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Abstract
In this study, it was aimed to grow Nickel doped (0.0 at.%, 0.16 at.%, 0.20 at. % and 0.24 at. %) Zinc Oxide (NZO) thin films 
on quartz substrates using Magnetron Sputtering technique. NZO thin films were obtained at a temperature of 450 °C, a 
pressure of 480 m Torr and a deposition time of 30 min. Co-sputtering process for both Ni and ZnO target was performed 
using two separate power sources. The DC power of the Ni target material was 20, 30 and 40 W, respectively while the radio 
frequency (RF) power of the Zinc oxide (ZnO) target material was set to 150 W. Using XRD analysis, thin films were found 
to have polycrystalline morphology, and the average crystallite size changed significantly depending on the increased Ni 
doping level. The optical Transmittance of the thin films was greater than 90% in the visible region (550 nm), and this value 
tends to decrease slightly by Ni doping. The optical band gap (Eg) firstly decreased and then slightly increased with the 
Nickel doping ratio and these values were found to be 3.23 eV, 3.11 eV and 3.15 eV, respectively, with increase of Ni doping.

1 Introduction

Transparent conductive oxides (TCOs) have received great 
interest in recent years as they play an important role in 
many different application areas such as ultraviolet light-
emitting diodes (UV-LEDs) [1], transparent field-effect 
transistor (FETs), spintronic devices, photovoltaic solar 
cells (PVSC) [2], piezo- electric sensors [3], transparent 
electrodes [4] and optoelectronic components [5–7]. ZnO is 
a transparent semiconductor with wide band gap of 3.37 eV 
and large exciton binding energy of 60 meV [8–10]. TCO 
films, such as ZnO, are widely used as electrode layers in 
thin film solar cells, since they have a high degree of trans-
parency in the visible wavelength range and high conduc-
tivity. Indium tin oxide (ITO) is an important TCO material 
that is widely used today. However, it is likely that the cost 

of this material is too high and may not keep it as an alterna-
tive product in the future. ITO is likely to fail to respond to 
existing technology with production at a limited level, and 
being a product with high toxicity results in the search for 
alternative products. ZnO is considered as an alternative to 
ITO because of its environmentally friendly and excellent 
optical and electrical properties. These properties of ZnO 
can be further enhanced by ion addition. In a study by Peng 
et al. [11] they found that pure ZnO thin films improved 
optical and electrical properties with indium doping at vari-
ous ratios. With 0.5 at.% indium doping, the highest effi-
ciency was achieved in terms of these properties. In another 
study, Madhi et al. [12] examined the optical and electrical 
properties of calcium-doped ZnO thin films and found that 
the transmittance of ZnO: Ca films was above 80% and the 
lowest electrical resistivity was about 5 × 10−3 Ω cm [13]. 
Sung et al. [14], studied zirconium-doped ZnO thin films 
grown on quartz substrates by RF sputtering technique and 
investigated the effect of Zr-doping on the optical properties 
of ZnO. It was found that the optical transparency of the 
thin films was above 90%, but the optical band gap of the 
Zr doped ZNO (ZZO) thin films increased with Zr addition.

Various techniques such as magnetron sputtering [15], 
chemical vapor deposition (CVD) [16], pulsed laser dep-
osition (PLD) [17] and sol gel processes [18] have been 
used to obtain ZnO thin films [16, 19, 20]. Of these tech-
niques, magnetron-sputtering technique is in the foreground, 
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because by using this technique, the coating parameters can 
be easily controlled, the resulting thickness can be adjusted 
and the film magnification can be applied to large surfaces 
[21–23]. In this study, it is aimed to obtain Ni-doped Zinc 
Oxide thin films in various DC power using magnetron sput-
tering technique. To the best of our knowledge, any study 
has been conducted in the literature in which Ni-doped ZnO 
thin films were obtained by this technique. For this purpose, 
a detailed analysis of Ni doped ZnO and pure ZnO thin films 
was discussed and compared with other studies. NZO and 
pure ZnO thin films were analyzed by XRD, SEM, EDX, 
RAMAN, Uv–Vis and PL spectroscopy.

2  Materials and method

ZnO and Ni target materials, which have 99.99% purity, 
were purchased from Signma–Aldrich company, Germany. 
Magnetron sputtering technique was used to obtain thin 
films. In this technique, both the ZnO target material and 
the Ni additive material were fed with 150 W RF power and 
various (20, 30 and 40 W) DC powers, respectively, with 
the co-sputtering system. Two processes were carried out to 
clean the substrate surface. Firstly, the substrates, designed 
in dimensions of 1 × 1 × 0.3 cm3, were subjected to a wet 
surface cleaning process. Substrates washed with ethanol 
and propanol, respectively, in the wet cleaning process were 
then purged with distilled water. Finally, it was aimed to 
remove atoms and molecules that cause contamination from 
the surface of the substrate by creating an Argon (Ar) gas 
plasma through the RF or DC power supply. The process of 
obtaining thin film is summarized as follows.

Primarily cleaned substrates were placed in the substrate 
compartments of the Magnetron Sputtering system. The 
schematic representation of the Magnetron sputtering system 
is as shown in Fig. 1. To the vacuum chamber of the system, 
ZnO and Ni target materials were placed in the target mate-
rial holder compartment. With the help of a vacuum pump, 
the base pressure of the system was reduced to  10−6 m Torr. 
Vacuum processing was carried out several times so that the 
vacuum chamber can be cleaned as much as possible from 
foreign atoms and molecules. At this pressure value, plasma 
was created by sending Argon gas by the help of sensitive 
valve. and surface cleaning of quartz substrates with Argon 
plasma was carried out. This process was done several times, 
5 min periods. Then, Argon gas, adjusted to flow rate of 100 
sccm by mass flow controllers, was sent to the vacuum 
chamber. The DC power of the Ni target was set at 20, 30 
and 40 W, respectively, and the RF power for the ZnO target 
was set to 150 W. The pressure of the vacuum chamber was 
determined to be 480 m Torr, the substrate temperature was 
450 °C, and the coating duration was 30 min. Experiments 

were repeated for each coating and at least five trials were 
performed for each sample.

3  Results and discussions

3.1  XRD analyses

The crystal structure of pure and Ni doped ZnO was ana-
lyzed by X-Ray Diffraction (XRD) method. The XRD pat-
terns of the Nickel-doped and pure ZnO thin films obtained 
were shown in Fig. 2. Several reflection peaks such as (100), 
(002), (101), (102) and (103) were found in NZO thin films. 
For all thin films, XRD results (Ref. JCPDS-Card No. 
36-1451) showed that it was hexagonal wurtzite structure 
with have a preferential c-axis orientation [11, 12, 25, 26]. 
It is understood from Fig. 2 that the (002) plane is located at 

Fig. 1  The schematic representation of the magnetron sputtering sys-
tem [24]
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Fig. 2  XRD spectra of NZO thin films
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2θ = 34.3° and the plane (101) is located at approximately 
2θ = 35.3°. Figure 2 shows that the Ni doping level plays an 
important role in improving the crystallinity of ZnO thin 
films. It can be said that the crystallinity of ZnO films with 
0.24 at.% Ni is better than that of other films. A similar result 
was found by Gupta et al. [27], for indium-doped ZnO thin 
films prepared by the PLD technique. Gupta et al. also noted 
that much higher indium doping destroyed the crystallinity 
of ZnO thin films. As a result, the rate of Ni doping has 
played a vital role in the crystallization of ZnO thin films. 
As can be seen in Fig. 3, the position of (002) peak shifts 
slightly to lower angle. This shift might be due to the ionic 
radius of the  Ni2+ (0.070 nm) is smaller than that of  Zn2+ 
(0.074 nm). In our study, Ni atoms added to pure ZnO lattice 
structure create crystal stress or defect within the structure.

Crystal defects and stresses are thought to cause signifi-
cant change in crystal structure. In the XRD spectra, the 
broadening, narrowing or more intensity of the peaks can 
be attributed to the crystal structure defects formed by the 
addition of Ni atoms. Bragg’s law is used to determine the 
interplanar distance (d) and this law is given as follows [28].

n is an integer (n = 1) and θ corresponds to the half-dif-
fraction angle. The distance d of each film for (002) plane 
is given in Table 1. Table 1 data is in good agreement with 
standard data (JCPDS No. 36-1451).he average crystallite 
size (D) for the (002) plane of thin films was calculated 
using the Debye–Scherrer equation [8]. 

wherein, k, D and λ is, the Scherrer constant of 0.90, the 
average crystallite size and the wavelength of the X-ray 
((0.15406 nm)), respectively. In addition, α is the Bragg 

(1)n� = 2d sin �

(2)D =
k�

� cos �

angle, and β is the full width of the half-maximum (FWHM) 
of the diffraction peak determined for these angles [29]. D 
was calculated as 7.041 nm, 8.463 nm, and 9.578 nm with 
the increase of doping rates for NZO thin films, respectively, 
while it was 26.53 nm for pure ZnO thin film. In addition, 
the lattice constants (c) and (a) of the thin films was cal-
culated from the XRD data presented in Table 1 using the 
following equation [30] .

The calculated value of the lattice constant (c) for the pure 
ZnO thin film is 5.1698 Å and depending on the increased 
Ni doping rate, these values are 5.2246 Å, 5.2172 Å and 
5.2114 Å for NZO films, respectively. These values calcu-
lated for thin films are well agree with standard data (JCPDS 
No. 36-1451, c = 5.2066 Å).

Raman spectroscopy was carried out to investigate the 
microstructure and the vibrational properties of pure and Ni-
doped ZnO films. Raman spectroscopy for NZO thin films 
is shown in Fig. 4. For NZO thin films,  E2 (low) at 97 cm−1, 
 E2 (high) -E2 (high) at approximately 374 cm−1,  A1 (TO) 
mode at 435 cm−1,  E2 (high) mode and  A1 (LO) modes at 
565 cm− 1 were detected. Using the Raman spectrum, the 
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Table 1  Some structural parameters of NZO thin films

Ni doping 
ratios (at.%)

c (0A) a (0A) d(002) 
(0A)

FWHM (degree) D (nm)

0.00 5.1698 2.9849 2.5849 0.3278 26.53
0.16 5.2246 3.0164 2.6123 1.2334 7.041
0.20 5.2172 3.0091 2.6086 1.0275 8.463
0.24 5.2114 3.0088 2.6057 0.9079 9.578
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presence of ZnO phonon modes was confirmed. It was 
understood that these results were in accordance with the 
studies in the literature [31, 32].

3.2  Optical properties

The optical properties such as absorbance and transmittance 
spectra of NZO thin films were determined by UV–Vis spec-
troscopy, and absorbance and transmittance spectra were 
given in Figs. 5 and 6, respectively. From the absorption 
spectra, it is seen that the absorption peak of all the NZO 
samples is centered around at 375 nm and intensity of this 
peak increases with increase of Ni doping level. As can be 
seen from Fig. 6, all the thin films are highly transparent 
(> 90%) in the visible wavelength range, in this respect they 
are similar to transparent conductive oxides. Also, the trans-
parent of ZnO films with 0.20 and 0.24 at.% Ni is higher 
than that of ZnO films with 0.16 at.% Ni (at 550 nm). The 
absorption edges of Ni-doped ZnO thin films shifts to longer 
wavelengths with increase in Ni content and red shift could 
be observed similar to previously reported by Chakraborti 
et al. [33]. and Liu et al. [34]. As it is well known, for the 
direct transition semiconductors such as ZnO, band gap  Eg 
can be calculated from the following equation [35]; 

where α is optical absorption coefficient, h� is photon 
energy, and � is a constant. The direct band gap is calcu-
lated from this equation by extrapolated the straight portion 
of the (�h�)2 plot to the photon energy (h�) axis. Figure 7 
shows the graph of h� versus (�h�)2 for ZnO thin films with 
different Ni doping level. The estimated band gap  (Eg) are 
3.23 eV, 3.11 eV, and 3.15 eV for 0.16 at % Ni ZnO:Ni, 
0.20 at.% Ni ZnO:Ni and 0.24 at.% Ni ZnO:Ni, respectively. 

(4)(�hv)2 = �(hv − Eg)

The transparent of the films increases relatively with 
increase of Ni doping level but not this increase is linear. 
It is thought that the band gap of the thin films increases 
relatively with increase in Ni content due to Burstein Moss 
effect [36]. In degenerate semiconductors (ZnO), the optical 
band gap expands when the carrier concentration increases. 
It is known as Moss-Burstain effect [37, 38]. In addition, 
the grain size affects the optical band gap. The effect on 
grain size and optical band gap is influenced in reverse. In 
our study, it was found that as the particle size increased, 
the optical band gap decreased and similarly the optical 
band gap increased as the particle size decreased. This is 
in good agreement with the results of our study. It is also 
believed that the band gap reduction is due to the presence 
of defects states in the band gap caused by transition dopant 
ions [39]. Photoluminescence (PL) spectra of the Ni-doped 
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ZnO films at room temperature is plotted in Fig. 8. The emis-
sion band (around 400 nm) for ZnO films with Ni content 
0.16 at.% and 0.24 at.% is distinct as compared to other sam-
ple. Also, the intensity of this peak for ZnO films with Ni 
content 0.16 at.% and 0.24 at.% is higher than other sam-
ple. The emission of visible light, such as blue and green 

luminescence, is attributed to the presence of deep-level 
emissions (DLE). DLE defects in the ZnO crystal structure 
are known as oxygen and zinc vacancies  (VO,  VZn), oxygen 
and zinc interstitials  (Oi and  Zni) and oxygen antisites  (OZn) 
[40]. It is believed that the emission band centered around at 
400 nm could be due to the electron transition from the level 
of interstitial Zn to the valence band [41, 42]. The decrease 
in peak intensity might be due to the low number of intersti-
tial atom in the crystal structure [42]. The samples with Ni 
content 0.16 at.% and 0.24 at.% exhibit a strong blue emis-
sion while the other sample exhibits a strong green emission 
[43]. The another emission band at 660 nm attributed to the 
presence d-d transition band which is characteristic of Ni (II) 
with tetrahedral symmetry [44, 45] can be clearly observed 
in the PL spectrum for all the samples. The UV emission 
peak in PL spectra shifts to lower energy (red-shift) with 
increase in Ni content. This red-shift a good accordance with 
the decrease in band gap  (Eg) of the samples with increase 
of Ni doping level.
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3.3  Surface morphology and elemental 
composition

Morphological and elemental compositions of Ni doped and 
pure ZnO thin films were investigated using SEM (Fig. 9) 
and EDX (Fig. 10), respectively. From the SEM images, it 
can be seen that the surface morphology of all the samples 
is made up of firmly packed shaped granular grains without 
any defects (voids, cracks, etc.). More, the granular grains 
are uniformly distributed with a smooth surface similar to 
is morphology of the un-doped and Ni or Mn doped ZnO 
thin films in which was previously reported by Yan et al. 
[46]. Moreover, the grain size of the samples with Ni content 
0.20 at.% and 0.24 at.% is greater than the other sample. 
In addition, nano-sized plates rather than granular struc-
tures were observed due to the increased Ni doping level 

[47]. Consequently, the average crystallite size increased 
linearly with the increase of the Ni doping level, this is con-
firmed by the XRD results described above. Nickel (Ni), 
zinc (Zn), oxygen (O), and silicon (Si) in the samples were 
detected and the Ni content of the ZnO films was estimated 
by means of EDX spectroscopy (Fig. 10). The Ni content of 
the samples is 0.16 at.%, 0.20 at.% and 24 at.%, respectively, 
depending on the increased DC power.

4  Conclusion

NZO and pure ZnO thin films were successfully fabricated 
by Magnetron sputtering technique. The XRD spectra of 
thin films reveal that thin films have Wurtzite structure and 
(002) preferential orientation. The average crystallite size 
of the thin films was determined as 7.041 nm, 8.463 nm and 
9.578 nm with the increased Ni doping rate, respectively, 
and this value was 26.53 nm for pure ZnO thin film. SEM 
analyzes showed that the thin films had nano-grain morphol-
ogy and the average crystallite size was approximately con-
sistent with the XRD results. UV–Vis spectroscopy revealed 
that the thin films were optically transparent in the visible 
region and that the optical band gap of the thin films changed 
significantly with Ni doping. The optical and structural prop-
erties of NZO thin films indicate that it can be an alternative 
material for solar cell applications. In particular, it is thought 
that it can be used as photoanode materials in dye sensitized 
solar cell applications due to the fact that it is composed of 
nanograins having large surface area.
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