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Synthesis and Characterization of Ni-Doped ZnO Thin Films
Prepared by Sol—Gel Spin-Coating Method
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Abstract—Ni-doped ZnO (ZnO:Ni) thin films were deposited onto glass substrate by sol—gel spin-coating
method using zinc acetate dehydrate and nickel(I1I) chloride hexahydrate. The structural, morphological, and
optical properties of ZnO:Ni thin films under various doping level of nickel were investigated using X-ray dif-
fraction (XRD), ultraviolet—visible transmission spectra (UV—Vis), atomic force microscope (AFM), scan-
ning electron microscopy (SEM) and Fourier transform infrared (FTIR) measurements. XRD patterns indi-
cated that the deposited films had a crystalline hexagonal wurtzite structure with preferred orientation in the
(0 0 2) plane when the grain size varied between 36.5 and 44.5 nm. All films were found to exhibit a good
transparency in the visible range with the maximum transmittance of 95% and the optical band gap energies
were found between 3.15 and 3.22 eV. The SEM morphology shows the non-doped and Ni-doped ZnO thin
films are continuous, dense, and distributed over the entire area with good uniformity. All parameters pro-
cured for Ni:ZnO composite thin films propel the possibility of using composite thin films for transparent

conducting electrode applications.
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1. INTRODUCTION

Zinc oxide (ZnO) is a broad-banded, direct-gap
(3.37 V) semiconductor compound belonging to the
II—VI group of conductive transparent oxides (TCO)
with n-type natural conductivity [1—3]. Currently,
zinc oxide is one of the most studied materials due to
its vast potential for thin-film technology applications.
ZnO is a material whose use has now increased in sev-
eral practical areas such as waveguides [4, 5] and
piezoelectric transducers [6, 7], but also in various
other areas such as gas sensors [8, 9], catalysts [10, 11],
transparent conductive electrodes [12, 13], solar cells
[14, 15], surface acoustic wave devices (SAW) [16, 17],
and varistors [18, 19]. Zinc oxide (ZnO) is attracting a
great attention due to its superior optical, electronic,
and chemical properties [20], which could be applied
to develop windows layers in photovoltaic solar cells
[21] either intrinsic or doped with metals. The meth-
ods used for the elaboration of ZnO thin films are very
different and numerous among the chemical and
physical methods [22—31]. It is obvious that each
method has its advantages and disadvantages and that
the properties of the films depend on it enormously.
Among different fabrication techniques, the sol—gel
technique has been extensively used for film deposi-

tion [32, 33]. It offers advantages in producing thin,
uniform, transparent, and multi-component oxide
layers with many structures on various substrates
[34, 35].

Diluted magnetic semiconductors (DMS) are
semiconducting materials doped with 3d transition
metals such as Co, Fe, Mn, or Ni that have attracted
much interest in the last years because of their unique
properties and potential application in spintronic,
magnetoelectronic, and optoelectronic devices [36].

In this present work, non-doped and nickel-doped
zinc oxide (ZnO) thin films have been prepared on
glass substrates by spin-coating technique. We have
investigated the influence of doping concentrations
ranging from 0 to 6 at % on structural, optical, and
morphological properties of ZnO thin films.

2. EXPERIMENTAL PROCEDURE
2.1. Preparation of Thin Film

After optimization of precursor solutions prepared
by sol—gel routes, spin-coating technique was used for
deposition of 3 layers for each thin film.
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Fig. 1. A schematic of spin-coating process: /—deposition,
2—acceleration, 3—flow domination, and 4—evaporation.

Highly-oriented non-doped and Ni-doped ZnO
thin films were obtained according the protocol pre-
sented on Fig. 1.

As shown in Fig. 1, the four basic stages in the spin-
coating process are:

(1) Deposition: deposition of solution onto the
substrate.

(2) Acceleration: spreading of solution from centre
of substrate to the sides (spin-up).

(3) Flow domination: gradual thinning of solution
(spin-off).

(4) Evaporation: gelation due to solvent evapora-
tion.

Zinc acetate dihydrate and dopant were first dis-
solved in a methanol at room temperature. The dopant
solution is taken at the atomic percentage of 0 to 6. The
solutions were stirred at room temperature for 1 h to
yield a clear and homogeneous solution. Prior to each
deposition, the glass substrates were cleaned initially
first by HCI then by ultrasonically in acetone and
methanol for 15 min and finally washed with distilled
water and dried.

The coating solutions with different dopants and
concentrations were dropped onto a glass substrate
under a rotation speed of 3000 rpm for 30 s by using a
spin coater. After the deposition, the films were dried
at 200°C for 10 min in the air (pre-heat treatment) to
evaporate the solvent and remove organic residuals.
The procedures from coating to drying were repeated
many times. The films finally formed were annealed in
air at 500°C for 1 h.

2.2. Characterization

The crystal phase and crystalline quality of pre-
pared thin films were investigated by an X-ray diffrac-
tometer (BrukerDS8) using CuK|, radiation with a
wavelength of 1.5406 A in the range 25°—80°. The
molecular structure was studied by using IR spectros-
copy. The range of infrared radiation selected was
2002000 cm~!. The transmittance spectra were
recorded by UV—Vis—NIR Lambda 950 spectropho-
tometer from PerkinElmer in the range of 200—
800 nm. The surface morphology of the deposited thin
film was studied using a SEM (FE1-X130). All the
measurements were carried out at room temperature.
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3. RESULTS AND DISCUSSION
3.1. X-Ray Diffraction Analysis

Figure 2 shows the X-ray diffraction patterns of
non-doped ZnO (Fig. 2a) and Ni-doped thin films
(ZON) deposited with concentrations 2, 4, and 6% are
presented on Figs. 2b, 2¢, and 2d, respectively.

All XRD patterns of as prepared samples are com-
pared to that of JCPDSN°36-1451 for ZnO with space
group P63mc. The diffractograms of Figs. 2a—2d are
assigned to the hexagonal wurtzite (WZ) crystalline
phase of ZnO with preferred orientation in the (002)
direction located around 34.40°. Moreover, the (002)
diffraction peak intensities of Ni-doped ZnO films
increased rapidly with nickel doping and were rela-
tively higher than that ZnO non-doped thin film,
which could either be due to the smaller difference in
radius between Ni** ions (0.69 A) and Zn2?* ions
(0.74 A) or that most of them have a strong c-axis ori-
entation along (002) plane normal to the substrate
[37]. However, the film deposited with 6 at % has the
higher (002) intensity.

According to the XRD measurements, the thin
films of Ni-doped ZnO are shown to adopt the pre-
ferred orientation with the c-axis (002) perpendicular
to the substrate. The lattice spacing was calculated
using the Bragg’s formula [38]:

For hexagonal wurtzite structure, the lattice
parameters a and ¢ are related to d spacing and the
Miller indices 4, k, and [ through the following equa-
tion [39]:

12
+L. )
c

=3 2

1 4[h2+hk+k2}
d/fk/ 3 a

The average grain size of crystallite size was calcu-
lated by the Debye—Scherrer’s equation as follows
[40, 41]:

__K\A
BcosO’

3)

where (4 k [) are Miller indices; d,,, is the lattice spac-
ing; O is half of Bragg angle; A is the wavelength
of X-ray used (1.5406 A); D is the grain size, B is the
full width at half maximum (FWHM) of the diffrac-
tion peak.

The lattice strain € was calculated from the relation
[42—45]

8:[30256’ )
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Fig. 2. X-ray diffraction spectra of the non-doped and Ni-doped ZnO thin film.

while the dislocation density d was calculated by using
the formula [46]

(%)

The decrease in the FWHM of (002) crystal plane
with doping concentration confirmed the increase in
the crystallite size as shown in Table 1.

As shown in Table 1, with increasing Ni doping
concentration, the lattice constant ¢ decreases. Since
the radius of Ni2* (0.69 A) is smaller than that of Zn?*
(0.74 A), the variation of the c-axis lattice suggests that
Ni substitutionally replaces Zn in the films [47, 48].
The average crystallite size of the NZO thin films var-
ies from 36 to 43 nm and the strain values were found
to be constantly decreasing with Ni-doping.

It is clear from XRD patterns of NZO samples that
crystallinity quality increases as the concentration of
Ni dopant is increasing and it is better than that of
non-doped ZnO sample. M.S. Abdel-Wahab et al.

[49] also observed the similar trend with different dop-
ing concentrations. The change in the peak intensities
can be attributed to the decrease in the defects of the
stacking of thin films at different doping concentra-
tions [50]. The absence of impurity peak related to Ni
phase indicates successful incorporation of Ni in ZnO
matrix, which is due to comparable ionic radius of
Ni* (0.69 A), and Zn** (0.74 A) [51—58].

3.2. Optical Analysis

Figure 3 shows the optical transmittance spectrum
of non-doped and Ni-doped ZnO thin films in the
wavelength range from 200 to 800 nm. As can be seen
from Fig. 3, all the films were highly transparent in the
visible range (400—700 nm) with a transmittance of
more than 90% even after Ni doping.

A sharp decrease in the transmittance is observed at
about 378 nm, attributed to the band edge absorption.
Also, no remarkable dependence of the measured

Table 1. The X-ray diffraction parameters value of non-doped and Ni-doped ZnO thin films: peak position 26, FWHM 3,

crystallite size D, Micro Strain €, and dislocation density &

Film (20, deg| FWHM, deg| B, deg|Crystallite size D, nm|Micro strain €, % | § x 104, lines/m?| @, A | ¢, A | c/a | d, A
ZnO | 34.36 0.255 0.228 36.5 0.358 7.50 3.014(5.215|1.73|2.607
Ni2%| 34.40 0.234 0.207 40.2 0.328 6.18 3.011 5.210(1.73]2.605
Nid4%| 34.41 0.214 0.187 44.5 0.299 5.05 3.0115.210(1.73]2.605
Ni 6%| 34.38 0.219 0.192 43.3 0.307 5.33 3.012(5.213|1.73(2.606
SEMICONDUCTORS Vol. 55 No. 5 2021
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Fig. 3. Transmittance spectra of: (a) non-doped ZnO, (b) In-doped ZnO, and (c) Al-doped ZnO thin films deposited onto glass

substrate.
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Fig. 4. Plots of (ochv)2 versus Eg for different Ni doping concentrations.

transmittance on the doping concentration of Ni in
the studied range especially near the band edge was
observed [59].

This value is reported by several authors; this
enables ZnO films the character of transparent mate-
rial and justify its application as front windows in
optoelectronic devices [60, 61].

From transmittance measurements, the optical
band gap can be estimated considering a direct-gap

SEMICONDUCTORS Vol.55 No.5 2021

semiconductor. The band gap (£,) was calculated
using the relation [62, 63]:

(0hv)’ = K(hv - E,), (6)
where 4 is Planck’s constant, v is the frequency of the
incident radiation, K'is a constant, and E, is the band
gap energy. The absorption coefficient o, which is a
function of the photon energy Av, is calculated from
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Fig. 5. SEM images of the films (a) ZnO pur, (b) ZnO—Ni 2% and (c) ZnO—Ni 6%.

the optical transmittance spectra results using equa-
tion [64]:

oy = —In@
d

where d is the thickness of the film and 7'is the trans-
mittance of the film.

, (7)

The plots of (0thv)? against E, for the non-doped
and Ni-doped ZnO thin films are shown in Fig. 4.

Band gap energy, determined by second-derivative
spectrum [65], is obtained by extrapolating the linear
portion of this graph to (at4v)? = 0. As can be seen
from Fig. 4, E, (pure ZnO) is equal to 3.21 eV, E, (2%)
is equal to 3.155 eV, E, (4%) is equal to 3.20 €V, and E,
(6%) is equal to 3.22 eV. It has been found that there is

no considerable effect of doping procedures. The esti-
mated optical bands gaps coincide with those reported
in literature and are slightly different from the bulk
zinc oxide of 3.37 eV [66—70].

3.3. SEM Analysis

Figure 5a—5c shows the surface SEM micrographs
of the non-doped and Ni-doped ZnO thin films.

All the films are dense, continuous, and distributed
over the entire area with good uniformity. It is also
clear that our layers have small uniform size grains in
the form of nanoparticles with average diameter vary-
ing between 50 and 100 nm. However, the grain size as
measured from the surface SEM images is higher than
the values calculated from the XRD measurements,

SEMICONDUCTORS  Vol. 55
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(b)

Fig. 6. AFM images of the films (a) ZnO pure, (b) Ni-doped ZnO thin films.

indicating that these grains are probably an aggregate
of crystallites.

3.4. AFM Analysis

Morphological characterization of the non-doped
and Ni-doped ZnO thin films were done by AFM
analysis (Fig. 6).

Figures 6a and 6b shows the two-dimensional (2D)
AFM images of the non-doped and Ni-doped films,
respectively. The 2D images show that the films are
uniform, dense, and distributed over the entire area
with a rough surface. The shape of crystallites are the
same, small crystallites form aggregates with average
diameter varying between 50 and 100 nm. A few black
patches also observed in the 2D AFM images of the
non-doped and 2 at % Ni-doped thin films corre-
spond to the presence of some voids on the film sur-
face. Therefore, the Ni doping affects the surface
topography of films and consequently can affect the
optical properties. The average surface roughness and
the average grain size decreases with Ni doping. This
morphological change occurs due to incorporation of
Ni ions into ZnO film matrix, resulting in variation in
the lattice strain.

SEMICONDUCTORS Vol. 55

No.5 2021

3.5. Fourier Transform Infrared Analysis

Fourier transform infrared (FTIR) spectroscopy
supplements the information obtained from XRD and
SEM. It is the combination of all data that helps us to
understand, analyze, and refine more effectively the
structure of films. FTIR spectroscopy is very useful
tool for investigating vibrational properties of synthe-
sized materials. The band positions and numbers of
absorption peaks are depending on crystalline struc-
ture, chemical composition, and also on film mor-
phology.

Figures 7a and 7b shows the FTIR spectra of pure
and Ni-doped ZnO films, in the range of 4000—
300 cm™~! [71, 72].

A band at 454 cm™! is observed for each spectrum,
which is attributed to the ZnO stretching vibrations
[71, 73, 74]; these results are in good agreement with
our XRD results and confirm the formation of ZnO
[74]. The band around 2900 cm~! is due to C—H (ace-
tate) stretching [75]. The band at 1730 cm™~! is due to
C=0 stretching frequencies, and the band at 1424 cm™!
is the C—O stretch [71, 76].
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Fig. 7. FTIR spectrum and their peaks of pure and Ni-doped ZnO films.

4. CONCLUSIONS

The structural, optical, and morphological proper-
ties of non-doped ZnO and Ni-doped ZnO thin films
deposited on glass substrates by spin-coating process
were investigated. XRD analysis confirmed the hexag-
onal wurtzite crystalline phase of non-doped and
Ni-doped zinc oxide thin films with preferred orienta-
tion in the (002) plane when the grain size varied
between 36.5 and 44.5 nm. However, the film depos-
ited with 6 at % has the higher (002) intensity. The
optical measurement results confirmed that all the
films were highly transparent in the visible range
(400—700 nm) with a transmittance of more than 90%
even after Ni doping. The optical gap of our ZnO sam-
ples was found between 3.15 and 3.22 eV. The morpho-
logical analysis confirmed that the shape of crystallites
were the same, small crystallites formed aggregates
with average diameter varying between 50 and 100 nm.

The obtained results indicate that the Ni-doped
ZnO thin films elaborated by the spin-coating tech-
nique are promising candidate for optoelectronic

applications especially for electronic device applica-
tions.
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