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Abstract. Spin-coating technique is employed to deposit nanostructured zinc oxide (ZnO) doping aluminium (Al) on
p-Si substrate. Atomic forces microscopy (AFM), X-ray diffraction (XRD), ultraviolet–visible (UV–Vis) and scanning
electron microscopies (SEM) are utilized to investigate the influence of annealing temperature in the range of 200 to
600°C on the morphological, optical, structural and topographical characteristics of Al NPs-doped ZnO (AZO) nanostructure. The average reflectance is proven by the reflectance spectra to be in the wavelength range of 200–1000 nm, and
the absorption spectra provided the optical energy gaps of nanostructured AZO. Crystalline and grain size are correlated
with annealing temperature variations, thus providing more homogeneous and covered surface morphology. Our results
are nominated for future researches.
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Introduction

The optical, acoustic and electrical characteristics of zinc
oxide (ZnO) make a promising oxide material. In addition,
ZnO possesses Ebind = 60 meV and Eg = 3.36 eV [1]. These
properties make it a suitable application for optoelectronics
[2], acoustic electronics [3], energy saving [4], solar cells
[5], thermoelectric devices [6], sensitive detector and transistor [7], laser diodes [8], biosensors [9], gas sensors [10],
light-emitting diodes (LEDs) [11] and transparent conductive oxide [12]. There are attempts to enhance the synthesis
of nanocrystalline ZnO by utilizing various approaches
which include chemical vapour deposition [13], pulse laser
deposition [14], reactive magnetron sputtering [15],
solvothermal technique [16–18] and spray pyrolysis [19].
Few dopants, such as Al, In and Ga can be utilized to
realize low-resistivity ZnO nanostructures [20]. The properties of Al NPs-doped ZnO (AZO) nanostructures such as
greater stability, more abundance and less costly when
compared to indium–tin-oxide make AZO nanostructures
of low resistivity, a suitable among different doped-ZnO

nanostructures [21]. Thermal annealing processes play a
significant role in achieving high-performance devices,
since thermal treatment is important for the fabrication of
optoelectronics [22].
Several annealing conditions for the enhancement of
gallium-doped ZnO epitaxial film’s electrical conductivity
have been explored by Miyake et al [23]. The films are
grown from aqueous solutions of low temperature. Their
results show that films’ resistivity reduces as annealing
temperature rises. In addition, the optical and electronic
characteristics of AZO under various annealing temperatures have been studied by Lin et al [24]. Radio frequency
magnetron sputtering prepared the AZO to illustrate the
transparent conductive films that are synthesized at a sputtering power of 50 W. The Zn-doped CaTiO3 nanocrystalline has been generated by Sahoo [25] to study the
thermistor behaviour with temperature. Results of X-ray
powder diffraction (XRD) analysis highlight the generation
of single-phased orthorhombic structure at room temperature. As doping concentration rises and temperature drops,
the Zn-doped CaTiO3’s electrical resistance rises. The
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dopant concentration and annealing temperature effect on
optical, structural and magnetic properties of ZnO doping
Cu have been researched by Ahmed [26]. This study has
found an increase in emission’s intensity as annealing
temperature (TA) rises, which may be the result of rising
oxygen vacancies (V0). Finally, for the purpose of transparent conducting oxide (TCO) applications, thin films
consisting of 0.5 mol% AZO have been prepared on glass
substrates by Kim [27]. The results of their study show that
AZO thin films’ sheet resistance, optical transmittance and
microstructure are affected by annealing, based on different
scan speeds.
This study investigates the impact of AZO nanostructure
under temperature effect of 200–600°C on optical, structural, morphological and topographical studies deposited on
p-Si substrate using spin-coating technique. This simple
approach is efficient at fabricating large area, besides being
easily controlled in terms of composition, low-cost and good
safety. Atomic force microscopy (AFM) and scanning
electron microscopy (SEM) are run to study the topography
and morphology, respectively, while XRD is used to explore
the structural characteristics of nanostructured AZO. The
AZO nanostructures’ optical properties are studied using
ultraviolet–visible (UV–Vis). It explains a successful
preparation to get high quality of AZO nanostructures that
are to be used in production of high sensitivity.

2.

Experimental

There are three steps in the preparation of AZO nanostructures based on the spin-coating technique; the prepared
solution, coating of film and heat treatment. Monoethanolamine ((HOCH2CH2)NH2) (MEA) and 2-methoxyethanol (CH3O(CH2)2OH) (2-ME) are utilized as solvent,
stabilizer and starting material, while the prepared clear
solution originated from zinc acetate (CH3COO)2Zn.
When 0.2 mol of zinc acetate and 200 ml of 2-ME are
stirred in a beaker with a magnetic stirrer for 30 min at 60°C
Ms
;
ð1Þ
Molarity ðMÞ ¼
V
W ð gÞ

;
Ms ¼
ð2Þ
Mwt g mol1
where M s is number of moles (solute), V the liquid size in
litre (solution), W the weight (g) and M wt the molecular
weight (g mol-1). Twenty millilitres of MEA is added to the
mixture drop by drop under constant stirring over 2 h. The
resulting solution stayed for a duration of 90 min. Al NPs at
70 nm as optimum size selected from previous work [28]
are blended with distilled water then, stirred at 80°C for 2 h.
To increase homogeneity, the solution is left at room temperature for 3 days. Then, ZnO doping Al NPs (3%) solution is split into five equal quantities. P-type Si substrate of
525 lm thickness, one side polished, 100 mm diameter and
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(100) orientation is rendered into 5 segments of dimension,
2 9 2 cm2 and every segment is regarded an independent
substrate. They are all cleaned by immersing in 20 ml of
hydrogen peroxide, 100 ml of deionized water and 20 ml of
ammonia hydroxide for 10 min at a temperature of 75°C.
Finally, the substrates are rinsed using distilled water and
then dried under hot air.
The solution is deposited onto the substrate by spincoating that spun at a speed of 3000 rounds per minute for
30 s. It dries a dip-coated AZO/silicon assembly at 100°C
for one minute on the hot plate. A substrate with a homogeneous structure and excellent thickness is obtained by
seven consequent drying processes via spin-coating. To
maintain the coherence of the deposited nanostructures, the
annealing temperature is placed onto five samples via utilizing a diffusion furnace (USA, MODU-LAB) at five distinct temperatures of 600, 500, 400, 300 and 200°C for one
hour under the flow of nitrogen gas (N2). The conductivity
and oxygen concentration of oxygen vacancy are increased
by the post-heat treatment, while the crystal growth is
enhanced by conducting at 100°C. A variety of essential
parameters, such as preparation condition, dopant, annealing temperature and solution concentration, influence the
synthesized and deposited AZO nanostructures [29–31].
The primary objective of this research is to investigate the
impact of annealing temperature on the morphological,
optical, structural, morphological and topographical characteristics of UV–Vis (Perkin Elmer Lambda 35, USA),
XRD (Philips PW 1710, USA) and SEM (JSM-6010LV,
USA) and AFM (SPA 400, Seiko Instruments Inc., Japan).

3.
3.1

Results and discussion
Optical properties

Following deposition on p-Si as illustrated in figure 1, UV–
Vis spectroscopy within the range of 200–1000 nm is used to
perform optical reflectometer at room temperature, to
research the reflection at distinct annealing temperatures of
600, 500, 400, 300 and 200°C. The results suggest that the
effective wavelength ranges are within 300–900 nm, with the
lowest reflectance at 200°C being 78.46%, while the highest
reflectance at 500°C being 91.01%. Also, 600, 400 and 300°C
are at 78.46, 85. 09 and 83.69%, respectively. Figure 1 shows
that an increase in annealing temperature causes an increase
in reflection, and there is a clear distinction of distinct
annealing temperature, which implies that the level of
reflection at 600 and 500°C is away from the others.
The Eg is obtained by extrapolating photon energy based
on [32]:

1=2
ð3Þ
ahm ¼ B hm  Eg ;
in which a represents the absorption coefficient, Eg the
energy gap, B the constant, h the Planck’s constant, 1/2
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Figure 1. Reflectance spectrum of AZO nanostructure at different annealing temperatures of
200, 300, 400, 500 and 600°C.
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Figure 2. Plot of (ahm)2 vs. photon energy hm of AZO nanostructure at different annealing
temperatures of 200, 300, 400, 500 and 600°C.

refers to an index that characterizes the optical absorption
process and lastly a being assessed by utilizing [33]:
   
1
1
a¼
ln
;
ð4Þ
d
T
in which T refers to transmittance, while d represents
thickness. Figure 2 illustrates the plot of (ahm)2 vs. hm for
ZnO:Al at various annealing temperatures. Extrapolation of
photon energy plot to oppose energy axis at (ahm)2 = 0,

which is the junction of the tangent with the axis (x),
provides the optical band gap (Eg). Figure 3 shows the
change in band gap based on annealing temperature. It is
observed that there is an increase in optical band gap as
annealing temperature rises. In this case, Eg initiated at
200°C for 3.40 eV, then decreased at 300°C for 3.42 eV and
at 400°C for 3.66 eV. Finally, it goes up at 500°C for
3.67 eV, then decreases at 600°C for 3.51 eV, which may be
due to the decomposition of ZnO as a result of greater
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3.75

plane (002) to present a preferential order along c-axis to
illustrate wurtzite structure [36,37]. In addition, it is found
that the film annealed at 500°C possessed a sharper and
higher diffraction peak. The ZnO wurtzite structure possesses oxygen atoms that are arranged into hexagonal
closed-packed type (hcp), which includes Zn atoms that
permeate half tetrahedral spaces. The oxygen and Zn atoms
are coordinated in a tetrahedral manner, and possesses a
similar position. The Zn is opened with all octahedral and
half sites are not occupied. Bragg’s law is utilized to derive
the lattice parameters; c and a [38]:

3.7

Energy Band Gap (EV)
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Figure 3. Fitted UV–Vis plots of energy band gap of AZO
nanostructures as a function of different annealing temperatures.

thermal energy. Considering the fact that a reduction of Eg
with temperature shows smaller density of localized states,
these results are in line with our interpretation of rising band
gap with annealing temperature, as discussed earlier. 3.67
eV is energy gap of bulk AZO that is bigger than ZnO, 3.37
eV [34]. The greater energy gap of AZO as compared to
that of bulk ZnO may be due to the Burstein–Moss effect as
a result of Al doping [35]. The Fermi level of heavily-doped
ZnO material is situated in proximity to the conduction
band edge, since the ZnO materials are usually n-type. The
AZO nanostructure’s conduction band edge is occupied by
the dopants due to interstitial states below, since absorption
edge shifts to greater energy.

ð5Þ

in which diffraction order is represented by n (usually n =
1), d refers to the planes spacing of given Miller indices, k
represents X-ray wavelength, h, l and k are diffraction
angles. In terms of ZnO, d is linked to c, hkl and a by
ref. [39]:
1
4 h2 þ hk þ k2 l2
¼
þ 2;
2
a2
c
dhkl 3
in which the first order approximation, n = 1 [40]:

a2
k2 4
sin2 h ¼ 2 ðh2 þ hk þ k2 Þ þ
l2 ;
c
4a 3
vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
!
u
u4
k
l2
t
2
h þ hk þ
;
a ¼ pﬃﬃﬃ
3 sin h 3
ða=cÞ2
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

k
4  2
c¼
h þ hk þ l2 ;
2
2 sin h 3ða=cÞ

ð6Þ

ð7Þ

ð8Þ

ð9Þ

for (002) orientation, ref. [39] is utilized to calculate the
lattice constant a and c:
3.2

Structural properties

X-ray diffractometer is utilized to investigate the AZO
nanostructures’ orientation and crystal structure. As shown
in figure 4, the AZO nanostructures’ XRD spectra annealed
at distinct temperatures of 600–200°C. Spin-coating has
been employed to appear on XRD patterns at low 2h of
40 kV and 30 mA along 20–60° at speed of 0.04° per
second, a typical diffraction pattern.
It is noted that there are five major AZO nanostructure
diffraction peaks that appear at 2h = 53.06, 34.22, 31.82,
27.10 and 22.38° are attributed to (103), (002), (001), (110)
and (102), respectively, at 500°C. At the same time, there
are two AZO nanostructures major peaks at 400°C, which
appeared at 2h = 31.49 and 27.10° due to (001) and (110),
respectively. Two major diffraction peaks of AZO nanostructures generated at 300°C appeared at 2h = 33.35 and
27.10° are attributed to (002) and (110), respectively.
Finally, two major diffraction peaks of AZO nanostructures
generated at 200°C appeared at 2h = 33.03 and 27.10° that
are assigned to (002) and (110), respectively. XRD patterns
have shown enhanced intensities for peaks correlated with

k
;
a ¼ pﬃﬃﬃ
3 sin h

c¼

k
:
sin h

ð10Þ

However, the calculated values of AZO nanostructures’
lattice parameters (a and c), d and hkl are presented in
table 1. It provides the AZO’s full width at half maximum
(FWHM) at distinct annealing temperature. As annealing
temperature rises, the grain size rises, and the coalescences
of grains at extraordinary annealing temperature caused it to
drop at 600°C [41].
Scherrer’s formula is utilized to calculate the crystallite
size (D) [42]:
D¼

kK
;
b cos h

ð11Þ

where K is Scherrer’s constant (K = 0.94), b the diffractionpeak half-high width and CuKa = 0.154056 nm represented
by k. Table 1 lists the average D. The following formula
[43] determines the dislocation density, which refers to the
amount of defect:
d ¼ 1=D2 :

ð12Þ
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Figure 4. XRD patterns of AZO nanostructures deposited on p-Si at different annealing
temperatures of 200, 300, 400, 500 and 600°C.

T (°C)
200
300
400
500
600

Structural parameters of AZO nanostructures using XRD at different annealing temperatures.
2h

Crystallite size
(D) (nm)

33.03
33.35
31.49
34.22
33.38

21.99
18.05
14.61
13.79
18.05

Full width at half maximum Miller indices
(FWHM)
(hkl)
0.3936
0.048
0.059
0.6298
0.048

002
002
100
002
002

Grain boundaries and other dislocations decelerate the
dislocation in the stage of polycrystal materials’ deformation [44]. Other investigations have inferred that the dislocation density and crystallite size possess an inverse link
that may be due to mechanical properties that are supported
by figure 5 of dislocation density against crystallite size. It
highlights that an increase in crystallite size will decrease
the dislocation density.
The following formula determines the strain (e) [45]:
e ¼ b cos h=4;
t
N ¼ 3;
D

ð13Þ
ð14Þ

in which t refers to thickness, while N refers to the number
of crystallite particles, as given in table 1 [46]. It is confirmed that quality of crystalline of grain and its orientation
distribution affects the XRD’s FWHM, in which D and
FWHM are associated with good crystallization.

Dislocaon Density 10^14/m^-2

Table 1.

Interplanar
distance (d) Å
2.71165
2.69045
2.84038
2.61994
2.68864

Lattice constants
(a and c) (Å)
a
a
a
a
a

=
=
=
=
=

3.12,
3.10,
3.27,
3.02,
3.09,

c
c
c
c
c

=
=
=
=
=

5.42
5.37
5.67
5.33
5.36

Strain
(e)
0.010
0.006
0.014
0.026
0.006

25
20
15
10
5
0

2.06

3.06

4.67

5.25

3.06

Crystallite size (nm)
Figure 5.

Variations of dislocation density with crystallite size.
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Figure 6. 3D and 2D AFM images of AZO nanostructures deposited on p-Si substrates with different
annealing temperatures of (a) 200, (b) 300, (c) 400, (d) 500 and (e) 600°C.
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Figure 6. Continued.

Table 2.

T (°C)
200
300
400
500
600

Roughness, thickness and grain of AZO nanostructure by using AFM at different annealing temperatures.
Dislocation
density (d)
(1014 lines m2 )

Number of crystallites
particles/area (N)
(91015 )

Grain
size
(nm)

Roughness
(nm)

Thickness
(nm)

Eg (eV)

B0 (GPa)

2.06
3.06
4.67
5.25
3.06

0.0014
0.0477
0.1565
0.2020
0.04544

35.97
36.02
55.51
94.88
37.39

2.055
3.014
3.84
1.97
1.08

115.11
280.89
488.33
529.80
267.25

3.40
3.42
3.66
3.67
3.51

85
87
88
89
87
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Figure 7. SEM images of AZO nanostructures deposited on p-Si substrates with different annealing temperatures
of (a) 200, (b) 300, (c) 400, (d) 500 and (e) 600°C.

Bull Mater Sci

(2021) 44:39

The crystallite size commonly determined by XRD.
Grain is either a single crystalline or polycrystalline material, but an individual crystallite consists of a single phase.
During the processing, smaller crystallites come closer and
grow to become larger due to kinetics. When you get to the
grain size, it is always the largest and may consist of several
crystallites and perhaps even crystallites of different material. Therefore, in the most likely scenario, the grain is
larger than a crystallite (crystallite B grain), the grain
morphology is commonly determined by SEM. The existence of many clusters’ vacancies, local lattice disorders on
the interface and oxygen causes a reduction of crystallite
volume. However, the resumption of lattice constants and
unit cell volume causes the grains to start re-growing
towards normal values.
A measurement of material stiffness is denoted by the
term bulk modulus. Various investigations on the solids’
thermodynamic properties have been carried out by distinct
groups [47–52]. The thermodynamic characteristics as
inter-atomic separation and bulk modulus with specific
relations have been examined by our group [47–50]. It is
feasible to accurately compute the electronic and structural
characteristics of solids for application purpose. A lot of
time and effort is required for ab initio calculations. As
such, refs [53,54] devised the empirical method of computing material characteristics. This approach provides
applicable benefits to a wider range of materials. Though,
these empirical methods lack accuracies, they are still
beneficial. Empirical formula of calculation of bulk modulus B0 as a function of nearest-neighbour distance is generated by Cohen [55], and his results coincide with
experimental results. An analytical expression of bulk
modulus is derived by Lam et al [56], which gave same
numerical results. They have developed an expression
analysis of pressure derivative of B0. Nevertheless, our
group has used lattice constant’s significance to improve
empirical formula of calculating B0 [57]. The generated
results coincided with theoretical and experimental data.
Practical utilization of this formula requires hypothetical
structure and simulation of experimental conditions.
The bulk modulus could be linked to the lattice constant
with the dominant impact being the covalency degree as
characterized by Phillips’ homopolar gap, Eh [53], and an
encouragement to provide this information is the validation
that our calculations are not solely confined in computed
space. Thus, we suggest that data will be beneficial for
future investigations. The clear distinctions between the
lattice constants for AZOs as presented in table 1, is a
stimulus to investigate B0. As given in table 1, the lattice
constant is the core of our model. The following formula is
derived by fitting these data [57]:
a3:5
;
ð15Þ
B0 ¼ ½3000  100k
2
in which the lattice constant (in Å) is represented by a
and an empirical parameter which accounts for ionicity’s
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influence is represented by k = 2;1;0 for II–VI, III–V and
group-IV, respectively. Due to the nanostructure, the
increase in annealing temperature raises the bulk modulus.
The results show that the calculated bulk modulus coincides
with other [58] and shows similar trends of chemical studies
as collected for others as presented in table 1. For characterizing topography of nanostructured AZO, AFM images at
600, 500, 400, 300 and 200°C are shown in figure 6. The
three-dimensional and two-dimensional images of 1 Hz
scan rate and 5 9 5 lm area illustrate the topography. The
roughness is attributed to substrate type, diffusion of ternary
alloy, speed of spin-coating and annealing temperatures.
In table 2, the increasing of annealing temperature raises
the roughness until a limit of 3.84 nm at 400°C. Following
this, it is noted that there is a reduction in roughness as
annealing temperature rises to 1.084 and 1.97 nm at 600
and 500°C, respectively. However, it is observed that as
annealing temperature raises, grain size and thickness rise.
The thickness values are 488.33, 280.89 and 15.11 nm, and
the grain size values are 155.51, 36.02 and 35.97 nm. The
thickness and grain size are 529.80 and 94.88 nm, respectively at 500°C. This decreases to 267.25 and 37.39 nm,
respectively, at 600°C. It is thus concluded that annealing
temperature significantly influences AZO’s surface topography and has bigger influence at 500°C.
SEM has investigated the morphology of nanostructured
AZO, which are grown at 600–200°C. It is clear that there is
a dramatic alteration of surface morphology. As shown in
figure 7, the annealing treatment alters the surface homogeneous with greater coverage and decrease of porosity.
The results show great improvement by raising the
annealing temperatures from 200 to 600°C. Nonetheless,
there are several big breaks at SEM images as illustrated in
figure 7a, b at 200 and 300°C. At the same time, the surface
morphology became more uniform at higher annealing
temperature. In addition, as shown in figure 7e, the surface
became less coherent with existence of grain coalescence as
a result of heat treatment at 600°C. As such, AZO nanostructure is attributed to good quality that derives from
optimized annealing at 500°C.

4.

Conclusions

AZO nanostructures were successfully synthesized from using
spin-coating, and was deposited onto p-Si substrates under
annealing temperature influence from 200 to 600°C. The
existence of more peaks as annealing temperature rises was
revealed by XRD results. The optical band gaps and AZO’s
annealing temperatures were directly linked at 3.40–3.67 eV
as demonstrated by UV–Vis. Morphological and topographical studies have showed that the average surface roughness of
AZO nanostructures’ root mean square decreases from 3.84 to
1.97 nm as temperature increases. The wavelength reflectance
was shown to be between 200 and 1000 nm, and around 50%
by the reflectance spectra. This implies that there are direct
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gaps within the AZO nanostructures. Our comprehension of
thermal influences on AZO nanostructures’ properties
deposited on Si substrates for energy-saving projects can be
enhanced by these results. In this case, AZO nanostructures
play a significant role in the near future. The surface nanostructures’ high quality and versatile characteristics ensures its
promising role in optoelectronics.
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