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Abstract
Nanocrystalline nickel oxide (NiO) thin films were successfully grown on quartz substrates by two-step method. In the first 
step, nickel films were deposited on quartz substrates by DC magnetron sputtering technique. Then, the plasma oxidation of 
nickel films was used for preparation of nickel oxide. The effect of DC plasma power and treatment time on the structural, 
morphological and optical properties of the NiO films were investigated by different analyses. XRD results indicated that the 
plasma powers effectively influenced the structure of films, and the best crystallinity was obtained for plasma power of 15 w 
and treatment time of 20 min. The XPS, RBS and EDS analysis confirmed the presence of Ni and O elements. The FESEM 
and AFM images showed a granular structure with spherical shapes of grains. The optical band gap of the films synthesized 
under different plasma oxidation conditions was also discussed.
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Introduction

In recent years, the preparation and characterization of nano-
structure nickel oxide (NiO) have gained considerable atten-
tions of many scientists, due to excellent properties [1–20]. 
The properties of NiO thin films, which make it suitable for 
the different applications, are excellent durability, low mate-
rial cost and wide optical band gap in the range of 3.6 – 4 eV, 
excellent electrical and optical properties [1–26]. Some 
applications of NiO thin films include gas sensors [1–5], 
positive electrode in Li-ion batteries [9], electrochromic dis-
play devices [12] and metal-isolator-metal tunnel junction 
diode [11]. NiO films can be fabricated by different physical 
and chemical deposition techniques such as DC and RF mag-
netron sputtering [2, 6, 11–15], thermal oxidation [16–18], 
chemical deposition [19, 20], pulsed laser deposition [9], 
spray pyrolysis [21] and sol–gel [23]. An alternative method 
for preparation of NiO films that recently was reported by 
our research group is plasma oxidation of nickel thin films 

[7]. The oxidation process of thin metal films using plasma 
discharge offers many advantages compared with conven-
tional process such as gas oxiding. In this technique, only 
the substrate holder and the workpiece are heated, which 
leads to significantly reduce the treatment times and energy 
cost and plays a large role in the success of low-temperature 
processes. Furthermore, the structure and morphology of 
thin films depend on many factors such as deposition tech-
niques and parameters, composition of films, post-deposition 
processing and heat treatment [25–30]. Owing to advantages 
of plasma oxidation, an attempt was made on the fabrica-
tion of NiO films at different plasma oxidation conditions 
in this study. The focus of the present work is to investigate 
the effect of plasma treatment time and power on structural, 
morphological and optical properties of NiO films.

Experimental details

Nickel oxide (NiO) thin films were prepared on quartz 
substrates by two-step method. In the first step, thin films 
of nickel (Ni) with 100 nm thicknesses were deposited on 
quartz substrates by direct current (DC) magnetron sput-
tering using a pure Ni target (99/999%) and argon (Ar) gas. 
Prior to films deposition, the 1 cm × 1 cm quartz substrates 
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were cleaned ultrasonically in acetone and ethanol for 
15 min. Then, these substrates were placed at approxi-
mately 4 cm from the target into a sputtering chamber. 
The deposition chamber was evacuated to a base pressure 
3 × 10−5 mbar using the diffusion and rotary pumps com-
bination. Then, Ar (99/999%) gas was introduced into the 
deposition chamber and the working pressure was kept 
8 × 10−3 mbar. Before deposition, the target was pre-sput-
tered for 10 min in pure Ar. The deposition of Ni films was 
done at room temperature for deposition time of 60 min.

In this work, we want to prepare NiO films at low 
plasma powers; therefore, in the second step, in order 
to synthesize nickel oxide films, the Ni thin films were 
treated with oxygen plasma for different DC powers of 9, 
15, 22 w (samples:  Qp1,  Qp2,  Qp3) and different times of 
10, 20, 30 min (samples:  Qt1,  Qt2,  Qt3) in plasma chamber 
of cylindrical magnetron sputtering system. The detail of 
the system can be found in ref. [31]. The crystal structure 
of films was identified by X-ray diffraction (XRD) analysis 
(XRD, Philips, pw 1800) with Co (λ = 0.17890 nm) radia-
tion. The film morphology was examined by atomic force 
microscopy (AFM, Park Scientific Instrument, Auto probe 
cp USA) and field emission scanning electron microscopy 
(FESEM, Hitachi S-4160) which was equipped with an 
energy dispersive X-ray spectroscopy (EDS) system. The 
composition of films was evaluated by Rutherford back-
scattering spectroscopy (RBS) using a 2  MeV proton 
beam of a 3 MV single ended Van de Graff machine [7, 
28]. The surface chemistry and composition of some NiO 
films were investigated by X-ray photoelectron spectros-
copy (XPS) with Al Kα X-ray source (hν = 1486.6 eV). 
The optical transmittance spectra of the NiO films were 

measured over the range from 200 to 1100 nm with a 
(CARY 500 Scan) spectrophotometer.

Results and discussion

XRD pattern of the NiO films grown on quartz substrates at 
different plasma treatment powers and times are shown in 
Fig. 1a, b, respectively. Figure 1a shows the XRD pattern of 
the NiO films prepared at different plasma oxidation pow-
ers. In all cases, the treatment duration is equal to 20 min. 
The XRD spectrum of the film prepared at power of 9 w 
exhibits a diffraction peak corresponding to (111) crystal 
plane of NiO, according to JCPDS card No. 78-0643. By 
increasing the plasma power to 15 w, the (111) peak inten-
sity increases. According to XRD results, the NiO (111) 
was observed for two samples but for plasma power of 15 
w, the intensity of the (111) peak is very intensive com-
pared to the samples prepared at 9 w. For plasma power of 
22 w, the intensity of the (111) peak intensively decreased 
and a new peak appeared at 2θ = 36.25° is belong to (002) 
reflection plane of  Ni2O3 (JCPDS card No. 00 - 014 - 0481) 
and similar to other samples that prepared at plasma power 
of 9 and 15 w, a weak peak of NiO (111) was observed at 
2θ = 42.48°. Moreover, the observed peaks at XRD spectra 
are sharp and high intense which confirms the well crystal-
lization of the obtained NiO structures. These results clearly 
show that the plasma treatment power effectively influenced 
the structure of films. From the XRD results, we observed 
that the best crystallinity belongs to the sample prepared at 
plasma power of 15 w. Thus, the plasma power was fixed at 
15 w and we changed the treatment times from 10 to 30 min. 

Fig. 1  The XRD spectra of the 
NiO films grown on quartz sub-
strates at different plasma treat-
ments: a powers and b times
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The treatment duration was 10, 20 and 30 min (Fig. 1b). 
The XRD patterns of these films reveal a diffraction peak 
corresponding to (111) reflection plane of NiO. In addition, 
the XRD patterns exhibited by increasing of plasma oxida-
tion time from 10 to 20 min the NiO (111) peak intensity 
increased, and further increase in time to 30 min leads to 
decrease in intensity of this peak. The high intense and nar-
row (111) peak observed in XRD patterns of films prepared 
at different plasma treatment times reveal that these films 
have better crystallinity, which can be attributed to fewer 
defect states in the films. The structural studies also revealed 
that the good crystallinity was observed for the oxygen 
plasma treatment power of 15 w for treatment duration of 
20 min. Figure 1.b also shows that the position of NiO (111) 
peak shifted to lower angles as the plasma treatment times 
increases may be due to the increasing of the strain within 
the crystals. Based on the XRD results we can observe that 
plasma oxidation of nickel films to be able to generate a 
good quality nanocrystalline NiO films without any anneal-
ing or substrate temperatures, which is an advantage of this 
techniques compared to other published works. The average 
crystallite size (D) of the NiO films was calculated for (111) 
peak by Debye–Scherrer’s formula [23].

where λ is the wavelength of the Cokα radiation 
(λ = 0.17890  nm), β is the full width at half maximum 
(FWHM) corresponding to diffraction angle θ. The disloca-
tion density (δ) defined as the length of dislocation lines per 
unit area of the crystal. The values of (δ) are estimated by 
Eq. 2 [28].

The strain (ε) values for films are calculated with Eq. 3 
[28].

The structural parameters values calculated from XRD 
profiles were given in Table 1. According to the data of 

(1)D = 0.9�∕� cos �,

(2)� = 1∕D2,

(3)� = �∕4 tan �,

Table 1, the variation of dislocation density values with 
plasma treatment power and time is similar to the micro-
strain values. In addition, the best crystallinity was observed 
at plasma power of 15 w. Therefore, this power was kept 
constant and we changed the treatment times from 10 to 
30 min for samples  Qt1,  Qt2 and  Qt3. In these samples, the 
microstrain and dislocation density increased with increas-
ing the plasma treatment time while the crystallite size 
decreased. On the other hand, the average crystallite size of 
the films calculated from XRD data is found in the range of 
29–41 nm, which confirms the presence of nanocrystals in 
the NiO films prepared in this study [7, 24, 28]. Based on 
these results, plasma oxidation can be suitable technique for 
producing the nanocrystalline NiO films.

An effective XPS analysis was employed to study the 
chemical composition of NiO films. Figure 2 provides a 
typical XPS spectrum of NiO thin film prepared at optimum 
plasma power and time (Sample  Qt2). The peaks detected 
at binding energies of 855.8 eV and 862.1 eV are corre-
sponding to Ni 2p3/2 and Ni 2p1/2, respectively. These peaks 
suggest the presence of NiO [3, 7, 9, 16]. The peak detected 
at 529.63 is belonging to O1 s and originates from the oxy-
gen bond of Ni–O–Ni [7]. Furthermore, the XPS spectrum 
of NiO film in Ni 2p range shown in Fig. 2b exhibits four 
separated peaks belong to Ni 2p3/2 and Ni 2p1/2. The two 
peaks observed at binding energies of 855.8 and 862.1 eV 
confirmed the presence of  Ni+2 and  Ni3+ for lower and 
higher binding energies, respectively. The  Ni3+ peak can be 
associated to the formation of a  Ni2O3 phase or a structure 
containing  Ni2+ ions with holes. It has to be noted that no 
peaks related to the  Ni2O3 phase were detected in the XRD 
spectra suggesting that if present,  Ni2O3 occurs in an amor-
phous form [3].

The two and three-dimensional (2D and 3D) AFM 
images, the plot of surface roughness variations and topo-
graphic height histogram of NiO films prepared at different 
oxygen plasma powers and times are presented in Figs. 3, 4, 
5 and 6. According to AFM images of Figs. 3a–c, a granular 
structure with spherical shapes of grains can be observed 
for all samples prepared at different oxygen plasma powers. 

Table 1  Structural parameters values of nickel oxide thin films

Sample name Plasma 
power 
(w)

Plasma 
time 
(min)

Phase Miller 
indices 
(hkl)

Diffraction 
angle (2θ)

FWHM (rad) Average 
crystallite size 
(nm)

Microstrain 
ε (× 10−3)

Dislocation density 
δ (× 10+15 line/m2)

Qp1 9 20 NiO (111) 42.74 0.00488 36 3.13 0.77
Qp2 15 20 NiO (111) 42.49 0.00431 39 2.76 0.66
Qp3 22 20 Ni2O3 (002) 36.25 0.00576 29 4.36 1.19
Qt1 15 10 NiO (111) 42.83 0.00418 41 2.67 0.59
Qt2 15 20 NiO (111) 42.49 0.00431 39 2.76 0.66
Qt3 15 30 NiO (111) 42.44 0.00523 33 3.35 0.92
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Fig. 2  a XPS spectra of the NiO 
thin film and b XPS spectrum in 
the Ni 2p range

Fig. 3  The 3D and 2D AFM images of the NiO films grown on quartz substrate at different oxygen plasma powers: a 9 w, b 15 w and c 22 w

Fig. 4  a The plot of surface roughness of the NiO films versus oxygen plasma powers and b topographic histogram images
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In addition, by increasing of plasma treatment powers, the 
grain size and the roughness of films increased. The plot of 
root-mean-square (RMS) roughness and average roughness 
versus plasma powers and topographic height histogram are 
shown in Figs. 4a, b. The histogram profiles of the surface 
height distribution show a shape of Gaussian distribution 
that confirmed the homogeneity of the films, and the sur-
face roughness is increased by peak broadening in the height 
distribution profiles [7]. The roughness values are shown in 
Table 2.

Figures 5 and 6 present the AFM images, the plot of 
roughness and topographic height histogram of NiO films 
at different plasma treatment times. Similar to the films pre-
pared at different plasma powers in these films, the granular 
structure with spherical shapes of grains is formed while the 
roughness of films decreased by augmentation of plasma 
times.

The surface morphology of the NiO films was also char-
acterized using FESEM observations. Figure 7 displays the 
influence of the different plasma treatment times on the 

Fig. 5  The 3D and 2D AFM images of the NiO films grown on quartz substrate at different plasma treatment times: a 10 min, b 20 min and c 
30 min

Fig. 6  a The plot of surface roughness of the NiO films versus plasma treatment times and b topographic histogram images
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morphology and particle size of the NiO films grown on 
quartz substrates. According to FESEM images, the films 
have homogeneous and uniform surfaces since the films 
have no cracks and perfectly adhere to the substrates. The 
dense spherical-shaped grains and crack-free high compact 
surfaces imply a good crystallinity of films. According to 
SEM image of samples prepared at different plasma treat-
ment times, the grain size decreases by increasing of plasma 
treatment time and has a similar trend to crystallite size 
calculated by XRD. The results of FESEM are consistent 
with XRD results that observed in Fig. 1b. In addition, the 
uniform nanosphere grains confirm the results obtained by 
AFM analysis.

The chemical composition of NiO films was quantified by 
an energy dispersive spectroscopy (EDS) method in FESEM 
measurements. The EDS spectrum in Fig. 8 clearly reveals 
the presence of only peaks corresponding to Ni and O ele-
ments within the limit of the EDS measurement. The appear-
ance of Si peak is also attributed to the substrate. There are 
no peaks related to the elements other than Ni and O in the 
EDS spectra, which reveal the pure phase formation of NiO 
thin film and is consistent with XRD results.

To investigate the films composition, we employed the 
RBS technique. The RBS spectra of nickel oxide films 

prepared at different plasma oxidation powers and times are 
displayed in Fig. 9a, b, respectively. The different peaks are 
well separated, indicating that there is no interdiffusion at 
the interface between Ni and the substrates. The signals of 
the elements of the film such as Ni, O as well as Si sub-
strate are clearly observed in the spectra. The ion scattering 
from Ni atoms occurs at higher backscattering energy. This 
is because the backscattered energy of the incident ions is 
depending on the atomic mass of the elements from which 
the ions backscatters. The atomic masses of the elements are 
15.99, 28.09 and 58.69 for O, Si and Ni, respectively, and 
the Ni is the heaviest among the elements either in the film 
or in the substrate.

Accurate information about the optical properties of NiO 
thin films is very important for technological applications. 
Therefore, in the following, we focus on the optical studies 
of the prepared NiO thin films. The optical transmittance 
spectra of the NiO thin films prepared at different plasma 

Table 2  The surface roughness values of nickel oxide thin films

Sample name Plasma 
power 
(w)

Plasma treat-
ment time 
(min)

RMS 
roughness 
(nm)

Average 
roughness 
(nm)

Qp1 9 20 1.96 1.56
Qp2 15 20 3.47 2.77
Qp3 22 20 3.89 3.10
Qt1 15 10 3.60 2.85
Qt2 15 20 3.47 2.76
Qt3 15 30 2.10 1.66

Fig. 7  FESEM micrographs of the NiO films prepared at different plasma treatment times

Fig. 8  Typical EDS spectrum of the NiO films grown on quartz sub-
strates
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treatment powers and times on quartz substrates as a func-
tion of wavelength in range of 200–1100 nm are shown in 
Fig. 10a, b, respectively. According to transmittance spectra 
of the prepared films at different plasma treatment times, the 
DC plasma power of 15 w for 20 min has the lowest trans-
mittance. According to XRD results, the best crystallinity 
was obtained for this film. Therefore, due to the increase in 
light scattering from this film the transmittance decreased. 
In addition, the optical transmittance of films increased by 
enhancing the plasma treatment time to 30 min may be due 
to the reduction of films crystallinity and surface roughness, 
which can be observed by XRD and AFM.

The optical absorption coefficient (α) can be estimated 
using the following formula.

where T is the optical transmittance, and d is the thickness 
of film. The optical band gap energy (Eg) of the films can be 
calculated from the dependence of absorption coefficient (α) 
on the incident photon energy (hν) [28].

where B is a constant that depends on the transition prob-
ability, and p is an exponent, which depends on the type of 
optical transition between the valence and conduction band 
direct or indirect. For the crystalline semiconductors, p is 
theoretically equal to 1/2, 3/2, 2 or 3 for the direct allowed, 
direct forbidden, indirect allowed and indirect forbidden 

(4)� = 1∕d(ln 1∕T)

(5)�hv = B(hv − Eg)
p

Fig. 9  The RBS spectra of the NiO films grown on quartz substrates at different plasma treatment: a powers and b times

Fig. 10  Optical transmittance spectra of NiO films grown on quartz substrates at different: a plasma treatment powers and b treatment times
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transitions, respectively. In this work, the best linear fit for 
the (αhν)1/p versus (hν) curve is obtained for p = 1/2 indicat-
ing a direct allowed transition in the films. The variation 
of (αhν)2 as a function of the photon energy (hν) for NiO 
thin films prepared at different plasma powers and times are 
depicted in Fig. 11a, b, respectively. The plots indicate a 
direct optical band gap for the investigated NiO films. The 
optical band gap energy is evaluated by extrapolating the 
linear part of the curve (αhν)2 where (α = 0). It is found that 
from the figures, the deduced band gap energy of NiO films 
are in range of 3.20–3.51 eV. The band gap value of the NiO 
films obtained in the present work closely matches with the 
value reported by many authors [8, 11, 14, 20–23].

Conclusion

NiO thin films were prepared on quartz substrates using 
the plasma oxidation of Ni thin films. The effects of the 
plasma oxidation power and times on the structural, mor-
phological and optical properties of nickel oxide thin films 
were reported in this paper. Plasma oxidation of nickel 
films caused the formation of densely packed nanocrystal-
line nickel oxide. According to AFM results, by increas-
ing of plasma treatment powers, the surface roughness of 
films increased while the augmentation of plasma treat-
ment time leads to decreasing the surface roughness of 
NiO films. The uniform nanosphere grains and crack-free 
high compact surfaces observed by FESEM implies a 
good crystallinity of films and consistent with the results 
obtained by XRD and AFM. Furthermore, the calculated 
optical band gap energy was in range 3.20–3.51 eV. The 
obtained results suggest that the nanocrystalline NiO thin 
films prepared by the plasma oxidation process have good 
optical properties. These NiO films are expected to be used 
in optoelectronic devices.
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