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Abstract

The present work reports the successful growth and hence, the characterization of Ni:ZnO thin films with varying Ni contents
in precursor solution (x,; = 0.0, 0.10, 1.00, 4.84, 9.25 and 13.27 at.%). The thin films were fabricated on soda lime glass
substrate. An indigenously designed and developed aerosol-assisted chemical vapor deposition (AACVD) system has been
used for the deposition of Ni:ZnO thin film. Zinc acetylacetonate and Nickel acetylacetonate were used as a source material
for Zn and Ni, respectively. To prepare liquid precursor, isopropyl alcohol was used as a solvent for zinc acetylacetonate
and Nickel acetylacetonate. The deposition was carried out at a constant growth temperature of 500 °C with oxygen as a
carrier gas for the precursor. Raman spectroscopy, XRD and UV-visible spectroscopy characterizations were performed
to investigate the effect of varying x,; content over the optical as well as the structural properties of Ni:ZnO thin films. The
average transmittance of undoped and Ni-doped ZnO came out to be about > 95%. The calculated thickness of Ni:ZnO was
found to be of the order of hundreds of nanometre i.e., the thin films of sub-micron-sized thickness have been fabricated.
The measured bandgaps of Ni:ZnO thin film were found to decrease (red shift) with increasing Ni content in precursor
solution. The AACVD-grown Ni:ZnO thin films was found to have low-average absorbance approximately 1% and average
reflectance approximately 4%. The XRD characteristic spectra of Ni:ZnO thin films reveal that the required phase is present
with a little amount of impurities that matches well with the JCPDS data indicating the hexagonal structure. The particle
sizes measured by the XRD Scherer’s formula, values of lattice constants and the volume of unit cell of Ni:ZnO were found
to be in a good agreement with literature. Raman spectra of pure and Ni-doped ZnO thin films have been measured at room
temperature in the wave number range 150-1300 cm™'. A,(TO) modes are obtained in the range of 382-384 cm~'. While, the
modes obtained in the ranges 569-572 cm~! and 1098—1104 cm™! are allocated as A ,(LO) and A ;(2LO) modes respectively.
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1 Introduction

ZnO has attracted a lot of attention because of its versatility,
and it has been made and investigated in a variety of physical
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forms, including single crystals, thick and thin films, nano-
structures etc.[1]. Thin films of ZnO, among other physical
forms, have a plethora of very essential uses in electrical and
optoelectronic devices, such as photothermal conversion sys-
tems [2], transparent conductors[3—5], gas sensors for toxic
and combustible gasses [6] and heat mirrors and many others
[7]. It is also being looked at as a possible option in emerg-
ing fields like spintronics[8]. Ni:ZnO is considered as II-VI
diluted magnetic semiconductor material due to its unique
magneto-electrical and magnet transport-like properties [9].
However, the mechanism of conductivity change due to Ni
incorporation is still inconclusive. The microstructural and
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optical properties of ZnO are very much sensitive to the
method of preparation[10], the type and amount of dopants
[11-15]. Thus, fabrication and characterization of doped
ZnO thin films via different techniques have attracted con-
siderable attention. NiO has face-centered rhombohedral
crystal structure with lattice constants: a = 4.17 A, a=9023'
48" (at room temperature). NiO can also exhibit small devia-
tions from strict stoichiometry, for example: Ni(l_é)O, where
0 <6 < 5x 1073 [16]. The material is opaque and black/
brownish when 6 is close to the upper border, but green and
translucent when 6 is close to zero (usually upon annealing).
The resistivity can be reduced via inclusion of Ni*? ions
either through Ni vacancies or interstitial oxygen sites in
NiO crystallites. The actual charge conduction mechanism
in nickel oxide is still not clear. Some speculate that it is
due to the fact that holes get thermally excited from shallow
acceptor levels or there is thermal excitation of polarons
(small polaron hopping).

In the past few decades, semiconductor physics has been
advanced significantly due to its numerous practical appli-
cation in the field of research and industry. Materials that
preserve their needed qualities under harsh environmental
conditions are of great importance. Transparent Conduct-
ing Oxides (TCOs) are one of such types of semiconduct-
ing materials. TCOs are highly conductive and possess low
absorbance in the visible and near-infrared (IR) regions
of the electromagnetic spectrum, however, have high UV
absorption properties due to their great transparency in the
visible area [17]. TCOs are wide band-gap semiconductors
that have relatively high free electron concentrations in the
conduction band region. The conductivity and mobility of
TCOs can be modulated according to the doping concen-
tration that in turn improve transparency and band-gap for
TCOs. [17, 18]. TCOs are a compromise between electrical
conductivity and optical transmittance for device applica-
tions, necessitating careful balancing of these properties.
Reduction of the resistivity phenomenon is due to either an
increment in the concentration of charge carriers or in the
mobility value[19].

Thin-film deposition process is broadly classified into
two types of systems—physical vapor deposition (PVD)
and chemical vapor deposition (CVD). PVD is a widely
used technique for producing high-quality, uniform and
adherent thin films of metals and metal oxides, as well
as other materials, such as ceramics and polymers. Sput-
tering and evaporation are examples of PVD techniques
that use line-of-sight processes to transfer material from
the source to the substrate. This in turn leads to an area-
specific deposition of thin film which is directly placed
facing the source. Consequently, growth defects are gen-
erated, such as pinholes, coating non-uniformity, pores
etc. Furthermore, PVD requires higher vacuum condi-
tions as compared to the CVD deposition technique.

Aerosol-Assisted Chemical Vapor Deposition (AACVD)
qualifies for uniform, good-quality and high stoichiometric
film deposition. The morphology and thickness of film can
be deposited by controlling various parameters, such as
precursor concentration, deposition and flow rate of the
carrier gas[12, 13]. Thus, AACVD has been considered
an effective low-cost, sustainable and scalable technique
as it requires non-toxic precursors. In the present work,
we attempt to deposit Ni-doped and undoped transparent
ZnO-based thin films using AACVD method.

As the fabrications of transparent conducting oxide thin
films have drawn attention due to their specific electron-
ics and optoelectronics properties, among the various metal
oxides, NiO is a p-type semiconductor material, which at
room temperature, has a wide band gap of 3.6—4.0 eV. NiO
is considered to be optically transparent in the visible light
region. It can also be used to fabricate short wavelength
optoelectronic devices due to its wide bandgap. NiO is an
appealing material because of its excellent optical, magnetic
and electrical properties. It is used as an anti-ferromagnetic
material for electro-chromic display and a functional layer
material in chemical sensors[20]. Optical and electrical
properties of Ni-doped ZnO can be connected with its pos-
sible applications in today’s electronics. Objective of the
present project work is the deposition of ZnO and Ni:ZnO
thin films using aerosol-assisted CVD system. Structural
properties of grown films i.e., phase orientation, grain size
and crystalline nature of grown films, were identified by
performing X-ray diffraction. Raman spectroscopy was used
for the analysis of vibrational modes of Ni:ZnO thin films.
Optical transmittance and energy band gap of the AACVD-
grown Ni:ZnO thin films were investigated by ultravio-
let—visible spectroscopy.

2 Results and discussion

The present work is aimed to study the effect of Ni*2 dop-
ing in the lattice of ZnO thin films. The films were created
using an aerosol-assisted chemical vapor deposition tech-
nique developed in-house. The different mass proportions
of zinc acetylacetonate (w;) and nickel acetylacetonate (w,)
dissolved in a certain volume of isopropyl alcohol have been
used to have various concentrations of precursor. Table 1
shows the experimentally chosen values of fraction of nickel
content in precursor solution (x;), precursor concentration
(PC), deposition time (D,), thickness (), deposition rate (Dg)
and the optical bandgap (E,) of AACVD-grown Ni:ZnO thin
films. To have the precursor with different concentrations,
varying mass proportions of nickel acetylacetonate (as given
in table 1) have been dissolved in the solution of 200 ml of
isopropyl alcohol and 2 g of zinc acetylacetonate.
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Table 1 Experimental S w, Walw, X PC D, ' D, E
parameters of AACVD-grown 8
Ni:ZnO thin films No g Ratio at.% wt.% g/l min nm pm/s eV
1 0.00 - 0.00 0.00 10.00 40 154 64 3.26
2 0.002 1:1000 0.10 0.09 10.01 30 134 74 3.25
3 0.02 1:100 1.00 0.99 10.10 40 185 77 3.24
4 0.1 1:20 4.84 4.76 10.50 32 109 57 3.16
5 0.2 1:10 9.25 9.09 11.00 35 216 103 3.13
6 0.3 3:20 13.27 13.04 11.50 35 209 100 3.10

The values of x,; have been calculated in atomic percent
(at.%) and weight percent (wt.%). For these calculations, the
following expressions have been used:

Xy = (w; X 100)/(w; + wy)
= (w; X 100)/(w; +w, X C)

(wt.%)

(at.%) M

Here, C is the ratio of molecular weight of nickel acetylace-
tonate (258.93 amu) to the molecular weight of zinc acety-
lacetonate (263.61 amu) i.e., 258.93/263.61 = 0.98. The
formula used for the calculation of precursor concentration
is (w; + w,)/volume of IPA. To calculate the thickness of the
present thin films, the density methods have been adopted.
The following expression can be used to compute the thick-
ness of the film using this method:

t= mf/(df X Ay) )

Here, m, is the mass, df is the density and Af is the surface
area of Ni:ZnO thin films. In the present calculations, the
density and surface area of AACVD-grown Ni:ZnO thin
films were 5.61 g/cm? and 1 cm?, respectively. The masses
of the deposited thin films have been calculated by the

Fig. 1 Pictorial view of
AACVD-grown Ni:ZnO thin
films with varying x,;

Xx = 0.00 at. %

xni = 4.84 at. %
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difference of pre- and post-deposition masses of substrate.
The calculated values of the thickness of the films have been
shown in table 1. These values have further been used to
evaluate the rate of deposition Dy of thin films, which is
the ratio of the film thickness and the time of deposition D,
as given in the table 1. No regular trend has been observed
in the deposition rate of AACVD-grown Ni:ZnO thin films
because the present AACVD technique relies on the self-
assembling of molecules at the heated substrate. The cal-
culated value of average rate of deposition of the films was
(0.335 + 0.030) nm/s.

Figure 1 shows the pictures of AACVD-grown Ni:ZnO
thin films with varying x,;. The hue of the current films
shows the influence of Ni doping in the lattice of ZnO. As
Xy; increases, the reflection shifts form red wavelength to
the green wavelength i.e., blue shift of reflection and hence
the red shift of absorption edge or band gap. The same has
been confirmed by the optical spectroscopy of the films.
The present films have been characterized for their struc-
tural and optical properties.

XNi = 0.10 at. % XNi— 1.00 at. %

Xni=9.25 at. % xni=13.27 at. %
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3 X-ray diffraction spectroscopy
of AACVD-grown Ni:ZnO thin films

X-ray diffraction spectroscopy has been carried out to study
the structural properties of the grown films. XRD experi-
ments have been performed at UGC-DAE CSR, Indore using
Bruker D8 Advance X-ray diffractometer. Figure 2 shows
the XRD pattern of AACVD-grown Ni:ZnO thin films. In
this figure, the angle of diffraction (20) for a polycrystalline
specimen has been plotted as a function of diffracted beam
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Fig.2 6-20 scan of X-ray diffraction pattern of AACVD fabricated
Ni:ZnO thin films. The effect of x,; over the shift in the position of
three prominent peaks (100), (002) and (101) of Ni:ZnO has been
highlighted by the inset of the figure

intensities where every single peak in the diffraction pattern
corresponds to a set of crystallographic planes.

It can be observed that the nature of the films is polycrys-
talline by the existence of various diffraction peaks. Three
well-defined diffraction peaks at (100), (002) and (101),
respectively, correlate to the wurtzite (hexagonal) crystalline
structure of ZnO in all the samples. These diffraction peaks
are in near unison with the conventional value of JCPDS
card no. 01-079-2206. The effect of x,; over the shift in the
position of three prominent peaks (100), (002) and (101)
of Ni:ZnO has been highlighted by the inset of figure 2.
These three peaks have been used to calculate the lattice
constant, lattice volume, crystalline size and the lattice strain
of Ni:ZnO thin films. To calculate the lattice parameters (a
and c) of Ni:ZnO thin films, the following expression relat-
ing Miller indices (hkl) and inter-planer spacing (d) of the
films has been used [21].

1

d2

W+ hk+k2 P

_4
3 a? c?

The calculated values of a and ¢ have been further used to
calculate the volume of unit cell (\/gazc/Z) of hexagonal
lattice-structured Ni:ZnO thin films.

The dependance of lattice parameters (a and c¢) and the
volume of unit cell of Ni:ZnO films over the Ni contents
xy; have been shown by the Figs. 3 and 4, respectively.
Although, no regular trend has been found in the variation
of lattice parameters (a and c) and the volume of unit cell
of Ni:ZnO films, but the variation is small enough to cause
the micro-strain in the lattice of ZnO. As demonstrated
in the inset of Fig. 2, the distinctive peak of the (002)
plane connected to the doped sample shifts toward a higher

Fig.3 Variation of lat- {7
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angle when compared to the undoped (pure) ZnO thin film.
Aside from this occurrence, we see that the broadening of
the XRD peak of Ni-doped samples shows that the size
of the doped ZnO thin film is less than the size of the
undoped ZnO thin film. The decrease in crystallite size is
caused by the entrance of impurities into a host ZnO lat-
tice, and the presence of Ni*? decreases the nucleation and
consequent growth rate of ZnO thin films, as evidenced by
oscillations in the rate of growth of samples as shown in
Table 1 [22, 23]. A closer look at the XRD spectra indi-
cated that some of the peaks obtained in XRD in doped
ZnO thin films at higher angles vanish in pure ZnO sam-
ples. This stems from an increase in grain size and the
existence of stress/strain in the ZnO lattice caused by the
entrance of Ni*? dopant into the host ZnO lattice. As a
result, we infer that tiny changes in 26 values of diffrac-
tion peaks and the broadening of peak are produced by an
increase in micro-strain, and line broadening is mostly the
cause of the size and micro-strain of doped ZnO thin films.
The following expression depicts the Scherrer’s formula
to evaluate the average crystalline size.

5= 0.944 4
PcosO )

In that equation, 6 is grain size, A is the wavelength of X-ray
(1.54 A), B is the full-width at half-maxima, and 6 is the
angle of diffraction.

Fig. 4 shows the variation of crystallite size and the
volume of unit cell of AACVD-grown Ni:ZnO thin films
having varying Ni contents. It is evident that initially, both
the crystallite size and volume of unit cell of Ni:ZnO thin
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films increase with increasing x,;. For the large amount of
doping of Ni*? ions in the lattice of ZnO, both the crys-
tallite size and volume of unit cell of Ni:ZnO thin films
reduce sharply. This is attributed to the limited incorpo-
ration of bigger size Ni*? ion (88 A) in the lattice site of
smaller size Zn*? ion (74 10\). This introduces an strain in
lattice of ZnO and hence the increases in both the crys-
tallite size and volume of unit cell of Ni:ZnO have been
observed. On the other hand, the presence of excess of
Ni*? ions hinders the further opening of ZnO that in turn
reduces the crystalline size as well as the volume of unit
cell of ZnO [23]. The similar behavior in the reduction of
bad gap of Ni:ZnO has also been observed.

4 Ultraviolet-visible spectroscopy
of AACVD-grown Ni:ZnO thin films

Figure 5 depicts the ultraviolet—visible transmittance spectra
of AACVD-grown Ni:ZnO thin films having Ni content xy;
varying from 0.0 to 13.27 at.%. A STDFSM digital fiber
spectrophotometer has been used to measure the transmit-
tance spectra from 300 to 800 nm, of Ni:ZnO thin films that
are deposited on the glass substrates of soda lime. From the
figure, the presence of interference fringes that are clearly
noticeable in the visible region of transmission spectra lends
credence to the notion that contemporary AAVCD-produced
Ni:ZnO thin films have optical homogeneity and consider-
able transmittance. As depicted by figure 5, within the high
visible region of 550 to 800 nm, the average optical transmit-
tance (T ,,,) of Ni:ZnO thin films is ~ 90%. For all the films
at value > 380 nm wavelength, a sharp band edge absorption



Optical and structural characterization of aerosol-assisted CVD-grown Ni:ZnO thin films 205

T T T T T T T T T
100
[ = L~ oy
80 e .
&
N 2 asfa
< | s
gol s 13 ]
= 3 @ 20fC
] A K]
= S (&
E #sf
40 F = -
e S1f
N [ =0.00at. %
[V =——x,=010at.% 5|
20 - x, = 1.00 at. % T
[ ——x =ttt % e ]
xy=925at.% 300 3.05 3.0 3.5 320 325 330 335 3.40
| ——x,=1327at.% 1
0||||||||||||||||||||||||||h‘|,(|e!/)|||||||||||||||
350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

Fig.5 Ultraviolet—Visible transmittance spectra of AACVD-grown
Ni:ZnO thin films having different Ni contents. Inset shows the varia-
tion of (ahv)? and a function of incident photon energy hv. The plots
are used to calculate the variation of optical band gap E, as a function
of xy; that has also been shown in the inset of figure

has been observed, which corresponds to the optical band
gap of undoped as well as doped ZnO.

The absorbance coefficient and band gap energy are con-
nected in the following expression for direct band gap semi-
conductors, such as pure and doped ZnO.[24]

ahv = A(hv — E,)'/* 5)

where hv is known as incident photon energy, E,, is the band
gap energy and A is a constant. The variation of (ahv)? as a
function of incident optical energy /v has been shown by the
inset of Fig. 5 that can be used to determine E,. The x-axis
intersect of asymptote of (ahv)? Vs. hv curve at (ahv)> = 0
directly gives the bandgap of thin film. The variations of
calculated bandgap of pure and Ni-doped ZnO have also
been plotted in the inset of figure 5. It is interesting to note
that with the increase of x,;, a monotonically decreasing
trend in the bandgap of Ni:ZnO has been observed. This is
because with the doping of Ni*? ions in the lattice of ZnO,
the presence of excess Ni*? ions increases that dominate the
bandgap renormalization effect and hence reduce the band
gap of Ni:ZnO as compared to that of ZnO thin film.

The inset of Fig. 5 shows that the bandgap of near band
edge UV-Vis spectra decreases with Ni doping, indicating
ared shift of the bandgap. Transmittance diminishes as dop-
ing concentration increases. This drop in transmittance is
caused by the creation of lattice defects as a result of the
integration of Ni*? ion into the host matrix of ZnO. These
Ni*? ions are likely to inhabit the interstitial positions on the
ZnO lattice, increasing light absorption and lowering trans-
mission. According to Wakano et al. [25], the transmittance

is affected by surface roughness for the reason that surface
scattering brings down transmittance. The almost flat advent
of transmittance spectra suggests that the surface is rough,
which, thereby, increases surface scattering and thus trans-
mission. With increasing Ni doping concentration, the band-
gap values range from 3.26 eV to 3.10 eV. The redshift in
energy gap is seen for Ni:ZnO films as Ni content increases
are due to exchange in the interaction of p—d pair. Sato et al.
[26], have reported that in Ni:ZnO, half-metallic behavior
exists, and magnetic impurities of d states generally turn
up near the Fermi level. Furthermore, the XRD spectrum
analysis confirms the hypothesis that Ni2* ions replace Zn>*
ions in the tetrahedron’s center. Due to the impact of the
ZnO tetrahedral crystal field, the d electronic states in this
field split into lower doublet states and higher energy triplet
levels. The triplet states hybridize with the valence band’s p
orbitals, resulting in bonding as well as anti-bonding states.
Also, these states are located inside the band gap, such as
the bonding states are closer to the valence band and anti-
bonding states, having higher energy, are close to the con-
duction band. As a result, a red shift occurs due to the optical
absorption between these states. Additionally, the possibility
of the reduction in band gap as a result of rise in crystalline
nature with increasing x,; of the films can be ruled out by the
presence of number of XRD peaks that supports the poly-
crystalline nature of AACVD-grown Ni:ZnO thin films [27].
The STDFSM digital fiber spectrophotometer can also
be used to measure the optical absorbance and reflectance
of thin film. Figure 6a and 6b shows the optical absorb-
ance and reflectance spectra of AACVD-grown Ni:ZnO thin
films having different Ni contents. It is worthy to note that
all the films have low-average optical absorbance < 1% and
considerably low-average optical reflectance < 4%. From
the absorption spectra, it can be seen that the absorption
peak of undoped and Ni-doped ZnO appear from = 380 nm.
Furthermore, with the increase of nickel concentration, the
absorption peak of Ni:ZnO thin films becomes broad.

5 Raman spectroscopy

Raman spectroscopy is considered as one of the dominant
tools in order to identify the presence of dopants and lattice
defects in the lattice structure of the host element. The trans-
port of charges within the dopant and host material modifies
the surface of doped thin films resulting in the shift in the
optical Raman spectrum of doped and un-doped thin films.
Figure 7 depicts the Raman spectra of pure and Ni-doped
ZnO thin films measured at room temperature in the wave-
number range 150-1300 cm™".

In the ZnO waurtzite structure, all atoms occupy the C*
6 » Sites, and there are two formulae units per primitive
cell. The group theory (A;+2B,+E+E,) predicts both the
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Raman-active center and optical phonons. As they are polar
phonons, the transverse optical (TO) and longitudinal optical
(LO) phonons of the symmetry A, and E, exhibit distinct
frequencies with being Raman and infrared active. B, modes
are Raman-inactive or silent modes. Moreover, E, modes are
non-polar, but Raman-active modes. The peaks obtained for
pure and doped ZnO thin films in the range of 382-384 cm™!
are attributed as A ;(TO) transverse optical mode and those
in the range of 569-572 cm™! are A (LO) mode due to the
presence of oxygen vacancies, Zn interstitials or free car-
riers in the films. Peaks in the range of 1098—1104 cm™!
are allocated as the second-order vibrational mode A,
(2LO) [28-31]. After Ni doping, a shift in peak width and

D Springer KESYAEAY

frequency is seen, which may indicate a change in local sym-
metry as a result of the inclusion of Ni atoms in the host
lattice even while the crystal structure is unaltered. Also
an additional mode has been observed in doped ZnO thin
films at 192.6 cm~!. However, the reason for the peak is
still unclear as there has been some dissimilar reasoning in
the previous literature [29]. To peaks at 788-800 cm™!, an
additional mode is assigned to be longitudinal optical and
longitudinal acoustic modes as A;(LA+LO) that are related
to glass substrate.

6 Conclusions

In summary, the present work can be concluded with the
findings as, Ni:ZnO thin films having various Ni contents
Xy;, have been deposited on soda lime glass substrate kept at
constant growth temperature of 500 °C. The Raman spectros-
copy, XRD and UV-visible spectroscopy characterizations
were performed to investigate the effect of varying x,; over
the optical as well as structural properties of the deposited
Ni:ZnO thin films. Furthermore, the XRD characterization
of Ni:ZnO thin films reveals that the required phase is pre-
sent with a little amount of impurities that matches well with
the with JCPDS data indicating the hexagonal structure. The
particle sizes measured by the XRD Scherer’s formula, val-
ues lattice constants and the volume of unit cell of Ni:ZnO
were found to be in a good agreement with literature. The
UV-Vis spectroscopy of grown films shows that the depos-
ited films were highly transparent in the region of visible
spectra. The optical band gap decreases evidently as dopant
concentration increases, indicating that Ni doping favorably
narrows the band gap of ZnO. The AACVD-grown Ni:ZnO
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thin films were found to have low-average absorbance ~ 1%
and average reflectance ~ 4%. Additionally, Raman spectros-
copy of the films shows the presence of various vibrational
modes like first- and second-order vibration modes, optical
mode (transverse) and the optical phonon mode (longitudi-
nal). The doping of Ni*? ions in the lattice of ZnO showed
shift in the local symmetry by the change in peak width and
frequency. Ni doping could be studied to have highly stable
and conductive p-type Ni:ZnO thin films. Post-deposition
annealing of Ni:ZnO thin films could also be explored to get
the best p-type conductivity and transparency of AACVD-
grown Ni:ZnO thin films.
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