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Abstract: In this study, copper oxide (CuO) specimens
were successfully prepared by the hydrothermal process
at altered calcination temperatures; 350, 450, and 550°C.
The synthesized samples were analyzed through X-ray
powder diffraction (XRD), scanning electron microscope
(SEM), Raman, Fourier-transform infrared spectroscopy
(FTIR), and UV-Vis spectroscopy to analyze the impact of

calcination temperature on the structural, morphological,
vibration spectra, functional group, and optical properties
of CuO for optoelectronic device applications. XRD con-
firms the pure single-phase monoclinic structure of
synthesized samples with no impurity phases and has
good crystallinity with the development in calcination
temperature. The average crystalline size, lattice constant,
and porosity were found in the range of 3.98–5.06 nm;
a = 3.4357 Å, b = 3.9902 Å, c = 4.8977 Å – a = 3.0573 Å,
b = 3.9573 Å, c = 4.6892 Å; and 3.37–1.03%, respectively.
SEM exhibited a variation in morphology by increasing
calcination temperature. Raman spectra revealed that
the CuO sample calcinated at 550°C with a stone-like
shape having a large grain size of 3.25 μm exhibited
that Raman peak intensity and the multiphonon band
became stronger and sharper and exhibited higher inten-
sity compared to the samples calcinated at 350 and 450°C.
FTIR spectra confirmed that these synthesized specimens
exhibited the peaks associated with the typical stretching
vibrations of the Cu–O bond between 400 and 500 cm−1

exhibiting the formation of CuO. The energy bandgap was
slightly reduced from 1.61 to 1.43 eV with the increase in
the calcination temperature. The optical studies revealed
that the calcination temperature of 550°C improves the
optical properties of CuO by tuning its optical bandgap.
The modified structural, morphological, and optical char-
acteristics of the prepared CuO samples make them an
appropriate candidate for optoelectronic device applications.

Keywords: copper oxide, XRD, Raman, SEM, FTIR, UV,
optoelectronic devices

1 Introduction

During the past decade, there has been gained significant
consideration in the progress of several electronic devices
including solar cells, gas sensors, magnetic readers,
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photodetectors, catalysis, nonvolatile memory devices,
and so on [1]. Optoelectronic devices are such important
devices that can be applied in energy storage, informa-
tion storage media, detection, and source of light. These
devices can be a part of many applications, such as auto-
matic access control systems, military services, and med-
ical equipment [2]. Optoelectronic devices based on SnO2

[3], CeO2 [4], ZnO [5], Ga2O3 [6], and Fe2O3 [7] have been
studied in detail. But, these 1D nanoparticle (NP)-based
optoelectronic devices can be identified only by either
visible or ultraviolet light due to their relatively largest
bandgap.

Metal oxide semiconductors have been important
materials in the area of materials science in the current
decade. Semiconductors with a low bandgap, such as
SiC, PbS, and copper oxide (CuO) due to their quantum
confinement effect, higher surface–volume ratio, and
some exceptional physical and chemical characteristics,
have all been examined in detail for electrical and opto-
electronic device applications [8]. Compared to inorganic
semiconductor materials, metal oxide semiconductors
are environmental friendly, show high mobility, are
chemically and thermally stable, are inexpensive, are
compatible, , and can be easily processed with semicon-
ductors and metals. In the class of metal oxide semicon-
ductors, CuO is a well-known p-type semiconductor
material exhibiting the smallest direct energy bandgap
of 1.3–2.1 eV at room temperature and can act as a pro-
mising material for optoelectronic devices, and hence,
CuO is widely used for several optoelectronic device
productions [9]. The CuO semiconductor is a kind of
metal oxide that has been deliberated for several causes
including higher theoretical capacity, safety, environmen-
tally friendly, radiation resistance, chemical durability,
nontoxicity, and also some exceptional characteristics
like the optical and electronic characteristics. Further-
more, Cu can be converted into both Cu2O and CuO based
on the several distinct structures, oxidative environments,
and the different morphologies [10,11]. Work about CuO-
based optoelectronic has not been extensively deliberated.

Numerous techniques are applied to fabricate CuO,
such as sol–gel [12], pyrolysis [13], magnetron sput-
tering [14], hydrothermal [15], thermal oxidation [16],
and co-precipitation [17]. Among these synthesis methods,
hydrothermal is a well-known fast and facile production
method to fabricate CuO due to its well-defined size and
shape, scalable fabrication, and easy manipulation. How-
ever, the hydrothermal method is very rarely applied for
the synthesis of nanomaterials. The current literature
explains the hydrothermal production of CuO for opto-
electronic device applications.

CuO also has some disadvantages, such as good
photo response at a low bandgap than with a large
bandgap, which limits its applications. CuO demonstrated
a reduction in photo response with the particle size reduc-
tion due to the quantum confinement effect. In recent
years, there was limited work described for improving
the morphological, optical, and structural characteristics
of CuO for optoelectronic devices. Jana et al. described that
CuO NPs possess the energy bandgap reduction in the
range of 1.63–1.34 eV with particle size enhancement.
At this bandgap, these nanostructures showed good photo
response for CuO-based devices [18]. Al-Amri et al. pro-
duced Ni-doped CuO NPs when the content of Ni dopant
was increased, which caused to enhance the energy
bandgap between 2.73 and 3.80 eV and reduce the particle
size, and consequently, the smallest energy bandgap CuO
NPs demonstrated good photo response for the optoelec-
tronic devices compared with larger bandgap CuO-based
optoelectronic devices [19]. Abd-Elnaiem et al. reported
the synthesis of CuO nanowires by anodization of copper
foams, which as a catalyst found to be useful in devel-
oping the photocatalytic efficiency of organic dye decom-
position [20]. Giziński et al. reported the synthesis of CuO
that was applied as a catalyst in the photoelechemical and
electrochemical reactions, as this is a promising candidate
as the electrode for nonenzymatic glucose sensors [21].

In this study, we produced CuO samples and per-
formed their calcination at different temperatures such
as 350, 450, and 550°C. In adddition, we demonstrated
the impact of calcination temperatures on the mor-
phology, optical, and structural characteristics, and vibra-
tional mode of produced CuO. By varying the calcination
temperatures, the particle size, average crystalline size,
and Raman spectra were enhanced, while the porosity,
agglomeration, and bandgap were reduced. As a result,
the photo response of CuO-based optoelectronic devices
was increased with the reduction in the wide bandgap at
the highest temperature. Analyses of the produced sam-
ples were performed by using scanning electron micro-
scope (SEM); Fourier-transform infrared spectroscopy
(FTIR), UV-vis spectroscopy, Raman spectroscopy, and
powder X-ray powder diffraction (XRD) techniques for
analyzing their characteristics in detail.

2 Experimental details

CuO was produced through hydrothermal synthesis
by considering sodium hydroxide (NaOH) and copper
sulfate (CuSO4·2H2O) as initial chemical materials, and
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double-distilled water was used to dissolve these che-
micals in it. CuSO4·2H2O is highly soluble in water with
solubility value of 1.055 molar, and its solubility increases
with an increase in heat. CuSO4 2H2O was used as a source
of Cu. A stoichiometric amount of CuSO4·2H2O (0.2 M)
and NaOH (0.4M) were separately dissolved into 150mL
double-distilled water with continuous stirring on an elec-
tronic stirrer. After complete mixing, 50mL of 5-M NaOH
was placed into this solution to maintain pH at 9 during
the complete chemical reaction. This chemical solution
was placed in a Teflon-lined sealed stainless steel auto-
clave at a constant temperature of 200°C for 6 h in auto-
generous pressure. This product was then placed at room
temperature and cooled. The obtained product was kept
in the furnace at the calcination temperature of 350°C
for 1 h. The black product was centrifuged, washed com-
pletely with double distilled water many times, washed
three times with ethanol, and thoroughly dried in air at
room temperature. This material was then ground, and
finally, the fine material in the black powder form was
obtained, which is known as CuO. Similarly, two more
specimens were fabricated at the calcination tempera-
ture of 450 and 550°C, respectively.

The XRD-determined data were collected after Cu Kα
radiation in the peak position (2θ) range of 20–60°, while
the scanning step size is 0.05° and the rate is 6° min−1.
The SEM (JEOL Model JSM-6390LV) with an operating
voltage 20 KV was used to examine the CuO morphology.
The Varian, Cary 5000 spectrophotometer was used to
examine the UV-Vis spectrum of CuO samples between
300 and 800 nm. The molecular structure of the prepared
products was confirmed by Thermo Nicolet, Avatar370
FT-IR spectrometer. Raman spectroscopy was used to
characterize the CuO samples to confirm their atomic
molecular arrangements.

2.1 Structural analysis

Figure 1 shows the XRD peaks of the fabricated CuO spe-
cimens. These peaks are similar to JCPDS 5-661 and
showed the monoclinic structure, confirming its pure
phase with lattice constants (a = 3.4357, b = 3.9902,
and c = 4.8977), (a = 3.1903, b = 3.9789, and c =
4.7743), and (a = 3.0573, b = 3.9573, and c = 4.6892), for
the specimens calcined at 350, 450, and 550°C, respec-
tively. The most intense and characteristic peak among
all XRD patterns corresponds to the reflecting plane
(111), which shows the formation of a single-phase mono-
clinic structure. With the enhancement in calcination

temperature, the full width at half maximum (FWHM)
was slightly decreased, and the intensity of XRD peaks
slightly improved due to crystallinity and crystallite size
increased. XRD analysis confirmed the nonexistence of
impurity phases that represents the phase purity of CuO
samples. Table 1 presents that the crystalline size is
enhanced by about 3.98–5.06 nm with the increase of
the calcination temperature from 300 to 500°C. In the
case of the smallest crystalline size, lower calcination
temperature may cause slow nucleation and growth pro-
cess, which prevents grain from growing during the time
scale of the experiment; therefore, crystalline size is
smaller at the calcination temperature of 350°C. But
when calcination temperature increases to 550°C, the
growth and nucleation process are almost simultaneously
fast yielding lower monodispersity and larger crystalline
size. The sample with a smaller grain size has a larger
surface area, which was reduced with the increase in the
crystalline size at the higher calcination temperature of
550°C. This specific surface area with the increasing calci-
nation temperature can be associated with the agglomera-
tion of the grains, and as a result, the densification process
may be deliberated [22].

The Debye–Scherrer formula was applied for the calcu-
lation of the average crystalline size from the peak (111) [23].

=D Kλ
β cos Θ

, (1)

where “K” is the shape factor, which has a constant value
of 0.94, λ is the wavelength of falling X-ray radiation, and
“β” is the full width at half the maximum value of the
diffraction angle θ. The specific surface area can be cal-
culated by the following formula [24]:

Figure 1: XRD diagram of CuO samples calcinated at 350, 450,
and 550°C.
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= /S Dρ6 . (2)

The constant 6 is known as the form factor of sphe-
rical particles; “D” is the crystallite size, while “ρ” is
X-ray density. The calculated values of specific surface
areas are 1.4089, 1.3034, and 0.6112 m2/kg.

The Bragg formula λ = 2d sin θ was used to determine
the d-spacing values among atomic layers. The lattice
constants value a, b, and c were calculated by equation
(3). The lattice geometry formula was used to determine
the primary unit cell volumes (V) [25].

=V abc βsin . (3)

The experimentally calculated values of d-spacing
and lattice constant are given in Table 1. The values of
lattice parameters have been calculated by using the
miller indices and determined d-spacing values of char-
acteristic peak (111) of three samples. The shrinkage of
the lattice constant was caused by the increase in tem-
perature; therefore, the lattice constant decrease from
which attributed to the heat coupling due to calcination
temperature, at the highest temperature, d-spacing between
atoms was largest due to which heat coupling in the
sample allowing the copper atoms to diffuse towards
the tetrahedral site, therefore lattice constant was higher.
In the case of the smallest lattice constant, d-spacing
between atoms was the smallest due to which the copper
atoms by heat coupling could not much be allowed to
diffuse toward the tetrahedral site; therefore, the lattice
constant was reduced.

The X-ray density (ρXRD) can be calculated by the
following relation [26]:

=ρ Z M
N V

,XRD
A

(4)

where “Z” is some molecules per unit cell, “M” is the
molecular weight, “NA” is Avogadro’s number, and “V”
is the monoclinic unit cell volume, and its value from
equation (4) is substituted in equation (5):

=  ρ A
Nabc β

8
sin

,XRD (5)

where M is the molecular weight of the particular oxide
and abc βsin is the volume of the monoclinic unit cell.
X-ray density (ρXRD)was enlarged by about 1.07–1.96 g/cm3

by the growth temperature of about 350–550°C. The
growth in molecular weight of the sample became the
main cause behind the growth of X-ray density (ρXRD).

The Archimedes principle was used to determine the
bulk density (ρβ) of all samples, which is presented
in equation (6). At the calcination temperature from 350
to 550°C, the bulk density was enhanced by aboutTa
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1.03–1.92 g/cm3. The small bulk density was associated
with the pore creation and increased during the synthesis
mechanism, which was enhanced due to the growth of
the temperature, and as a result, the bulk density was
enhanced [27].

=  ρ m
V

.B (6)

The porosity has been determined through equation
(7) [28]. The porosity was reduced from 3.37 to 1.03%with
the development in the temperature of about 350–550°C.
In this mathematical form, (ρβ) and (ρx) are bulk density
and X-ray density, respectively, which are given in
Table 1.

⎜ ⎟
⎛

⎝

⎞

⎠
= − ×

ρ
ρ

Porosity 1 100%.
x

B (7)

The dislocation density, described as the length of
dislocation lines per unit volume of the crystal, can be
determined by equation (8). It is the measure of the
number of dislocations present in the content of the
material. Dislocations are the irregularity or crystallo-
graphic defect in a crystal that arises from the lattice
mismatch from another part of that crystal. This can be
determined by the following formula [29]:

= /δ D1 .2 (8)

As the temperature increases, FWHM begins to
decrease and the peak intensity increases, which shows
that the crystalline size decreases because of the influ-
ence of the strain factor due to fabrication; therefore,
dislocation density is reduced. The increasing calcina-
tion temperature produces the least crystallographic
defects in the crystal of synthesized material, which
reveals the better crystallinity of that material.

2.2 Microstrain

The microstrain produced in the lattice by the altered
calcination temperature on CuO specimens was esti-
mated by the W–H method of analysis; the crystalline
size was also calculated from this method by using equa-
tion 9. The distortion and microstrain or crystal imper-
fection are mathematically expressed as = /ε β θ4 tans ,
which arise by microstrain (ε) and strain-induced broad-
ening. In the W–H method, crystalline size changes with
tan θ, while in the case of Scherrer’s equation, crystal-
line size varies with 1/cos θ.

Grain size broadening and broadening are used to
obtain the total integral breadth of the Bragg peak, which
are expressed as follows [30]:

= +B β β ,D Shkl

= / +B kλ D θ ε θ,cos 4 tanhkl

( ) ( )= / +B θ kλ D ε θcos 4 sin .hkl (9)

In this method, the microstrain can be estimated by
the slope of the graph plotted between “4 sin θ” versus
“βhkl cos θ”, while the crystalline size can be estimated
from the y-intercept, as shown in Figure 2. From this
method, it can be seen that the crystalline sizes of CuO
samples calcinated at 350, 450, and 550°C were 7.30, 9.51,
and 12.60 nm, respectively. Both of these approaches
provided nearly comparable consequences, but the Wil-
liamson-Hall plot method was giving some large crystal-
line size. This large size can be due to the existence of
changed geometries of grains and microstrain in the
crystal lattice of samples. As the calcination temperature
increases from 350 to 550°C, the microstrain decreases
from 5.03 × 10−3 to 3.18 × 10−3. An increase in the calcina-
tion temperature of CuO samples becomes a reason for
the increasing crystalline size and enlarging crystallite
boundary movement, and thus increasing the grain devel-
opment. Consequently, the disorder effect was reduced,
which became a cause of decreasing broadening and
enhancing the intensity of XRD peaks. Therefore, the
microstrain and dislocation density reduce because of
the decrease in lattice defects with grain boundaries on
increasing the calcination temperature of the CuO sample.
From the examined data, the microstrain in CuO crystal-
lines may arise from excess boundaries by dislocations.
It is noted that the fitting is so bad, and this bad fitting
may be due to the noise signals produced during the
growth and nucleation process caused by the calcina-
tion temperature.

2.3 Morphological analysis

The specimens were observed by SEM to analyze their
size and morphology. The SEM images of the prepared
CuO samples are illustrated in Figure 3. The grains shown
in Figure 3(a) are irregular in shape, that shown in Figure
3(b) are in a random shape, and that shown in Figure 3(c)
are in a stone-like shape. For the samples calcinated
at 350, 450, and 550°C, the size of grains analyzed
in SEM pictures is within the range of 1.06–3.25 μm.

Enhancement in structural, morphological, and optical properties of CuO  2831



Figure 2: Williamson–Hall plots of CuO samples calcinated at calcination temperatures of 350, 450, and 550°C.

Figure 3: SEM pictures of CuO samples calcinated at (a) 350, (b) 450, and (c) 550°C.
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The agglomeration among grains was reduced with the
temperature growth. Due to the high surface charge and
highmagnetization among grains, agglomeration occurred
in the Ostwald ripening process. The lower calcination
temperature of 350°C produces a large number of cores
and decreases the rate of the nucleation process, which
prevents the grains from growing and causes the agglom-
eration due to the high intense collapse of bubbles, and
the grain size was 1.06 μm. When the temperature
increased up to 550°C, a small number of cores formed
among grains because of which small agglomeration
takes place due to less intense collapse of bubbles.
Therefore, when the temperature was enlarged from
300 up to 500°C, the rate of the nucleation process
increases because of the existence of charges at the
surface of the grains and then agglomeration decreases
due to a reduction in the number of cores, and conse-
quently, grains grow up to 3.25 μm and crystallinity
also increases. In other words, the space between the
grains is slightly increased by the increase in calcina-
tion temperature, which reduces the agglomeration of
grains. The grains exhibit irregular morphology due to
the agglomeration of primary grains, which were mini-
mally increased with the increase in the calcination
temperature. The grain size grows with the growth in
the calcination temperature, and the consistency of
size and shape of CuO was detected. Further, with the
increase in the size of grains, the bandgap decreases,
due to which electronic conduction between valance
and conduction band increased, and hence, the working
capability of a device increased.

2.4 Raman analysis

Raman spectroscopy, which is a very sensitive probe
to the vibrations of the material and its local atomic
arrangements, has been usually employed for the exam-
ination of the microstructural nature of the materials.
Raman scattering also gives important details about the
bonds and structures of materials [31] and is also used to
identify the presence of unintended phases such as Cu
(OH)2, Cu2O, and material crystallinity. Since there are
two molecules in each primitive cell of the CuO with
space group C62h, its Raman active normal modes at cen-
tral zones of copper oxide molecules are at ΓRA = 4Au +
5Bu + Ag + 2Bg. Raman spectra of three CuO samples are
illustrated in Figure 4, and it can be seen that Raman
spectra have two main one-phonon modes. The peak

assignments at 240, 242, and 246 cm−1 are related to the
Ag mode of vibration of samples calcinated at 350, 450,
and 550°C, respectively, while the peaks at 256, 259, and
261 cm−1 are assigned to Bg mode of vibration of samples
calcinated at 350, 450, 550°C, respectively. These peaks
assignments are nearly equal to the reported data in the
previous study [32]. Maximum physical characteristics of
any material are produced due to the interactions among
the vibration modes of molecules. The oxygen atoms only
move with a displacement in the b-direction for Ag and
perpendicular to the b-axis for Bg Ramanmodes. Irwin and
Wei reported that crystal defects reduce with the increase
in the crystalline size of NPs due to the smaller surface/
volume ratio, and these crystal defects can contribute to
Raman spectra as all three of the Raman modes in CuO are
assigned to vibrations of oxygen atom [33].

It is noted that the multiphonon Raman band peakes
of CuO specimens which are calcinated at different tem-
peratures of 350, 450, and 550°C that presented at 1,387,
1,390, and 1,391 cm−1. In particular, the multiphonon
band 2Bg in CuO was suggested to be the stretching vibra-
tion in the x2−y2 plane, induced by the electronic density
deviation in this layer. The shift of these peaks toward
higher wavenumbers (redshift) and appropriately low
value of FWHM ascertains the CuO NPs. The phonon
confinement effect is utilized to describe the redshift
in materials. The production of redshift and lowering
or decreasing broadening of Raman modes may be due
to the reduction of the agglomeration state. As the Raman
peaks move toward high wavenumbers, it means that
CuO can be an excellent material for optoelectronic
device applications.

The intensity of the multiphonon Raman peak is very
weak in comparison with one phonon band and changes

Figure 4: Raman spectra of the prepared CuO samples calcinated at
350, 450, and 550°C.
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with the size and morphology of fabricated CuO samples.
It has been described that the multiphonon band of the
as-produced CuO grains with stone-like morphology and
3.25 μm particles possess greater intensity than that of
CuO grains with random morphology and 3.21 μm, which
in turn is greater than that of CuO grains with irregular
morphology and 1.06 μm grain size. Anisotropy of dif-
ferent CuO NPs is utilized to describe the dissimilarity
in the Raman intensity of different morphologies. The
electronic movement among the x–y plane becomes sub-
stantial in the x–y plane and changes the intensity of 2Bg

mode in the irregular-, random- and stone-like grains.
Another description for the change in the Raman inten-
sity of this mode is the phonon–plasmon coupling
because of the higher local density of anisotropic car-
riers CuO grains. A crystallinity effect and finite size of
these grains are revealed by the change in the multi-
phonon intensity.

2.5 Chemical composition analysis

Fourier transform-infrared spectroscopy in the trans-
mission mode was utilized to generate the spectra for
obtaining the information about compounds present on
CuO samples and to obtain sufficient information about
the molecular information of CuO samples, which were
produced at the calcination temperatures of 350, 450,
and 550°C. The functional group spectra were analyzed
between 400 and 4,000 cm−1. Peaks found at 446, 452,
469 cm−1 for three samples can be related to the high-
frequency Au mode of CuO; these high-frequency modes
are related to the typical stretching vibrations of Cu–O bond
in the monoclinic structure of three CuO samples, which
confirmed the formation of CuO as shown in Figure 5.
These peaks were detected from Cu–O stretching along
the (202) direction [34]. The small bands found between
2,100 and 2,200 cm−1 are assigned to O]C]O stretching
vibrations. The region between 3,600–3,800 cm−1 con-
tained the strong broadband peaks of O–H vibrational
stretching surface of the hydroxyl groups of adsorbed
water molecules. The IR band found between 1,000 and
1,100 cm−1 can be assigned to C–OH stretching and O–H
bending vibration, exhibiting the presence of a large
number of hydroxyl groups [35]. The peaks noticed
between the regions of 2,900 and 3,000 cm−1 are attrib-
uted to C–H stretching vibrations of different molecules
as presented in Table 2 [36]. Furthermore, no impurities
were detected. The IR spectra confirmed the pure mono-
clinic crystal structure of the prepared CuO samples.

2.6 Optical studies

Ultra-visible (UV) spectra were utilized to examine the
optical characteristics of CuO samples. The UV-vis absor-
bance spectra were estimated for three CuO samples in
the range of 300–800 nm, and the energy bandgap is
illustrated in Figure 6. The values of the energy bandgap
for three samples are determined by the Tauc relation:

( )= −α A hν Ehν ,n
g (10)

where “ν” is the frequency of the light source, “α” is an
absorption coefficient, “A” is constant (independent of
n), “h’ is Plank’s constant, and “n” is the exponent, which
is governed by the quantum selection rules.

Figure 6 shows the absorption edges for the CuO
samples at blue shift regions 436, 543, and 549 nm, which
correspond to the wide energy bandgap of 1.61, 1.53, and
1.43 eV, respectively. There is an additional fact that

Figure 5: FTIR spectra of CuO samples calcinated at 350, 450,
and 550°C.

Table 2: FTIR spectra with possible assignments for CuO samples
calcinated at 350, 450, and 550°C

Frequency (cm−1) Possible assignment

350°C 450°C 550°C

446 452 469 Cu–O stretching vibration
1,032 1,038 1,042 C–OH stretching and OH bending

vibration
2,150 2,160 2,163 O]C]O
2,974 2,980 2,991 C–H stretching vibrations
3,691 3,708 3,720 O–H stretching vibrations
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absorbance is reduced with the wavelength enhance-
ment, which revealed the existence of an energy bandgap
in these three CuO samples.

The optical properties of the synthesized CuO sam-
ples were analyzed for the determination of the electronic
transition type and bandgap. When a semiconductor
absorbs the energy, photons have energy more than its
bandgap, and then move the electrons from the valance
bandgap to the conduction band, and as a result, the
wavelength absorbance capacity semiconductor improved
consistently to the energy bandgap. A relation between
absorption coefficient and falling photon’s energy
depends on the electronic transition type. When the
electron momentum is conserved, the transition is
directly due to conserved electron momentum. However
in indirect bandgap structure, during the electronic transi-
tion momentum and exchange of photons was not
conserved.

To our knowledge, when any material absorbs light,
then electron goes from valence to the conduction band,
and their energy levels are quantized by free electrons
[37]. In our research work, there are a few features such
as defects, for example, vacancies in CuO NPs (e.g., Cu1+
and O vacancies) and quantum size effect, which reduced
with the decrease in the energy bandgap due to the
increasing calcination temperature [19,37–39].

CuO has the standard bandgap of 1.20 eV. In our
work, the synthesized samples have a lightly more
bandgap of 1.61, 1.53, and 1.43 eV, at the calcination
temperature of 350, 450, and 550°C, respectively, as
shown in Table 3. The defect that exists behind the wide
bandgap is the slight high energy of conduction band
minimum (CBM), which is nearly equal to the reported
bandgap in the reports [36], and this high bandgap causes
the CuO sample to show the slightly high resistivity and
slightly low conductivity. But when the calcination

Figure 6: UV absorbance and optical bandgap of CuO samples calcined at 350, 450, and 550°C.
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temperature increased to 550°C, slightly high energy
of CBM becomes low, and hence, the bandgap reduced
up to 1.43 eV. So resistivity is reduced and conductivity
enhanced. In the present case, CuO samples exhibit their
electronic properties in the range of semiconductor mate-
rials. The optoelectronic devices such as power switching
instruments can be worked at calculated bandgap 1.61 eV,
1.53 eV, 1.43 eV with different calcinated temperatures at
350, 450, and 550°C moreover it can also work at slightly
higher temperature. These CuO semiconductor materials
are beneficial at larger wavelengths compared to other
low-bandgap CuO semiconductor materials. The required
temperature to operate such a bandgap CuO-based opto-
electronic device would be reduced with the reduction in
this bandgap of CuO, and hopefully, this bandgap will
reduce with a further increase in the calcination tempera-
ture. In such a way, the CuOwith reducing bandgap would
be shown as a good photoresponse for optoelectronic
devices compared to larger bandgap CuO.

3 Conclusion

In this study, a hydrothermal method was used for the
synthesis of CuO samples to analyze the impact of cal-
cination temperatures on the structural, morphological,
vibration mode, and optical properties. XRD showed that
the prepared products have a pure monoclinic phase and
crystalline nature. A single-phase monoclinic structure of
CuO having an average crystallite size of 3.98–5.06 nm
was confirmed by XRD without the impurity phase. This
increase in the crystallite size was due to the increase in
nucleation and growth process with the increase in calci-
nation temperature. d-spacing, lattice constant, unit cell
volume, porosity, dislocation density, and microstrain
were decreased by increasing the calcination temperature.
A small decrement in dislocation density and microstrain
in CuO samples was noted due to an increase in the
crystalline size at the highest calcination temperature
of 550°C, showing the least crystallographic defect and

lattice defect in a crystal, which confirmed its better
crystallinity and structural improvement. SEM images
revealed that agglomerationwas decreased by the increasing
calcination temperature, which was responsible for the
decrease in porosity. Raman spectra revealed that the
CuO sample calcinated at 550°C with a stone-like shape
having a large grain size of 3.25 μm exhibited that Raman
peaks intensity and the multiphonon band became
stronger and sharper and exhibited higher intensity
than that of calcination at lower temperatures. FTIR
spectra confirmed that these synthesized specimens
exhibited the peaks associated with the typical stretching
vibrations of Cu-O bond in the range of 400–500 cm−1,
which revealed the formation of CuO. The bandgap energy
was decreased from 1.61 to 1.43 eV due to the quantum
confinement effect by increasing calcination temperature,
which is in good agreement with XRD results. These
obtained consequences suggested that increasing the cal-
cination temperature improves the structural, morpholo-
gical, vibrational model, and optical properties of CuO and
makes them the best candidate for the development of
those optoelectronic devices, which are constructed on
the basis of such low bandgap CuO materials and can
only operate at the low temperature. Such optoelectronic
devices cannot operate at a higher temperature because
there may be a high probability of burning or damaging of
device. However, further enhancements in the calcination
temperature for CuO samples may be employed to study in
detail its effect on the structural, morphological, vibra-
tional model, and optical properties of CuO.
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