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Abstract
We developed aluminium (Al)-doped nickel oxide (NiO) nanosheet arrays film on the indium-doped tin oxide (ITO) substrate 
via sol–gel immersion method using nickel nitrate hexahydrate and aluminium nitrate nonahydrate as precursor and dopant 
materials, respectively. The Al-doping concentrations were varied from 0 to 2 at.%. Uniform Al-doped NiO nanosheet array 
films were observed on the substrate; the denser and smaller size of the NiO nanosheets were obtained at higher Al-doping 
concentrations. The growth mechanism was proposed. The crystallinity of Al-doped NiO nanosheet deteriorated at higher 
doping concentration. Meanwhile, the crystallite size, lattice parameter, and interplanar spacing were reduced with the doping 
quantity. The compressive strain, tensile stress, dislocation density, and band gap of the Al-doped NiO upsurged at higher dop-
ing concentration. The current–voltage measurement results revealed that the resistivity increased after the doping process up 
to 2 at.%. The Raman spectra showed that the doped samples exhibit blue-shift and decreased intensity of the Raman peaks.

1  Introduction

Nanostructured oxides such as zinc oxide (ZnO), titanium 
dioxide (TiO2), niobium pentaoxide (Nb2O5) and nickel 
oxide (NiO) have been utilized in the several technical areas 
including solar cells, sensors, batteries, photocatalyst, and 

smart coatings [1–6]. These materials possess tremendous 
characteristics although in the pristine condition, and their 
characteristics could be further fine-tuned and enhanced 
based on different applications. Among these nanostructured 
metal oxides, NiO as a transition metal oxide provides huge 
potential for various applications including supercapacitor, 
sensors, and photocatalyst [7–9]. In addition, NiO has sev-
eral potential applications particularly for packaging mate-
rials, batteries, wide-electromagnetic absorbers, and waste-
water catalysts when composited with polymers and other 
metal oxides [10–14]. NiO belongs to p-type semiconductor 
category, which has wide band gap of 3.6 to 4.0 eV. NiO 
also has prominent electrical and electronic properties and 
outstanding chemical stability. However, as a p-type mate-
rial, NiO properties and their characteristic tunings are still 
at the early stage to be understood as compared to the n-type 
materials, particularly for applications in electronic devices. 
Therefore, more systematic studies are required to produce 
NiO nanostructured with desired properties and perhaps 
these NiO nanostructures with enhanced performance could 
become alternative materials to n-type semiconductors for 
various applications in the near future.

To improve NiO characteristics, there are several effec-
tive approaches have been reported by other researchers to 
suit different applications. For example, NiO nanostruc-
tures have been constructed in numerous complex shapes 
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to produce unique characteristics, and have been coated 
with various metals particularly noble metal, which show 
improvement in the sensing and surface catalytic prop-
erties [2, 15]. In addition, some of the researchers have 
reported on upgraded performance of NiO when the NiO 
is composited with other materials such as manganese 
oxide and reduced graphene oxide [16, 17]. Doping pro-
cess is also considered as an efficient method to produce 
NiO nanostructures with improved properties. Besides, 
this doping process is regarded to be one of the most sim-
plistic and dependable methods to modify the optical, 
structural, and electrical properties, thus stimulating the 
improved performance for the NiO-based applications. So 
far, NiO have been doped with numerous metals such as 
magnesium (Mg), zinc (Zn), cadmium (Cd), tin (Sn), and 
aluminum (Al) [18–21]. However, most of the doping pro-
cesses were conducted on powder form NiO structures and 
granular-type NiO films. Meanwhile, the report on doping 
process of NiO nanostructures thin films are still lacking. 
Various techniques such as electrochemical, sputtering, 
sol gel process, and spray pyrolysis have been utilized to 
deposit or to grow NiO nanostructures in films or powder 
forms [22–25]. Among these methods, the sol–gel process 
is chosen in this research due to its effectiveness both in 
cost and material processing to produce NiO nanostruc-
tures with good quality.

Accordingly, in the present work, pristine and Al-doped 
NiO nanosheet array films with different dopant concentra-
tions were grown on the indium-doped tin oxide (ITO) glass 
substrate by low temperature sol–gel immersion approach. 
This technique is contemplated as a facile route to grow 
nanosheet array, with excellent controllability of dopant 
and precursor material compositions. The NiO nanosheet 
structures were grown on ITO glass substrate because the 
substrate had been widely used as a transparent conducting 
oxides for various devices such as sensors and solar cells. 
The ITO glass substrate also has high optical transparency 
in the visible region and low resistivity approaching that 
of a metal, which could be utilized as Ohmic contact to the 
semiconductors. Previous studies have been focused on 
granular-type NiO thin films and their structural and optical 
properties has been discussed in details. In addition, the NiO 
nanostructures in powder form has been discussed substan-
tially in the literatures. However, the details study involving 
NiO nanosheet array films, which are directly grown onto the 
ITO substrate through one-step sol–gel immersion process, 
particularly after doping process with Al has been rarely 
reported in the literatures. This study perhaps will provide 
important insight into the structural, optical, and electrical 
characteristics of the grown Al-doped NiO nanosheet array 
films on the ITO for electronic devices application. Further-
more, the behaviour of Al-doped NiO nanosheet array films 
on the ITO at different Al concentration could be understood 

and predicted for the applications in the electronic device as 
well for the device performance tuning.

2 � Experimental procedure

Al-doped NiO nanosheet films were grown on the ITO glass 
substrates using sol–gel immersion method. The ITO glass 
substrate, which has resistivity of 15 Ω cm and ITO layer 
thickness of approximately 200 nm, was commercially pur-
chased. The solutions to grow Al-doped NiO nanosheet 
arrays at different doping concentrations were prepared 
using nickel (II) nitrate hexahydrate (Ni(NO3)2∙6H2O), 
aluminium (III) nitrate nonahydrate (Al(NO3)3∙9H2O), and 
hexamethylenetetramine (HMT, C6H12N4) as precursor, 
dopant source, and stabilizer, respectively. These reagents 
were mixed into a beaker, in which deionized (DI) water 
was filled inside. The concentrations of precursor and sta-
bilizer were fixed at 0.1 M. Meanwhile, the Al dopant con-
centrations were varied to achieve 0, 0.2, 0.4, 0.6, 0.8, 1.0, 
and 2.0 at.% based on molar ratio to the precursor. Then, 
the solutions with different doping concentrations were 
sonicated for 5 min by ultrasonic bath (Hwasin Technology 
Powersonic 405, 40 kHz) in order to improve the solution’s 
miscibility and homogeneity. Subsequently, these solutions 
were poured into the Schott bottles. Inside the bottles, the 
ITO glass substrates were placed at the bottom, where the 
conducting side of the substrate was facing upward. Then, 
these Schott bottles were kept inside an electric oven. The 
chemical reactions for the Al-doped NiO nanosheet growth 
process was carried out at 120  °C for 2 h inside the oven. 
After the growth process, all synthesized samples (on ITO 
substrate) were rinsed by DI water and baked at 150  °C for 
10 min. Subsequently, the samples were annealed at 500  °C 
for 1 h using a thermal box furnace. The process flow of Al-
doped NiO nanosheet films is shown in Fig. 1. The resulting 
Al-doped NiO nanosheet array films which were grown at 
Al concentrations of 0 (undoped), 0.2, 0.4, 0.6, 0.8, 1.0, 
and 2.0 at.% have been labelled by ANO1, ANO2, ANO3, 
ANO4, ANO5, ANO6, and ANO7, respectively.

The morphologies and cross sectional images of the 
grown Al-doped NiO nanosheet with porous structures were 
investigated by field-emission scanning electron microscopy 
(FESEM, JEOL JSM-7600F). The elemental analysis of the 
doped sample was conducted using energy dispersive X-ray 
spectroscopy (EDX, Inca). The crystal structures and struc-
tural properties of the samples were carried out using X-ray 
diffraction (XRD, PANalytical X’pert PRO). The struc-
tural properties of the films were also investigated by using 
Raman spectroscopy (Horiba Jobin-Yvon-79 DU420A-
OE-325, 514 nm Ar laser). The transmittance and optical 
properties of the grown Al-doped NiO nanosheet films were 
characterized by ultraviolet–visible (UV–Vis) spectroscopy 
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(Perkin-Elmer Lambda 750). The current–voltage (I–V) 
measurement plots were attained by using two-probe I–V 
measurement system (Keysight B1500A). In order to meas-
ure the I–V, platinum (Pt) electrodes were deposited on the 
surface of the sample using a thermal evaporator (Ulvac) at 
thickness of 60 nm. A physical mask was used to create an 
electrode pattern on the samples.

3 � Result and discussion

The FESEM surface morphologies images of ANO1 to 
ANO7 are presented in Fig. 2a–n. From the FESEM images, 
the pristine ANO1 is grown well on the ITO substrate with 
nanosheet architectures. These nanosheets combined each 
other to form highly porous nanosheet network film. The 
nanosheets for pristine ANO1 are very large and have asym-
metrical shape. The observation from the FESEM images 
also reveals that numerous mesopores are disseminated 
on the film’s surface. However, when the NiO nanosheet 
is doped with Al at 0.2 at.% as represented by ANO2 in 
Fig. 2b, the significant morphology changes are observed, 
whereby the individual nanosheet exhibits reduction in size 
and irregularity to form film networking. The film of ANO2 
also demonstrates more uniform and smoother nanosheet 
structures than those grown without Al-doping. This sample 
also showed a denser mesoporous nanosheet array architec-
ture than that of pristine ANO1. Further doping process at 
Al concentration of 0.4 at.%, which is depicted by ANO3 

sample in Fig. 2c, produces smaller nanosheet structure 
grown on ITO as compared than that of the pristine ANO1 
and 0.2 at.% doped sample of ANO2. In this ANO3 film, 
the growth of nanosheet structure seems to be deteriorated 
although the nanosheet linkage to each other still can be 
observed in the FESEM image. The formations of nanosheet 
are barely seen in ANO4, ANO5, ANO6, and ANO7 sam-
ples as the concentration of Al dopant was increased from 
0.6 to 2 at.%, which are displayed in Fig. 2d–g, respectively. 
This condition was confirmed by observing the morpho-
logical images of these samples at higher magnification (at 
× 50,000 magnification) as shown in Fig. 2k–n, whereby the 
nanosheet growth in the vertical direction is deteriorated at 
higher doping concentration. The magnified FESEM images 
at × 50,000 magnification for ANO1 to ANO3 samples are 
also shown in Fig. 2h–j for reference and comparison. These 
results evidently show that the Al doping could modulate 
the density, size, and irregularity characteristics of the NiO 
nanosheets on ITO glass. From these observation, we believe 
that higher Al doping concentration does not favored the 
direct formation of NiO nanosheet array architectures on 
the ITO glass, although the doping process at higher Al dop-
ing concentration was reported to be successful for the NiO 
nanostructures in powder form [21, 26]. The growth of NiO 
nanosheets on the ITO glass is subjugated by self-assembly 
and oriented attachment mechanism. Generally, the forma-
tion of NiO nanosheets on the ITO could be expressed by 
the following chemical reactions [27, 28]:

Fig. 1   Schematic of process 
flow to grow Al-doped NiO 
nanosheet array film on ITO 
glass substrate

Solution 
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Solution transfer 
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Fig. 2   The surface morphologies of a ANO1, b ANO2, c ANO3, d ANO4, e ANO5, f ANO6, and g ANO7 at magnification of × 10,000. Magni-
fied FESEM images of h ANO1, i ANO2, j ANO3, k ANO4, l ANO5, m ANO6, and n ANO7 samples (at magnification of × 50,000)
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The control of Ni2+ hydrolyzation is important to produce 
well-assembled nanosheets array structure. This process can 
be achieved by introduction of HMT in the solution. The 
HMT act as a pH buffer, which supplies hydroxide (OH−) ion 
slowly to the reaction. Firstly, in this aqueous medium, the 
HMT reacts with water to produce formaldehyde (HCHO) and 
ammonia (NH3) in the process as shown in Eq. (1). Next, the 
produced NH3 reacts with water to form ammonium (NH4

+) 
and OH− ions, in which the reaction could be described in 
Eq. (2). Meanwhile, nickel nitrate hexahydrate dissolves in the 

(7)
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)y ⋅ �H2

O → NiO + (� + 1 − y)H
2
O + yHNO

3

Fig. 2   (continued)
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DI water to produce Ni2+ ion and other byproducts as shown 
in Eq. (3). The unreacted NH3 from Eq. (1) could function 
as a surfactant agent to the Ni2+ ions, whereby the reaction 
between these two species forms complex NH3–Ni molecules. 
These complex molecules decrease the concentration of Ni2+ 
ions in the solution, which modulate the growth rate of crystal 
[19]. As these chemical reactions continue, the hydrolyzation 
of HMT increases, which subsequently increases the concen-
tration of OH− in the solution. This condition is favorable for 
the growth and condensation of Ni(OH)2·χH2O on the ITO 
as shown in Eq. (4). The remaining HMT molecules, which 
are not involved in the above mentioned reactions, may help 
to produce Ni(OH)2·χH2O nanosheet structure by adsorbing 
on the certain planes of Ni(OH)2·χH2O selectively, particu-
larly on (001) plane due to its high binding potential. Due 
to this HMT adsorption, the growth along the (001) plane 
is inhibited, while allowing the growth occurs at other plane 
directions. Overtime, the thin two-dimensional nanosheet 
network layer is form on the ITO as indicated in Eq. (5). 
According to Meher et al. the nitrate ions may intercalates 
into condensed Ni(OH)2 in the form of hydroxyl deficient 
to produce Ni(OH)2−y(NO3)y·χH2O, where y = 0.2–0.4 and 
χ = 0.6–1 [28]. During immersion and annealing process, the 
Ni(OH)2·χH2O and/or Ni(OH)2−y(NO3)y·χH2O is converted 
into NiO and release other byproducts as suggested in the 
Eqs. (6) and (7). This NiO transformation can be completely 
performed at temperature 280 °C and above [29]. The film 
on the ITO substrate eventually turned from light green color 
to grey color after the annealing process, which suggests 
the oxidizing state and nonstoichiometry transformation of 
the film. In the presence of Al dopant ions, the formation of 
NiO nucleus is reduced because of the increased energy bar-
rier based on the classical nucleation model. Furthermore, 
the Al3+ dopant ions may form complexes with OH− ions to 
reduce OH− ion concentrations in the solution. These condi-
tions decrease the heterogeneous nucleation of NiO on the 
substrate. Therefore, thin and small nanosheet structures were 
observed for Al-doped NiO samples particularly when the 
Al concentrations are increased up to 2 at.%. Besides, the 
Al dopants may exist on the nanoflake surface at the early 
stage of nanosheet growth, which disturb the formation of 
NiO nanosheet particularly at high Al content. The enthalpy 
of formation for Al dopants to form oxide is − 1676 kJ mol−1, 
which are relatively smaller than that of NiO (− 240 kJ mol−1) 
[30–33]. Hence, the incorporation of Al dopants at an early 
stage of the nanosheet growth is plausible due to its low for-
mation enthalpy, which may change the system’s free energy. 
Consequently, the growth of nanosheet is retarded during 
immersion process when the Al content increases.

The cross-sectional images of undoped and Al-doped 
samples were observed using FESEM. Figure 3a–g displays 
cross-sectional images of ANO1 to ANO7, which were pre-
pared at different Al contents. These images demonstrate that 

all NiO nanosheet arrays were grown on ITO-coated glass 
substrate with good coverage. The cross-sectional image 
of pristine ANO1 sample is shown in Fig. 3a. This image 
indicates that the sample contains large nanosheet arrays, 
which are stacked to each other forming 4243-nm-thick film 
in average. When the sample is doped with 0.2 at.% Al as 
represent by ANO2 sample, the average thickness of the film 
reduces to 3167 nm as displayed in Fig. 3b. The decrease of 
film thickness was also observed for ANO3, ANO4, ANO5, 
ANO6, and ANO7, with average film thicknesses of 1038, 
327, 198, 146, and 83 nm, respectively. The cross-sectional 
images of ANO3, ANO4, ANO5, ANO6, and ANO7 sam-
ples are presented in Fig. 3c–g, respectively. This result indi-
cates that the average thickness of NiO reduces as Al content 
is increased, which support the inhibition growth of NiO at 
higher Al content as discussed previously. The EDX analyses 
were performed on ANO2 and ANO7 samples, in which the 
results are shown in Fig. 3h and i, respectively. The EDX 
results indicate that Al dopant co-exists with Ni and O ele-
ments, with atomic ratio of 0.14 (Al), 19.39 (Ni), and 80.47 
(O) recorded for ANO2, while for ANO7 the atomic ratio 
is shown as 1.78 (Al), 18.84 (Ni), and 79.38 (O). The other 
peaks, which are not labelled in the spectra, arose due to 
contribution of the ITO-glass substrate.

The XRD patterns of ANO1 to ANO7 are shown in Fig. 4. 
The pristine ANO1 sample showed well-resolved diffraction 
peaks at 37.71°, 43.78°, 63.30°, and 75.81°; these peaks can 
be indexed as the peaks corresponding to the (111), (200), 
(220), and (311) planes, respectively of face-centered cubic 
(fcc) NiO structure (JCPDS File Card No. 78-0643). The 
ITO (substrate) peaks were also observed and labelled with 
* symbol. However, the crystallinity of the Al-doped NiO 
nanosheet arrays of ANO2 to ANO7 decreased dramatically 
as the diffraction peaks intensity and full witdh at half maxi-
mum (FWHM) became lower and broader, respectively with 
increasing the Al doping amount. This condition indicates 
that Al inhibits the growth of NiO nanocrystals as can be 
observed in the morphological images in the Fig. 2. The 
increasing Al doping concentration also deteriorates the 
crystal cubic structure of NiO. At higher Al-doping amount, 
ionized Al dopant may capture more oxygen in competition 
with Ni ion due to its larger nuclear charge, which cause 
diminution of the NiO crystallinity. Other oxides such as 
aluminium oxide (Al2O3) or/and new spinnel phase of nickel 
aluminium oxide (NiAl2O4) may possibly formed in small 
quantity on the nanosheet surface and accumulated at the 
grain boundaries, which affects the crystalline properties of 
NiO. Because this oxide is in very small amount, it is very 
difficult to be observed in the XRD patterns and possibly the 
XRD may not sensitive enough to detect such low amounts 
of oxide. Similar observations of crystallinity degradation in 
NiO films also reported by other groups, when they doped 
NiO with Al, Fe, In, W, and Sn [34–39].
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Fig. 3   The cross-sectional images of a ANO1, b ANO2, c ANO3, d ANO4, e ANO5, f ANO6, and g ANO7. EDX spectra of Al-doped NiO 
nanosheet arrays for h ANO2 and i ANO7 samples
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The average crystallite size (D) was estimated according 
to the Scherrer formula:

here β is the FWHM (in unit of radians), θ is the diffraction 
angle, and λ is the X-ray wavelength of 1.54 Å. The values 
of β and θ were acquired from (111) plane orientation and 

(8)D =
0.94�

� cos �

shown in Table 1. The calculated average crystallite sizes 
of the ANO1, ANO2, ANO3, ANO4, ANO5, ANO6, and 
ANO7 are approximately 50.5, 45.0, 39.9, 25.7, 24.4, 19.9, 
and 13.5 nm, respectively. Evidently, the increase of the Al 
doping amount leads to the decrease of NiO crystallite size. 
Therefore, the integration of Al ions into the lattice of NiO 
can be considered as conceivable.

The dislocation densities, δ of ANO1 to ANO7 were cal-
culated based on the Williamson and Smallman’s relation:

From this relation, it was found that the dislocation 
density vividly increases with the increased Al doping 
amount as shown in Table  1. This dislocation density 
parameter is related to the possible defaults and amount 
of crystal defects in the pristine and Al-doped films. This 
result suggests that incorporation of Al into NiO lattice 
triggered substantial local distortion, which represents by 
the increased dislocation density value at higher doping 
concentration.

The lattice parameter, a and interplanar distance, d of fcc 
NiO structure is estimated based on the following equations:

(9)� =
1

D2

(10)1

d2
=

h2 + k2 + l2

a2

Fig. 3   (continued)
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here h, k and l are the Miller indices of the planes, and n is 
the order value of diffraction (usually n = 1). The calculated 
a and d of ANO1 to ANO7 are presented in Table 1. The 
result shows that the a and d of Al-doped NiO nanosheet 
arrays reduces as the Al doping amount increases, which can 
be explained by smaller ionic radii of Al3+ ion than that of 
Ni2+ ion. The ionic radii of Al3+ at a coordination number 
(CN) of 6 is 0.054 nm, respectively, which are smaller than 
that of Ni2+ at a CN of 6 (0.069 nm) [40, 41]. Based on the 
previous reports, the substitutional doping of Al into NiO is 
likely to happen because the ionic radii and charge state of 
Al3+ ions do not have significant difference as compared to 
that of Ni ions [21, 42–44]. Consequently, the lattice param-
eters decreased leading to upward shift of XRD diffraction 
peaks, which proved by the XRD analyses. The small ionic 
radii of Al3+ substituted in the Ni2+ site may form strain 
and local distortion in the NiO lattice. As a results of lattice 
constant a reduction with Al contents, the unit cell volume 
exhibits a decreased value as can be calculated by following 
equation:

where a denotes the lattice constant of the grown samples. 
The obtained values for the unit cell volumes of the ANO1 
to ANO7 are shown in Table 1. Subsequently, the reduced 
lattice constant a and interplanar spacing d also induced 
strain and stress in the films. The strain, ε and the stress, σ 
of the samples were analyzed by using Eq. 13 and Eq. 14, 
respectively as follows [45, 46]:

(11)d =
n�

2 sin �

(12)V = a3

(13)� =
a − a

0

a
0

× 100

(14)� =
−E(a − a

0
)

2a
0
p

here a0 is the lattice parameter of synthesized NiO, a0 
is the lattice constant of bulk NiO (a0= 4.1771), E is the 
Young’s modulus (ENiO= 200 GPa), and p is the Poisson 
ratio (pNiO= 0.31). For strain analysis, if the strain value is 
positive, the strain is considered as a tensile strain (positive 
value). In contrary, negative value of strain indicates that the 
strain is a compressive strain (negative value). Meanwhile, 
for the stress analysis, the positive and negative value of 
stress represent the tensile stress (positive value) and com-
pressive stress (negative value), respectively. The calculated 
results are shown in Fig. 5 and Table 1, which suggest that 
both compressive strain and tensile stress increase with the 
increased Al-doping. This may be attributed to the difference 
of ionic radii between Al3+ and Ni2+ ions, which leads to an 
internal distortion in the host lattice. Subsequently, this con-
dition disturbs the crystalline nature of NiO and then stimu-
lates the defects formation in the Al-doped films. Besides, 
the structural defects and disorder including broken bonds, 
dislocations, and substoichiometric composition also form 
at the grain boundaries within nanosheet structure during the 
growth of NiO nanosheet. This finding also suggested that 
the Al doping causes disintegration of crystallites and leads 
to an increase of the compressive strain and tensile stress. 

Table 1   2θ, FWHM, crystallite size, unit cell volume, lattice parameter, interplanar spacing, strain, stress, and dislocation density of ANO1 to 
ANO7 samples

Samples 2θ (º) FWHM, β (º) Crystal-
lite size, D 
(nm)

Unit cell 
volume V 
(10−2×nm3)

Lattice 
parameter, a 
(nm)

Interplanar 
spacing, d 
(nm)

Strain, ε (%) 
(*negative 
sign indicates 
compressive 
strain)

Stress, σ (GPa) Dislocation 
density, δ 
(Lines/m2)

ANO1 37.71 0.174 50.5 7.06 4.1322 2.3857 − 1.08 3.47 3.93 × 1014

ANO2 37.85 0.195 45.0 6.98 4.1174 2.3772 − 1.43 4.61 4.94 × 1014

ANO3 37.88 0.220 39.9 6.96 4.1143 2.3754 − 1.50 4.85 6.28 × 1014

ANO4 37.92 0.342 25.7 6.94 4.1101 2.3730 − 1.60 5.17 1.51 × 1015

ANO5 37.94 0.360 24.4 6.93 4.1080 2.3718 − 1.65 5.33 1.68 × 1015

ANO6 37.98 0.441 19.9 6.91 4.1039 2.3694 − 1.75 5.66 2.52 × 1015

ANO7 38.04 0.653 13.5 6.88 4.0976 2.3658 − 1.90 6.14 5.52 × 1015
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Fig. 5   Strain and stress characteristics of Al-doped NiO at various Al 
content
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The presence of very small amount of other oxide such as 
Al2O3 or/and spinel phase on the nanosheet surface may 
lead to an increase of compressive strain and tensile stress 
in the host lattice. The increase of strain and stress in the 
doped NiO samples were also reported by other researchers. 
For instance, Dewan et al. reported that the tensile stress in 
Zn-doped NiO films increases with the doping concentra-
tion up to 10 at.%, which is due to substitutional defects 
of Zn doping in the NiO lattice [46]. Gawali et al. reported 
that the strain in cerium (Ce)-doped NiO film rises when 
doped with Ce up to 2 at.% [47]. They suggested that the 
increased strain is attributed to the local distortion in NiO 
lattice induced by ionic radii difference between Ni2+ and 
Ce4+ ions. Amor et al. reported that microstrain in NiO films 
increases when doped with cadmium (Cd) up to 2 at.% [20]. 
They also showed that the dislocation density of Cd-doped 
NiO film increased when doped at doping concentration up 
to 2 at.%. Similarly Mrabet et al. observed microstrain and 
dislocation density in NiO films upsurged when doped with 
lanthanum up to 4 at.% [48].

The optical properties of ANO1 to ANO7 were investi-
gated from the transmittance spectra by UV–Vis spectros-
copy measurements. The transmittance spectra of ANO1 
to ANO7 deposited onto ITO glass are presented in Fig. 6. 
The transmission characteristics of the NiO nanosheet 
arrays change with different amount of Al doping. The 

spectra reveal that average transmittance of ANO1, ANO2, 
ANO3, ANO4, ANO5, ANO6, and ANO7 in the visible 
region (400–800 nm) are 29, 56, 88, 89, 93, 94, and 95%, 
respectively. The average transmittance data of the samples 
are summarized in Table 2. The transmission significantly 
increases with Al content. The pristine ANO1 sample exhib-
its the lowest transparency in the visible region due to the 
presence of large and thick NiO nanosheet arrays, which 
can witness noticeably in the FESEM results. This structure 
induces high optical scattering, which increases the trans-
mittance path inside film and reduces the light transmit-
tance across the film. As the Al doping increases to higher 
amount, the transmittance of the films increases due to thin 
NiO layer and small sizes of both crystallite and nanosheet, 
which encourages the light to pass through the films.

The Davis and Mott equation is applied to estimate the 
optical bandgap Eg of ANO1 to ANO7 by involving the inci-
dent photon energy (hν) with the absorption coefficient as 
following relation:

here B represents a constant, and the value of n to be sub-
jected to the transition type. For the direct allowed transi-
tions, n = 1/2 is used, which provides excellent linear curve 
in the band edge region of the Tauc’s plot. Therefore, the 
optical band gap values of the ANO1 to ANO7 are esti-
mated using Tauc’s plot by plotting (αhν)2 versus hν and 
extrapolating the linear curve to discover hν value at x-axis 
intercept. The Tauc’s plots for the ANO1 to ANO7 samples 
are presented in Fig. 7. The acquired optical band gap values 
in terms of Al doping amounts are presented in Table 2. The 
result shows that the obtained band gap values are parallel 
with those reported for NiO films [49, 50]. This blue-shift 
of band gap value with the increase of Al-doping concen-
tration might be due to the lattice contraction as evident by 
calculation results of lattice parameter, a and interplanar 
distance, d. Therefore, the interatomic spacing of NiO doped 
with Al at different amount is altered to small value, which 
causes broadening of the band gap. In addition, the smaller 
crystallite size induced by Al-doping may generate higher 
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Fig. 6   The transmittance properties of ANO1 to ANO7 samples in 
the UV and visible region

Table 2   Optical transmittance, 
bandgap, electrical resistance, 
and resistivity of Al-doped NiO 
nanosheet array films

Sample Average transmittance in the 
visible region (%)

Optical bandgap 
(eV)

Resistance (MΩ) Resistivity (Ω m)

ANO1 29 3.747 18.7 3.97 × 107

ANO2 56 3.849 35.5 1.01 × 108

ANO3 88 3.852 44.1 3.82 × 108

ANO4 89 3.859 69.9 1.92 × 109

ANO5 93 3.872 99.5 4.53 × 109

ANO6 94 3.883 140.0 8.65 × 109

ANO7 95 3.885 207.9 2.24 × 1010
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defect incidents as suggested by dislocation densities, δ and 
strain/stress results, which change the electronic transition 
in the doped samples and lead to the blue shift of bandgap 
energies. The supremacy of quantum confinement effects in 
smaller crystallite size may also become a contributive fac-
tor in the blue shifting of the bandgap. According to Flynn 
et al., the filling of Al ions into Ni vacancies passivates the 
O dangling bonds induced by Ni vacancies [51]. This con-
dition diminishes the defect state above the valence band 
maximum, which increase the energy gap between valence 
band and conduction band. Besides, the morphology, crys-
tallinity, optical scattering, and degree of stoichiometry also 
contribute to the variation of band gap energy in the doped 
and Al-doped samples [52–54].

The room temperature I–V measurement plots of ANO1 
to ANO7 are depicted in Fig. 8a. The samples were meas-
ured under room lighting using two-probe measurement sys-
tem. The schematic of I–V measurement for ANO1 to ANO7 
samples is illustrated in Fig. 8b. According to the obtained 
I–V measurement graph, ANO1 to ANO7 samples demon-
strate the ohmic behavior with linear plots that obeys Ohm’s 

law, which states that current through a material from one 
point to another point is directly proportional to the voltage 
between these two points. Based on the I–V plots, it can be 
witnessed that the current reduces as the Al doping concen-
tration increased to 2 at.% in the voltage ranges between 
− 10 and 10 V. The roles of the Al-doping concentration on 
the film’s resistivity were further investigated. The resistivity 
ρ of ANO1 to ANO7 samples were calculated from the gra-
dient of the I–V measurement plots using equation below:

where V, I, A, and t denote voltage, current, surface area of 
the electrode, and thickness, respectively. The resistance and 
resitivity of the ANO1 to ANO7 samples are presented in 
Table 2. The resistivity plot is displayed in the Fig. 9, which 
suggests that Al-doping increases the resistivity of the NiO 
nanosheet array films with respect to the Al-doping concen-
tration up to 2 at.%. Generally, the electrical conductivity 
of pristine NiO is generated by the native defects, such as 
Ni vacancies. It is well known that pristine NiO is a charge-
transfer metal oxide. The pristine NiO forms in the halite 
(rock salt) structure and their 3d8 orbitals are partly filled. 
The electrical conduction occurs predominantly through 
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hopping process of the charge carriers due to non-overlap-
ping 3d8 orbitals, which forming intermittent bands. The Ni 
vacancies are formed through the reaction between atmos-
pheric oxygen gases, which can be shown as follows [46]:

In this reaction, the Ni vacancy is considered to be singly 
ionized, which maintain the charge neutrality of the NiO. This 
negatively charged and singly ionized Ni vacancy is indemni-
fied by the emergence of hole with positive charge. The above 
equation suggests that the Ni vacancy defect forms NiO struc-
ture with non-stoichiometric properties and convey electrical 
conductivity in NiO based on hole as a carrier.

The Al doping in NiO is realized through the Al3+ substitu-
tion at the Ni2+ site. The substitution of Al3+ at a Ni2+ site in 
the NiO lattice can be represented by the following relations, 
which generates electrons by the electronic compensation and/
or ionic compensation mechanisms [55]

Therefore, Al-doping leads to the generation of either 
electrons or Ni vacancies. The electron compensation 
mechanism in Eq. (18) reduces the hole concentration in 
the p-type NiO due to the generation of electrons. Conse-
quently, the resistivity of the doped sample increases due 
to decreased carrier concentration. However, the Eq. (19) 
which represents the ionic compensation mechanism, does 
not affect the hole concentration in the p-type NiO. Based on 
the increased resistivity observed in Fig. 9 with the increased 
of Al dopant concentration, we believe that the electronic 
compensation mechanism is more feasible in this study.
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The room temperature Raman spectra of ANO1 to ANO7 
samples in the frequency ranges from 100 to 2000 cm−1 
are shown in Fig. 10. The Raman spectrum of pristine 
ANO1 shows main vibration modes centered at 461 cm−1, 
496  cm−1, 789  cm−1, and 1093  cm−1 corresponding to 
one-phonon transverse optical (TO), one-phonon longitu-
dinal optical (LO), two-phonon TO, and two-phonon LO 
stretching modes, respectively [56]. The one-phonon TO 
and one-phonon LO were reported to relate with structural 
defects in NiO lattice and the presence of these peaks are 
an indication that the grown NiO nanosheets contain the 
defects of Ni vacancy, oxygen interstitial, structural imper-
fections and surface-related defects [57]. In the perfect 
stoichiometry condition of NiO with cubic or rhombohe-
dral structure, these one-phonon TO and one-phonon LO 
stretching modes are not observed as reported in literature 
[58, 59]. This result indicates that the synthesized NiO 
nanosheet structures have non-stoichiometric characteris-
tics and possess several lattice defects, which turning the 
color of films into grey. When the Al-doping at different 
concentrations are introduced into NiO lattice as displayed 
by ANO2 to ANO7 samples, the peaks of one-phonon TO 
and one-phonon LO stretching modes are broadened and 
their corresponding peak positions are slightly shifted to 
higher Raman wavenumbers. The peak positions of ANO1 
to ANO7 samples are tabulated in Table 3. These shiftings 
were due to integration of Al3+ dopant ions into NiO lattice, 
in which the dopant ions have higher oxidation state than 
Ni2+ cations [60, 61]. These conditions are also attributed 
to the structural disorder and lattice defect occurrences in 
the NiO structure, which are necessary to preserve neutral-
ity of charge when the dopant ions incorporating into NiO 
lattice [57]. As a result, both lattice parameters and unit 
cell volume of Al-doped NiO nanosheet reduce, which are 
shown in the XRD analysis. Consequently, the bond length 
of Al-doped NiO nanosheet shrinks while the force constant 
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of the lattice improves and this condition is translated into 
higher frequency of Raman vibration or higher wavenum-
ber of the Raman shift during Raman measurement. The 
decreased crystallite size in the Al-doped samples may 
induce phonon confinement effect and shifting these first 
order Raman peak positions to higher vibration frequencies 
[43]. Moreover, it was also suggested that the one-phonon 
LO scattering mode arising in NiO attribute to Ni vacancy 
defects and the presence of Ni3+ cations [48, 62–65]. It 
can be perceived from Fig. 10 that the intensity of one-
phonon LO scattering mode for ANO1 is higher than that 
of Al-doped samples, which are represented by ANO2 to 
ANO7. Hence, it can be determined that the presence of 
Ni3+ cations and Ni vacancy defects in the pristine ANO1 
sample is greater compared to the Al-doped samples. This 
observation reinforces the previous discussion of band-
gap, whereby the Al dopant is likely filled into Ni vacancy 
defects to reduce the Ni vacancy incidence in the process. 
Meanwhile, the reduced intensity of these peaks with Al 
doping concentration can be ascribed to the reduced growth 
of the NiO nanosheet after the doping process as can be 
observed in the FESEM images. All samples exhibit strong 
two-phonon LO stretching mode, which is due to the vibra-
tion of Ni–O bond. This peak intensity slightly increases 
when the doping concentration is increased up to 1 at.% 
but decreases when the concentration is increased further to 
2 at.%. For the two-phonon TO stretching mode, all samples 
exhibit broad peaks with low intensities. The absence of 
two magnon (2 M) Raman mode at 1490 cm−1, which typi-
cally observed in case of bulk NiO, provides an insight that 
the pristine and Al-doped NiO nanosheet array films show 
reduced coupling strength and spin correlation of antiferro-
magnetic characteristics. This condition is caused by small 
crystallite size and presence of structural disorder for both 
pristine and doped samples. This result suggests that the 
antiferromagnetic-to-paramagnetic conversion emerged in 
the synthesized samples.

4 � Conclusion

In summary, ANO1 to ANO7 samples were successfully 
grown directly on ITO glass substrates at various doping 
concentration ranges between 0 and 2 at.% using sol–gel 
immersion method. FESEM observations suggested that 
Al-doping changes the morphological of NiO films from 
large and porous nanosheets to small and dense nanosheet 
structures at high Al concentration. The XRD analysis 
reveals that the prepared films have fcc NiO crystalline 
structure. The peaks corresponding to the (111), (200), 
(220), and (311) planes were observed for ANO1 sample 
but the intensity of these peaks reduced dramatically as 
the doping concentration was increased up to 2 at.%. The 
crystallinity of the samples declined at higher Al content, 
which attributed to the lattice defects induced by doping 
process. Subsequently, the lattice parameter and interpla-
nar spacing decreased at high quantity of Al doping. The 
lattice parameter reduced from 4.1322 nm to 4.0976 nm, 
while the interplanar spacing reduced from 2.3857 to 
2.3658 nm, when the doping concentration was increased 
from 0 to 2 at.%. In addition, the compressive strain, ten-
sile stress and dislocation density rose to 1.90% (ANO1: 
1.08%), 6.14 GPa (ANO1: 3.47 GPa), 5.52 × 1015 Lines/
m2 (ANO1: 3.93 × 1014 Lines/m2), respectively, as the Al 
content increased to 2 at.%. The optical transmittance for 
the doped samples increased drastically after Al-doping 
particularly at high doping concentration. For Al-doped 
NiO samples, a blue-shift in optical bandgap from 3.747 
to 3.885 eV was perceived with increasing Al content due 
to the lattice contraction. All samples showed linear I–V 
characteristics but with different resistance and resistivity 
values; the higher the Al content, the higher the resistance 
and resistivity values were recorded for the samples due to 
electronic compensation mechanism. The resistance values 
was increased from 18.7 MΩ (for ANO1) to 207.9 MΩ 
(for ANO7), while the resistivity values was augmented 
from 3.97 × 107 Ω m (for ANO1) to 2.24 × 1010 Ω m (for 
ANO7). The Raman analysis revealed that Al-doped sam-
ples exhibit structural defects as shown by blue-shifted 
phonon vibration peaks and reduced characteristic peaks 
of NiO.
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Table 3   The peak positions of Raman spectra for ANO1 to ANO7 
samples

Sample One-phonon 
LO peak 
(cm−1)

One-phonon 
TO peak 
(cm−1)

Two-phonon 
TO peak 
(cm−1)

Two-phonon 
LO peak 
(cm−1)

ANO1 461 496 789 1093
ANO2 463 547 790 1095
ANO3 464 552 794 1096
ANO4 467 559 796 1097
ANO5 467 561 798 1098
ANO6 469 562 803 1098
ANO7 471 562 804 1099
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