
Contents lists available at ScienceDirect

Materials Research Bulletin

journal homepage: www.elsevier.com/locate/matresbu

Synthesis, structural and optical properties of mesostructured, X-doped NiO
(x = Zn, Sn, Fe) nanoflake network films

M.H. Mamata,b,*, N. Parimona, A.S. Ismaila, I.B. Shameem Banuc, S. Sathik Bashac, R.A. Ranib,
A.S. Zoolfakara, M.F. Malekb,d, A.B. Surianie, M.K. Ahmadf, M. Rusopa,b

aNANO-ElecTronic Centre (NET), Faculty of Electrical Engineering, Universiti Teknologi MARA (UiTM), 40450, Shah Alam, Selangor, Malaysia
bNANO-SciTech Centre (NST), Institute of Science (IOS), Universiti Teknologi MARA (UiTM), 40450, Shah Alam, Selangor, Malaysia
c Department of Physics, B.S. Abdur Rahman Crescent Institute of Science & Technology, Vandalur, Chennai, 600 048, India
d Faculty of Applied Sciences, Universiti Teknologi MARA (UiTM), 40450, Shah Alam, Selangor, Malaysia
eNanotechnology Research Centre, Faculty of Science and Mathematics, Universiti Pendidikan Sultan Idris (UPSI), 35900 Tanjung Malim, Perak, Malaysia
fMicroelectronic and Nanotechnology – Shamsuddin Research Centre (MiNT-SRC), Faculty of Electrical and Electronic Engineering, Universiti Tun Hussein Onn Malaysia
(UTHM), 86400 Batu Pahat, Johor, Malaysia

A R T I C L E I N F O

Keywords:
NiO
Nanoflake network film
Solution immersion
Optical properties
Structural properties

A B S T R A C T

Mesostructured nickel oxide (NiO) nanoflake network films doped with zinc (Zn), tin (Sn), and iron (Fe), were
grown by a one-step solution immersion method at 120⁰C on indium-doped tin oxide (ITO) glass substrates. Field
emission scanning electron microscope images revealed that the NiO nanoflake networks doped with Zn, Sn, and
Fe, grew on the ITO but with different nanoflake morphologies and thicknesses, and their growth mechanisms
are discussed. The X-ray diffraction patterns show that all grown films exhibited polycrystalline NiO structures.
Substantial modifications and anomalies in the NiO film’s morphology, thickness, lattice constant, stress/strain,
crystallite size, and dislocation density, were observed when doped with the different sources. The optical and
electrical properties also altered after the doping process. The Raman spectra indicated that all the films ex-
hibited cubic NiO structures with paramagnetic characteristics. Moreover, the characteristic deviations in the
doped NiO nanoflake network films have been thoroughly discussed.

1. Introduction

Nickel oxide (NiO) is a p-type metal oxide semiconductor with a
wide band gap energy of 3.6–4 eV. Generally, NiO exhibits both
rhombohedral and cubic structures. However, its lattice structure is
dominated by the cubic structure [1]. The p-type conductivity of NiO is
attributed to the cation deficit or Ni vacancies in the lattice. Recently,
this binary oxide has attracted much attention in many applications
such as solar cells, batteries, sensors, energy storage, and memory de-
vices [2–7]. There are many techniques that have been applied to
fabricate NiO either in powder structures or films, including spray
pyrolysis, sputtering, hydrothermal, and solution-based methods
[8–12]. Particularly for the preparation of NiO nanostructures, the so-
lution-based method offers plenty of advantages including low-cost
processing, simplicity of the fabrication process, and the ability to
produce high quality nanomaterials.

A doping process with metal elements has been regarded as one of

effective approaches to modify the NiO properties. It has been reported
that the doped NiO shows enhanced sensing performance and improved
energy storage capacity [13,14]. Therefore, the optimization of the
doping process, including the selection of suitable dopant materials, is
very crucial to improving the NiO properties. Recently, a few metal
sources, which include indium, tin, manganese, iron, and cobalt, have
been used as dopants in NiO [15–18]. Each dopant alters the NiO
characteristics when it is incorporated into the NiO lattice, and these
characteristic variations are very useful for different kinds of applica-
tions. However, the characteristics of the doped NiO are also sig-
nificantly influenced and controlled by the preparation methods and
their corresponding parameters. In other words, NiO prepared by dif-
ferent methods but with similar dopants might exhibit different char-
acteristics. Therefore, it is difficult to compare and evaluate the con-
clusive impact of the various dopants on the properties of NiO based on
the reported works due to variances of the methods and parameters
used to prepare the doped NiO. Each method might have different
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kinetics and mechanisms of the doping process, which leads to different
characteristics of the doped samples. In addition, most of the literature
relates to the properties of doped NiO films with dense granular
structure, and to the properties of doped NiO nanostructures in powder
form structure [19–22]. However, reports and discussions on the doped
NiO nanostructured films, which are directly grown or deposited on the
substrate, based on one-step methods, are still lacking.

Herein, the one-step solution immersion method was utilized to
directly grow undoped and doped NiO nanoflake network films on ITO
glass substrates. The influence of doping with zinc (Zn), tin (Sn), and
iron (Fe), on the optical and structural anomalies of the network films
were thoroughly investigated. This study provides distinct and com-
plementary data to the current literature because it permits a direct
comparison between the undoped and doped samples, particularly for
NiO nanoflake network films grown on the substrate based on a one-
step solution immersion approach, as they were grown using the same
parameters and immersion vessel, changing only the dopant materials.
To the best of our knowledge, there are few reports on the structural
and optical properties of NiO nanoflake network films with different
dopants (i.e., Zn, Sn, and Fe), particularly on nanoflake network films
that are grown directly on the substrate using a one-step solution im-
mersion method.

2. Experimental procedure

Undoped and doped NiO nanoflake network films were prepared by
the solution immersion method onto indium-doped tin oxide (ITO) glass
substrates (commercially purchased, resistivity 15 Ω∙cm, thickness: 200
nm) at 120⁰C. A solution for the undoped sample was prepared using
0.1 M nickel (II) nitrate hexahydrate as a precursor, and 0.1 M hex-
amethylenetetramine (HMT) as a stabilizer, which were dissolved in a
beaker filled with deionized (DI) water. Doping was achieved by adding
0.001 M zinc nitrate hexahydrate, 0.001 M tin chloride dihydrate, and
0.001 M iron chloride hexahydrate into three separate undoped solu-
tions to attain Zn-, Sn-, and Fe-doped solutions, respectively. Each so-
lution was sonicated for 5 min using an ultrasonic bath to improve their

miscibility. After that, the solution was transferred into a Schott bottle.
Inside the Schott bottle, the ITO glass substrate was positioned at the
bottom with the conductive ITO layer facing upwards. Then, the bottle
was tightly closed with its cap before being inserted into an oven at 120
°C for 2 h. After the immersion process, the grown nanostructured NiO
on the ITO glass was rinsed with DI water and successively baked in the
furnace at 150⁰C for 10 min. Subsequently, the sample was annealed at
500⁰C for 1 h in an ambient atmosphere. The resulting undoped, Zn-
doped, Sn-doped, and Fe-doped NiO nanoflake network films are ab-
breviated as UNF, ZNF, SNF, and FNF, respectively.

The surface morphology and cross-sectional images of the grown
undoped and doped films were analyzed by field-emission scanning
electron microscopy (FESEM; JEOL JSM-7600 F). The crystallinity of
the samples was investigated using X-ray diffraction (XRD; PANalytical
X’Pert PRO). The X-ray profile of standard highly crystalline lanthanum
hexaboride was used to make instrumental broadening corrections. The
optical transmittance measurements of the samples, in the ultraviolet-
visible (UV–vis) range, were carried out using UV–vis double-beam
spectroscopy (Perkin Elmer Lambda 750). The Raman spectra mea-
surements of the samples were conducted at room temperature using
micro-Raman spectroscopy (Horiba Jobin Yvon-79DU420A-OE-325).
The Raman spectra were obtained using a 514-nm argon (Ar) laser as an
excitation source. The current-voltage (I–V) measurements were con-
ducted at room temperature using a two-probe I–V measurement
system (Keysight B1500A). To measure the I–V, 60-nm-thick Platinum
(Pt) was used as an electrode and ITO (from the substrate) was used as a
counter electrode. The Pt electrodes were deposited on the films using
an electron beam evaporator (Ulvac).

3. Results and discussion

The FESEM images of the UNF, ZNF, SNF, and FNF, prepared using
the solution immersion method, are shown in Figs. 1(a)–(h). These
morphological images reveal that the mesostructured NiO nanoflake
network grew uniformly on the ITO glass after immersion for 2 h. The
FESEM images also reveal that the nanoflake morphology of the NiO

Fig. 1. Typical FESEM images of mesostructured NiO nanoflake network films at low and high magnifications; (a-b) Undoped (UNF); (c-d) Zn-doped (ZNF); (e-f) Sn-
doped (SNF); and (g-h) Fe-doped (FNF). Magnified images (at 100,000× magnification) of (i) UNF, (j) ZNF, and (k) SNF.
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exhibits a considerable change after doping with different sources. The
UNF sample in Fig. 1 (a) exhibits a nanoflake network morphology with
a large nanoflake structure. A higher magnification FESEM image, in
Fig. 1(b), shows that the UNF has a very thin nanoflake mesostructure,
which has nanopores on the surface. These nanoflakes linked up to the
adjacent nanoflakes and simultaneously accumulated to form a nano-
flake network film. Meanwhile, the ZNF sample in Fig. 1(c) shows an
almost similar surface structure as UNF but with a denser morphology.
The ZNF also possess nanopores on the surface, which can be observed
in the higher magnification image in Fig. 1(d). The nanopores are
formed on the nanoflake as a result of aggregation between small NiO
particles. However, the morphology of NiO is significantly changed
when doped with Sn as shown for the SNF sample in Fig. 1(e). This
morphology is dissimilar from that obtained for the UNF and ZNF
samples, in that it exhibits a comparatively dense structure with small
nanoflakes. The nanoflake size was substantially reduced as compared
to the UNF and ZNF samples. The morphology of the nanoflake network
for SNF can be clearly observed with high uniformity in the magnified
image in Fig. 1(f). Another apparent feature of SNF is the presence of an
ordered and dense nanoflake network structure. The surface mor-
phology for FNF is shown in Fig. 1(g). For the FNF sample, the images
were taken at higher magnification because the morphology could not
be clearly observed in low magnification images. The image shows that
that the nanoflake network structure for FNF was more irregular as
compared to other samples. The sample also exhibits a nanoflake
structure with small dimensions, as evidenced in the higher FESEM
image in Fig. 1(h). Similarly, high magnification images (at 100,000×)
of UNF, ZNF, and SNF samples were taken and are shown in Figs. 1(i),
1(j), and 1(k), respectively. The magnified images of the samples clearly
show that the two-dimensional NiO nanoflake was constructed from a
series of NiO nanocrystallite chains. These small crystallite chains
produce a unique and mesoporous nanoflake structure with a pore
diameter less than 50 nm. The pores are represented by the black dots,
as labelled in Fig. 1(i). The morphologies of the undoped and doped
NiO nanoflakes also exhibit some irregular structures, which are due to
the thermodynamic instability of the formed NiO nuclei that have a
high interfacial energy during nucleation. As the growth reaction pro-
ceeds, the morphology and quantity of the nuclei continuously im-
proves to create more NiO crystallites, which subsequently combine
with each other and develop into the nanoflake structure.

The FESEM cross-sectional images of UNF, ZNF, SNF, and FNF are
shown in Figs. 2 (a)-(d). The image in Fig. 2(a) shows that the UNF
grew on the ITO substrate, in which the nanoflakes formed multiple
networks with each other creating a porous film. It can be observed in
this Figure that a dense film with a small nanoflake network structure
was preliminary grown on the ITO, followed by a large and pre-
dominant nanoflake network layer on top of the dense layer. This
condition indicates that the dense NiO layer, which has a thickness of
approximately 200 nm, was initially grown on the ITO to act as an
epilayer, or a seed layer, that provides increased surface energy for the
subsequent nanoflake growth. The thickness of the UNF film is ap-
proximately 4.2 μm. The presence of this dense layer was also observed
for the ZNF and SNF samples but with a smaller thickness, as depicted
in Figs. 2(b) and (c), respectively. The film thickness for the ZNF film
was estimated to be 3.5 μm, whereas the thickness of the SNF film was
approximately 2.1 μm. However, for the FNF sample, it is difficult to
observe this dense layer due to a small film thickness of 250 nm, as
shown in the cross-sectional image in Fig. 2(d).

From the FESEM images, it can be concluded that generally, the
introduction of dopants retards the growth of the nanoflake film on the
ITO substrate due to the reduction of the nucleation ions. The dopants
might also be predominantly present on the nanoflake surface which
hinders the crystal growth, which explains the reduction in thickness
and nanoflake size for the doped samples. This condition is possible
since the enthalpies of formation for these metal dopants to form oxides
are smaller than that of NiO. The enthalpies of formation for NiO, ZnO,

SnO2, and Fe2O3, are -240 kJmol−1, -324 kJmol−1, -578 kJmol−1, and
-740 kJmol−1, respectively [23–26]. Therefore, these dopants are pre-
sumably incorporated at an early stage of the nanoflake growth and
change the free energy of the system, which disturbs the formation of
large nanoflakes inside the film. According to these enthalpies of for-
mation, the Fe dopant is easily assimilated in the NiO nanoflake at an
early stage of the growth as a result of the low enthalpy value, which
impedes the consecutive growth of the nanoflake due to the dete-
rioration of lattice structure induced by Fe doping. This is also the case
for the SNF sample, where the addition of Sn dopant literally obstructs
the nanoflake growth to produce a smaller size than those of the un-
doped sample. Zn dopant also produces a smaller nanoflake size but not
as small as the size of the SNF sample, which is attributed to its large
enthalpy of formation compared to those of the other dopants. Conse-
quently, according to our results, the FNF sample shows the thinnest
and most irregular nanostructures, followed by SNF, ZNF and UNF.

It has been reported that metal oxides with diverse morphologies
can be grown using an appropriate metal salt in the solution [27,28].
The HMT was used in this study because it can act as a complex agent
and provides alkaline conditions for NiO growth. Generally, the HMT
dissolves in DI water to produce ammonia and formaldehyde according
to the equation below:

+ → +CH N H O HCHO NH( ) 6 6 42 6 4 2 3 (1)

The produced ammonia reacts with the precursor’s Ni2+ ion and
forms complex ions of [Ni(NH3)6]2+. This reaction reduces the pre-
cursor’s Ni2+ ion concentration and subsequently decreases the growth
rate of NiO crystals in the solution. The reaction can be described as
follows:

⋅ + → + ++ −Ni NO H O NH Ni NH NO H O( ) 6 6 [ ( ) ] 2 63 2 2 3 3 6
2

3 2 (2)

Meanwhile, some of the ammonia reacts with the water and in-
creases the concentration of OH- ions in the solution as the reaction
continues. This reaction is shown as follows:

+ → ++ −NH H O NH OH3 2 4 (3)

When the concentration of OH− ions is sufficient for the solution to
reach supersaturation, the [Ni(NH3)6]2+ and/or Ni2+ ions will react
with OH− ions to form NiO as shown below:

+ → + → + ++ −Ni NH OH Ni OH NH NiO H O NH[ ( ) ] 2 ( ) 6 63 6
2

2 3 2 3 (4)

and/or

+ → → ++ −Ni OH Ni OH NiO H O2 ( )2
2 2 (5)

Subsequently, the NiO nuclei are formed and assembled on the ITO
glass when the supersaturation level in the solution surpasses its critical
value. The nanoflake morphology is controlled by the adsorption of
unreacted HMT on certain plane orientations of NiO, particularly the
(001) plane, to direct the growth towards the thin nanoflake structure
[29]. The adsorbed HMT prevents the precursor ions from attaching to
these adsorbed-HMT-planes, thereby, the growth on the other planes
could be enhanced to yield the nanoflake structure. From the FESEM
image observations, the dense nanoflake layer was formed initially on
the ITO glass due to the homogenization of the precursor ions and other
reactants in the solution. This condition produces a high density of NiO
nuclei grown on the ITO glass. As the reactions proceed, larger nano-
flakes are formed and assembled to produce the nanoflake network
film. The schematic for the growth of the NiO nanoflake film is depicted
in Fig. 3.

The crystalline properties of UNF, ZNF, SNF, and FNF were studied
by XRD, as shown in Fig. 4. All the pristine and doped NiO samples
exhibit polycrystalline structures, which belong to the space group of
Fm3m face-centered cubic (FCC) NiO phase (JCPDS# 47–1049). The
peaks for ITO are labelled with an asterisk *. The XRD pattern reveals
that the UNF sample has four diffraction peaks at 37.8°, 43.8°, 63.3°,
and 75.8°, corresponding to (111), (200), (220), and (311) orientations,
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Fig. 2. Cross-sectional images of (a) UNF, (b) ZNF, (c) SNF, and (d) FNF samples.

Fig. 3. Schematic growth mechanism of mesostructured NiO nanoflake network film on ITO glass.
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respectively. The pristine UNF sample shows sharp and clear diffraction
peaks demonstrating a good crystalline quality. However, the in-
tensities of these peaks was reduced significantly when the NiO samples
were doped with Zn, Sn, and Fe sources. The shift of the Bragg angles θ,
to higher-angles, was observed for the XRD peaks with the addition of
dopants. These angle shifts show that interactions take place between
the dopants and Ni in the lattice due their electronegativity differences
(Zn: 1.65 Pauling, Sn: 1.96 Pauling, Fe: 1.83 Pauling, Ni: 1.91 Pauling);
this corroborates the integration of the dopants into the NiO lattice.
This positive shift of diffraction peaks for the doped NiO samples also
denotes the change of lattice parameters to lower values, revealing the
fractional assimilation of dopant ions into the NiO lattice. For the doped
samples, the FWHM of the XRD peaks were also broadened, which is
due to the substitution of randomly localized dopant ions at the Ni2+

sites in the NiO lattice. These dopant ions interrupt the equilibrium of
the system and transform the properties of NiO. These results indicate
that the crystallinity of the sample reduces after the doping process.
This decline in crystallinity with addition of dopants is in agreement
with the knowledge that the crystal growth could be inhibited due to
the integration of dopants into the NiO lattice [30].

Scherrer’s formula was applied to estimate the crystallite size D
from the (111) peak as shown by the following equation [31, 32]:

=D Kλ
β θcos (6)

where K represents a constant, given as 0.9, while λ is the XRD’s X-ray
wavelength (i.e., 1.5418 Å). Meanwhile, θ denotes the diffraction angle
and β refers to full-width at the half maximum (FWHM), which corre-
lates with the diffraction broadening due to the dimensions of the
crystallite. The crystallite sizes of the prepared samples are shown in
Table 1. The crystallite sizes at different plane orientations, namely
(200), (220), and (311), were also estimated based on the Scherrer
formula and are tabulated in Table 2. However, the crystallite size
based on the (220) and (311) planes for the ZNF sample could not be
obtained due to the absence of these plane peaks in the XRD pattern.
Meanwhile, for the SNF and FNF samples, the crystallite size based on
other planes, except the (111) plane, could not be estimated due to the

absence of other plane peaks in the XRD pattern, as can be observed in
Fig. 4.

The crystallite size was found to decrease with the introduction of
dopants as in ZNF, SNF, and FNF samples. The reduced crystallite size
of the doped samples shows that the growth of the host lattice was
constrained by the dopant ions. These results support our previous
discussion of the FESEM images regarding the inhibition of nanoflake
growth with the addition of dopants. The NiO nanocrystals were pre-
vented from developing and combining into larger crystals with the
introduction of dopants. As a result, the nucleation and the successive
growth rate of the doped NiO nanoflakes are reduced. These observa-
tions have also been reported in other works [33,34].

The lattice constant a, of cubic NiO structure, and the interplanar
spacing of the diffraction planes d, were deduced for the crystalline
plane of (111) using the following Bragg equations:

= + +a d h k l2 2 2 (7)

=d nλ
θ2 sin (8)

where h, k, and l denote the Miller indices of the (111) planes, while λ
represents the X-ray wavelength. In this equation, θ is the diffraction
angle of (111) plane and n refers to the value for order of diffraction,
which is normally given as 1. The lattice constant a, and the interplanar
spacing d, for the UNF, ZNF, SNF, and FNF are presented in Table 1.
From the values obtained, it can be seen that lattice shrinkage is ob-
served for all samples as compared to that of the bulk NiO (4.1771 Å),
which could be attributed to the Ni vacancies and dopant integration
into the NiO lattice [35]. The reduced lattice parameters a and inter-
planar spacing d, with introduction of Zn, Sn, and Fe dopants, are re-
vealing of the cell volume narrowing and structural distortion induced
by strain/stress. The unit cell volume can be estimated by the relation:

=V a3 (9)

where a represents the lattice constant. The calculated cell volumes of
the samples are shown in Table 1. The strain S values for UNF, ZNF,
SNF, and FNF developed along the a-axis were calculated as follows:

= − ×S a a
a

1000

0 (10)

where, ao represents the lattice parameter of standard bulk NiO films
(0.4177 nm). The positive and negative value of strain denotes the

Fig. 4. X-ray diffraction patterns of UNF, ZNF, SNF, and FNF.

Table 1
FWHM, lattice parameter, unit cell volume, crystallite size, interplanar spacing, Dislocation density, stress, and strain values of undoped and doped NiO nanoflake
network films.

Samples FWHM β (º) Lattice
parameter
a (nm)

Unit cell volume V
(10−2×nm3)

Crystallite size D
(nm)

Interplanar spacing
d (nm)

Dislocation
density δ
(× 1015 Lines/
m2)

Stress σ (GPa)
(positive sign
denotes tensile
stress)

Strain S (%)
(negative sign denotes
compressive strain)

UNF 0.395 0.4121 7.00 22.2 0.2379 6.09 4.32 −1.34
ZNF 0.435 0.4119 6.99 20.1 0.2378 7.43 4.44 −1.38
SNF 0.545 0.4112 6.95 16.1 0.2374 11.57 5.03 −1.56
FNF 0.636 0.4103 6.91 13.8 0.2369 15.75 5.73 −1.78

Table 2
Crystallite size of UNF, ZNF, SNF, and FNF calculated using Scherrer’s formula
at different planes.

Sample Crytallite size, D (nm)

(111) (200) (220) (311) Average

UNF 22.2 22.8 20.4 15.8 20.3
ZNF 20.1 19.9 – – 20.0
SNF 16.1 – – – 16.1
FNF 13.8 – – – 13.8
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tensile strain (positive) and compressive strain (negative), respectively.
The tensile strain indicates that the material is being stretched along the
a-axis, while the compressive stress refers to the material that is being
compressed to the a-axis. All samples exhibited compressive strain with
the values increasing according to the order: UNF<ZNF<SNF<FNF.
Then, the residual stress of the undoped and doped samples was stu-
died. The stress σ of the sample grown on the ITO substrate is expressed
by following relation [36,37]:

= − −σ E a a
pa

( )
2

o

o (11)

Here, ao denotes the lattice parameter of standard bulk NiO films,
which is given as 0.4177 nm. The p and E refer to Poisson ratio (p =
0.31) and Young’s modulus (E=200 GPa) of NiO, respectively [36, 37].
The calculation results are summarized in the Table 1, which indicates
that all samples exhibit tensile stress (all stress values are positive). The
strain and stress correlation of the UNF, ZNF, SNF, and FNF samples are
shown in Fig. 5. The change of the lattice constant to a lower value
reflects the higher tensile stress conditions for the synthesized samples.

This results reinforce the augmented pattern of tensile strain and
FWHM for the UNF followed by the ZNF, SNF, and FNF samples. It has
been reported that oxygen interstitial defects could induced the pre-
sence of stress in the films [38]. In this work, all films were grown using
an aqueous solution which facilitates an oxygen-rich environment.
Therefore, the formation of oxygen interstitials could not be neglected.
According to Kim et al., under the presence of oxygen interstitials or
adsorbed oxygen ions, Ni2+ ions in NiO could oxidize into Ni3+ to
increase the Ni3+/Ni2+ ratio [39]. In their analysis, they found that the
addition of Sn dopant increases the Ni3+/Ni2+ ratio. Consequently, this
high Ni3+/Ni2+ ratio induces the increase of negatively charged
oxygen species at the NiO surface, or inside the NiO lattice, according to
the following equation:

+ ⟶ ⋅ + + ×O NiO O or O Ni O1
2

2 " ( ") 2 2
NiO

surf i Ni O2
2 •

(12)

The increased Ni3+/Ni2+ ratio has also been reported for Fe doped
NiO [40]. Similarly, Wang et al. reported that the deposited Zn-doped
NiO films displayed oxygen-rich stoichiometric properties [41].

The stress and strain in the lattice can generate both physical and
dislocation defects in the NiO films. The dislocation density δ of the
undoped and doped samples can be calculated using following equation
[42]:

=δ
D
3

2 (13)

where D refers to the crystallite size estimated from the Scherrer for-
mula. The calculation results show that UNF, ZNF, SNF, and FNF have
dislocation densities of 6.09 × 1015, 7.43 × 1015, 11.57 × 1015, and
15.75 × 1015 lines/m2, respectively. The dislocation density of ZNF,
SNF, and FNF increased due to the doping process as a result of lattice
imperfections.

The optical transmittance spectra of UNF, ZNF, SNF, and FNF are
shown in Fig. 6. The spectra indicate that the samples have transpar-
ency in the visible region, with average values of 26 %, 40 %, 73 %, and
91 %, for UNF, ZNF, SNF, and FNF, respectively. However, the spectra
show that all samples have an onset of fundamental absorption in the
UV region at a wavelength below 400 nm. This fundamental absorption
shows a blue-shift with the addition of dopants. The modifications in
the fundamental absorption after the doping process are an indication
of dopant incorporation in the NiO lattice, which changes the gap
states.

For a direct band gap semiconductor material, the parabolic band
gap energy Eg. and absorption coefficient α, can be linked by the fol-
lowing equation:

= −ahv A hv E( )g
1/2 (14)

where A denotes a constant, while hν represents the photon energy. The
band gap energy of the samples can be estimated by plotting (αhv)2
against the hν, where the extrapolated linear line of this plot at the hν
axis gives the band gap of the samples. The estimated Eg values from the
Tauc plot in Fig. 7 for UNF, ZNF, SNF, and FNF samples are summarized
in Table 3.

The strain/stress in the film is one of the important factors that
affect the band gap of a semiconductor. The higher tensile strain or
compressive stress in the film will produce a lower band gap energy,
whereas the higher compressive strain or tensile stress will induce a
higher band gap energy of the semiconductor material [43]. The ZNF
film exhibits a slightly higher compressive strain and tensile stress
value, as compared to UNF film, which may explain the increment of
the band gap of the ZNF. Similarly, the SNF and FNF samples have
larger compressive strain and tensile stress than that of the UNF and
ZNF, which can be correlated with the blue shift in the optical band gap
of these samples. According to this result, the band gap values of the
sample are UNF<ZNF<SNF<FNF. This ordering also reflects the
lattice contraction as discussed in the XRD analysis. Ghosh et al. re-
ported that the shrinkage of the lattice causes the band gap broadening
of the samples [44]. The shrinkage of the lattice size provides a broader
band gap because of the augmented repulsion between the Ni 3d and O
2p orbitals. According to Dewan et al., the band gap energy of the
doped NiO film can be also be influenced by oxygen vacancy defects
[37]. The oxygen vacancy defects could form extra defect states in the
forbidden region between valence band and conduction band, which
may reduce the band gap of the films. The shift of the band gap energy
may be affected by the delocalization state at the edge of the conduc-
tion band, which facilitates shallow traps or deep traps in the electronic
band. Carbone et al. reported that the band gap energy of the samples is
also influenced by the thinness and porosity of the samples [45]. These
conditions provide defect states at the internal hole boundaries, which
affects the band gap. The thin and dense samples tend to have larger

Fig. 5. Strain and stress of NiO nanoflake network films doped with different
sources of Zn, Sn, and Fe.

Fig. 6. Transmittance spectra of UNF, ZNF, SNF, and FNF films.
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band gaps. In their study, Akaltun et al. reported that thin NiO tends to
exhibit larger bandgaps due to changes in crystal structure, mor-
phology, atomic distance, grain size, and structural defects in the films
[46].

The refractive index n values for the UNF, ZNF, SNF, and FNF
samples were estimated using the Moss relation, which has a direct
correlation with the optical band gap energy. The formula is given
below [46–48]:

⎜ ⎟= ⎛
⎝

⎞
⎠

n k
Eg

1/4

(15)

Here, k denotes a constant with a given value of 108 eV. The refractive
index n can also be estimated using a different equation suggested by
Herve and Vandamme, as shown below [49–51]:

⎜ ⎟= + ⎛
⎝ +

⎞
⎠

n A
B E

1
g

2

(16)

where A is the hydrogen ionization energy with a value of 13.6 eV,
while B is a constant related to UV resonance energy and band gap
energy difference with a value of 3.4 eV. The refractive index, n is

regarded as one of the important characteristics of a material, which
provides information about the electronic polarizability of ions, and the
local field inside a particular material. The refractive index n values of
these samples, using both relations, are summarized in Table 3. Both
relations suggest that the sample with a higher band gap energy has a
lower value of refractive index n.

Based on the refractive index n obtained from both the Moss and the
Herve and Vandamme relations, the high frequency dielectric constant,
ε∞ values for the UNF, ZNF, SNF, and FNF samples were deduced from
the following relation [47]:

=∞ε n2 (17)

where n refers to the refractive index. Then, the static dielectric con-
stant εo of the undoped and doped films was estimated using the fol-
lowing equation, which shows the energy band gap dependence εo for
semiconductors compounds: [49].

= −ε E18.52 3.08o g (18)

For different dopants the estimated ε∞ and εo values of the samples
are summarized in Table 3. The results show that UNF has the highest
ε∞ and εo values, followed by the ZNF, SNF, and FNF samples.

The room temperature Raman spectra for UNF, ZNF, SNF, and FNF
samples are shown in Fig. 8. This analysis was conducted to assess the
effects of dopants on the structural variations of the nanoflake network
films. There are four Raman peaks observed in the UNF sample, which
are assigned to one-phonon transverse optical mode (TO) at 461 cm−1,
one-phonon longitudinal optical (LO) mode at 496 cm−1, two-phonon
2TO stretching modes at 789 cm−1, and two-phonon 2LO phonon
modes located at 1093 cm−1 [52]. The ZNF, SNF, and FNF samples also
exhibit these Raman peaks and their peak positions are summarized in
the Table 4. According to previous studies, the first order Raman
scattering of 1TO and 1LO are normally absent for cubic or rhombo-
hedral NiO with perfect stoichiometry [53,54]. However, in our work,
these peaks appeared in the Raman spectra which indicate the existence
of structural disorders in the grown nanoflake structure, which include
nickel vacancies, oxygen interstitials, and surface effects [30]. Broader
1TO and 1LO peaks could be observed for the doped samples of ZNF,
SNF, and FNF, in which the peak positions are shifted towards a higher
wavenumber of the Raman shift, as compared to the pristine UNF
sample. This shift to the higher Raman wavenumbers could also be
observed in the case of 2TO and 2LO vibration modes. These changes
are caused by lattice defects induced by the dopant incorporation into
the NiO lattice in order to conserve the charge neutrality in the struc-
ture [30]. These defects result in the shrinkage of both lattice para-
meters and unit cell volume, as previously discussed in the XRD pat-
terns. Subsequently, the bond length decreases which leads to the
improvement of the force constant. As a result, the vibration frequency,
or wavenumber, of the Raman shift moves towards a higher value.

The one-phonon 1LO vibration peak is also associated with Ni va-
cancy defects and the incidence of Ni3+ ions [55–58]. The reduced
intensity of the one-phonon 1LO after doping with Zn, Sn, and Fe in-
dicates that the Ni vacancy defects are reduced in the doped samples.
The dopants might occupy the vacancy sites to reduce the Ni vacancy
defects in the process. In addition, the reduced intensity of this Raman

Fig. 7. Plot of (αhv)2 versus the photon energy hv for UNF, ZNF, SNF, and FNF
to determine optical band gap.

Table 3
Optical properties of NiO nanoflake network films doped with Zn, Sn, and Fe.

Sa
mple

Optical bandgap Eg (eV) Static dielectric constant εo Moss relation Herve and Vandamme relation

Refractive index n High frequency
dielectric constant ε∞

Refractive index n High frequency
dielectric constant ε∞

UNF 3.61 7.40 2.34 5.47 2.18 4.76
ZNF 3.67 7.22 2.33 5.42 2.17 4.70
SNF 3.83 6.72 2.30 5.31 2.13 4.54
FNF 3.86 6.63 2.30 5.29 2.12 4.51
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peak for the doped samples is attributed to the inhibition of the na-
noflake growth after the doping process. Meanwhile, the shift of the
1LO peak to higher Raman wavenumbers, for the doped samples, is
contributed by the substitution of dopant ions with higher oxidation
states than Ni2+ [40,59]. The shift was more pronounced for FNF,
follow by SNF and ZNF. The doped samples also show a strong 2LO
phonon mode in comparison with the pristine UNF, which is attributed
to the vibration of Ni-O bond. In the meantime, a broad two-phonon
2TO Raman mode, with low intensity, appeared for all doped samples.
However, the two-magnon (2 M) vibration mode, which normally ap-
pears in the Raman spectra of bulk NiO at 1490 cm−1 and involves
interaction between the phonon and Brillouin zone-edge magnons, is
not present in our samples [60,61]. These results suggest that the an-
tiferromagnetic spin correlations are decreased in these samples due to
the smaller crystallites and induced structural disorder. Subsequently,
the transition of antiferromagnetic-to-paramagnetic properties oc-
curred in our samples.

The I–V measurement plots of UNF, ZNF, SNF, and FNF samples are
shown in Fig. 9. All samples exhibit the Ohmic characteristic, as linear
plots that obey Ohm`s law were obtained. The results indicate that the
current value, with respect to the supplied voltage for the doped

samples, decrease according to the following sequence: UNF>ZNF>
SNF>FNF. Subsequently, the resistivity ρ of UNF, ZNF, SNF, and FNF
samples was calculated from the I–V measurement plots using equation:

= ⎛
⎝

⎞
⎠

ρ V
I

A
t (19)

where V/I, A, and t represent the reciprocal of the I–V plot gradient (or
resistance), surface area of the contacts, and film thickness, respec-
tively. The calculated resistivity of the UNF, ZNF, SNF, and FNF samples
are 4.08 × 107, 9.98 × 107, 2.13 × 108, and 3.58 × 109 Ω∙m, re-
spectively. These results show that the resistivity of the NiO nanoflake
network film increases when doped with Zn, Sn, and Fe, as compared to
that of UNF, which suggests that the hole concentrations of the doped
samples are reduced through an electronic compensation mechanism
[30]. On the other hand, the resistivity for the FNF sample was the
highest among the doped samples, which could be attributed to the FNF
film’s characteristics that are structurally inferior, as discussed pre-
viously. This could possibly result in inferior charge transport proper-
ties [62]. The integration of Fe dopants with high density in the NiO
lattice could also reduce the hole concentration in the film. This con-
dition reduces the conduction of the FNF film. Meanwhile, the SNF and
ZNF possess lower resistivity than that of FNF, due to their superior
structural properties, which enhances the charge conduction across the
films.

In general, native NiO exhibits p-type conductivity due to the for-
mation of microstructural defects such as Ni vacancies, which cause off-
stoichiometric characteristics of this material. The Ni vacancy defects
could form in the lattice during the thermal process when the nanos-
tructures react with oxygen, as shown by the following [37]:

↔ + +− +O O V h1
2 O Ni2 (20)

The singly ionized Ni vacancy is considered in this reaction to
conserve the charge neutrality of the NiO. Throughout this reaction, the
hole (positively charged) is formed together with a singly ionized Ni
vacancy (negatively charged). This equation indicates that the Ni va-
cancy defect is created in the NiO lattice, which produces electrical
conductivity through hole conveyance.

The metal doping in NiO could be actualized through the substitu-
tion of metal doping X (Zn, Sn, or Fe dopants) at the Ni2+ site. This
substitution engenders electrons by the electronic compensation me-
chanism, as can be denoted by the following equation [33]:

⎯ →⎯⎯⎯⎯ + − + +× −X O mX n O O me( 1) 1
2m n

mNiO
Ni O
•

2 (21)

where X is the dopant ion. Therefore, for Zn, Sn, and Fe dopants, the
equations could be simplified as below:

⟶ + + +× −ForZn doping ZnO Zn O O e: 1
2

1
2

NiO
Ni O
•

2 (22)

⟶ + + +× −For Sn doping SnO Sn O O e: 1
2

NiO
Ni O2
•

2 (23)

⟶ + + +× −For Fe doping Fe O Fe O O e: 1
2

1
2

NiO
Ni O2 3
•

2 (24)

The generated electrons in the doping process reduces the hole
concentration in the p-type NiO. Accordingly, the resistivity of the
doped samples increases, which is attributed to the decreased hole
concentration through the electronic compensation mechanism.

4. Conclusion

Mesostructured NiO nanoflake network films doped with Zn, Sn,
and Fe were prepared by solution immersion and their optical and
structural characteristics were investigated. The growth mechanism of
mesostructured NiO nanoflake network films on ITO glass is proposed.
Upon doping NiO with Zn, Sn, and Fe sources, the films exhibit dense

Fig. 8. Raman spectra of undoped NiO nanoflake network film and the films
doped with Zn, Sn, and Fe.

Table 4
Raman peak positions for UNF, ZNF, SNF, and FNF samples.

Sample 1LO Peak
(cm−1)

1TO Peak
(cm−1)

2TO Peak
(cm−1)

2LO Peak
(cm−1)

UNF 461 496 789 1094
ZNF 463 557 792 1096
SNF 464 559 794 1097
FNF 467 562 803 1098

Fig. 9. I-V plots of UNF, ZNF, SNF, and FNF samples.
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morphologies with small nanoflake network structures and reduced
thicknesses. The crystalline properties of the doped samples also dete-
riorated, which signifies the incorporation of dopants into the NiO
lattice. The doped samples showed a reduced lattice parameter, crys-
tallite size, interplanar spacing, and unit cell volume, according to the
following sequence: UNF>ZNF>SNF>FNF. In addition, the doped
samples also exhibited high dislocation density, compressive strain,
tensile stress, and optical band gap, where the increase of these char-
acteristics was most pronounced for the Fe-doped, followed by the Sn-
doped, Zn-doped, and undoped samples. The formation of structural
disorder in NiO after the doping process was confirmed from the Raman
spectra analysis. The resistivity of the NiO films increased after doping
with Zn, Sn, and Fe, which was attributed to the electronic compen-
sation mechanism. These characteristic deviations of the NiO nanoflake
network film doped with different metal sources are very useful for
different kinds of applications.
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