometric composition and the crystallinity
improvement®.

The NiO samples were also investigated by XPS
measurement as shown in Fig. 4. The pattern of the Ni 2p
core levels peaked at 854.5 and 873.1 corresponding to the
Ni 2p3/2 and Ni 2p1/2 states of the Ni-O bond, respectively?.
Besides, the shake-up structures of the NiO films (indicated by
the arrows) could be observed and no extra substances were
detected in the XPS spectra. Moreover, the atomic ratio of Ni
to O for the NiO samples deposited at 120 W was calculated
to be nearly 1:1, which indicated that the oxidation state of
Ni was +2 in the as-grown NiO compounds?’.

Figure 4. Ni 2p XPS spectra of the NiO samples grown at different
sputtering power

The Hall results of the NiO samples deposited at different
sputtering power were shown in Table 1. All of the five
samples exhibited p-type characteristics and the carrier
concentration varied from 9.638 x 10%to 1.539 x 10" cm™,
as the sputtering power increased. In addition, the mobility of
the NiO films increased from 0.027 to 0.284 cm?/v.s with the
increase in sputtering power. According to the earlier reports,
the existence of Ni** would cause the NiO material to exhibit
p-type conductivity even for stoichiometric composition?.

Consequently, the increase of the hole mobility was probably
ascribe to the improvements of the NiO crystalline qualities
and the decline of the hole concentration should be attributed
to the decrease of Ni** vacancies®.

Table 1. The Hall measurement results of the NiO samples A-E
deposited at different sputtering power

Resistivities Mobility Hole
Sample (Q-cm) (cm?/v-s) Concentration
(cm)
(A) 2428 0.027 +9.638x10%
(B) 1.847 0.036 +9.442x10"
©) 1.806 0.181 +1.917x10"
D) 1.429 0.284 +1.539x10"
(BE) 1.809 0.201 +1.853%10"

4. Conclusion

In conclusion, the strong dependence of the characteristics
of NiO films fabricated by magnetron sputtering on the
sputtering power was demonstrated. The experimental results
revealed that high crystal quality NiO films could be obtained
by increasing the sputtering power. Hall measurement results
illustrated that all the NiO films exhibited p-type conductivity
and its mobility increased with increasing sputtering power.
This study indicates that the optimum electrical conductivity
and optical properties of NiO films could be achieved at
appropriate sputtering power. It is believed that the NiO
films could be a promising p-type candicate material in the
fabrication of heterojunction light emitting diodes with other
n-type wide band gap semiconductors.
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