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In this study, a hydrothermal approach has been employed for the synthesis
of copper antimony oxide films. CuzSb20 exhibits an amorphous phase prior
to annealing and a polycrystalline phase (monoclinic structure) after
annealing at temperatures ranging from 200 to 400°C, as showed by the XRD.
The angles of 26.9340, 34.228°, and 38.362¢ correspond to the diffraction
peaks (111), (211), and (311). High annealing temperature caused the film's
lattice to reform and crystalize, which could cause cell ignition. The diffraction
angles of the peaks moved higher because it was assumed that the annealing
process affected the material. The unannealed CuzSb20 material displays
small nanoparticles and a noteworthy nanoflake structure. Under different
annealing temperatures, the nanoparticle's size increases when the film
surface is ignited at higher pressure. When nanoparticle clusters were present
during annealing, the material's surface energy increased. The absorption
spectra displayed a consistent high rate of absorption between 200 to 600 nm,
but showed a considerable decline beyond this range, with the minimum
point noted between 700 to 850 nm. Yet it increased again between 980 and
1100 nm wavelength range. Light absorption is high in Cu2Sb:0, specifically in
ultraviolet and blue regions. The film's absorbance increased from 0.145 to
0.185 a.u. when CuzSb20 was annealed at 200 °C. An increase in temperature
from 200 to 400 °C caused an improvement in CuzSb20's absorbance because
of its susceptibility to temperature. The low reflectance of the films in both
areas makes them ideal for both solar and photovoltaic cells. As the annealing
temperature increased from 200 to 400 °C, the synthesized Cu2Sbz0 film's
bandgap energy decreased from 1.78 eV to a range of 1.66-1.21 eV.
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Introduction

Chalcogenides semiconductors are under study
for potential use in technological, thermoelectric,

infrared materials, and optoelectronic
applications. Chalcogenide materials have many
useful properties and are used in many

applications because they are abundant, cheap,
and environmentally friendly [1-15]. These
materials are now crucial for optoelectronic and
optical applications [4, 12].

Among the absorber materials for 3D film solar
cells, CuSbO's p-i-n structure may be the most
photovoltaic, with a high coefficient and band
gap of 1.5 eV, which is close to the optimal range
for photovoltaic conversion [6,7]. Despite the
existence of many thin film types, ternary oxide
thin films have garnered significant interest for
their distinctive ability to transmit and absorb
visible light [5]. They possess moderate energy
band gaps, which are often credited for their
remarkable charge transport properties.
Researchers have created various TMO materials
to broaden the use of lithium-ion batteries [3].

Phetcharat Chongngam et al. [16] achieved the
successful synthesis of Cu,Sb thin films through
chemical bath deposition method. Annealing of
the thin film is carried out at 300, 400, and 500
°C. The X-ray diffraction outcomes for the CuzSb
thin films displayed the CuSb,0s phase for the
films prepared at 300 °C, 400 'C, and the as-
prepared films, demonstrating crystal formation.

The thin film became amorphous after being
annealed at 500 °C. Field-emission scanning
electron microscopy was utilized to analyze
surface morphologies. The properties assessed
included linear optical, dispersion, optoelectrical,
and nonlinear optical. The electrical properties,
energy bandgap,
determined. Optimal results can be achieved for
synthesized mixed-phase thin films by avoiding
annealing above 400 °C. Eventually, the Cu,Sb

and Urbach energy were

thin film showed majority carrier conductivity of
the P-type. The unique qualities of thin-film
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substances could be useful in optoelectronics,
nonlinear optics, and as an absorbing layer for
solar cells.

There are various methods to synthesize
nanomaterials. The hydrothermal method is
essential for synthesizing thin films, according to
Pawar and Deshmukh [17].

The hydrothermal method, a heterogeneous
reaction, is carried out using the autoclave. Place
insoluble solutes into the autoclave and keep it in
the oven at a temperature below the supercritical
point of water. Thin films with different shapes
and sizes of crystallization have formed on the
substrate. the preferred
throughout the reaction. Different temperature
and pressure reveal remarkable properties. Non-
polar compounds fully dissolve in water due to
its high density. By adjusting process parameters,
this method can create various structures,
including three-dimensional nonospheres, two-
dimensional nanosheets, and one-dimensional
nanowires. These have uniform
shapes and consistent composition [4].

This method is mainly used to dissolve
insoluble materials at high temperature and
Advanced methods for preparing
nanostructures require expensive instruments
and surfactants. These method generates a
byproduct that harms the environment. Pawar
and Deshmukh [17] suggests that the
hydrothermal method is eco-friendly as it uses
low temperatures and doesn't require harmful
catalysts. This technique helps control material
shape and makes sure coatings stick well to
various surfaces.

In this study, copper-antimony oxide (CuzSb20)
was synthesized using the hydrothermal method.
suggests that CuzSb20 has
promising physical properties, making it suitable
for photovoltaic and optoelectronic applications.
The study aimed to examine the impact of

solvent

Water is

structures

pressure.

Our research

CuzSb20 on structural, morphological, optical,
and electrical properties using hydrothermal
methods. It also explored the potential of thin-
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film synthesis for practical optoelectronic
applications and sought to identify a new

absorber layer for use in solar cell technology.
Details experimental
Materials

The materials used in this study are copper
nitrate trihydrate (Cu(NOs3)2:3H,0) Sigma-
Aldrich 99.9%, Antimony chloride (SbClz) Sigma-
Aldrich 99.9%, potassium hydroxide (KOH),
polyethylene glycol, a-terpineol, deionized water,
heating mantle, FTO-fluorine-doped tin oxide
substrate, an oven that has a temperature range
of 50 to 1000 °C.

Synthesis of the copper antimony oxide (Cu2Sb;0)

We added a 0.2 M solution of copper nitrate
trihydrate (Cu(NO3)2:-3H20) from Sigma-Aldrich,
which was 99.0% pure, to 30 mL of deionized
water and stirred it for 40 minutes at room
temperature. Antimony chloride (SbCl3) and
potassium hydroxide (KOH) were dissolved in
deionized water in equimolar amounts and
stirred for 40 minutes. Gradually, the solution of
antimony chloride and potassium hydroxide
were added to the solution of copper nitrate
trihydrate. 1 g of polyethylene glycol and 1 g of a-
terpineol were added as well, before stirring for
40 minutes at room temperature to make a
uniform solution.

To undergo hydrothermal processing, the FTO
glass and solution were placed in a 100 mL
Teflon-lined, stainless-steel The
temperature of the solution was kept constant at
200 °C for 6 hours. As the autoclave cooled down
to room temperature naturally, the deposited
CuzSb20 on FTO substrate was vacuum-dried at
60 °C for 40 minutes. To analyze the effect of

autoclave.

annealing temperature on Cu:Sb20 films, three
samples were annealed at temperatures of 200,
300, and 400 °C for 2 hours each. The samples
were analyze for their optical, electrical,
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structure, morphology, and elemental
compositions using various characterization
technique. The NPUFEI-NNS45 SEM was

employed for the analysis of structural and
elemental compositions. The JASCO-FTIR (FT/IR-
6600) was used to examine the presence and
types of functional groups in the Cu;Sb;0 films.
The absorbance wavelength of the films was
using a 756S UV-Visible
spectrophotometer within the optical spectral
range of 300 to 110nm. The electrical properties
of the films were analyzed using the Jandel four-
point probes method.

obtained

Discussion of results
XRD study of CuzSb20

Figure 1 shows the XRD pattern of the thin film
material of copper antimony oxide (CuSb0).
The pattern shows CuzSb20 in an irregular phase
before annealing and in a polycrystalline phase
(monoclinic  structure) annealing at
different temperatures between 200 and 400 °C.
The diffraction peaks (111), (211), and (311)
correspond to 2theta angles of 26.934°, 34.228¢,
and 38.362¢ respectively. The crystallization of
the synthesized material is evident from the most
prominent (111) diffraction peak. The film's
lattice reformed and crystallized because of high
annealing temperature, which may cause cell
ignition. The assumption is that the annealing
process caused an effect on the material,
resulting in the peaks shifting to higher
diffraction angles.

Heat treatment facilitates recrystallization of
the material. The ions Sb3+ are oxidized, leading
to the formation of Sb5+ ions. The smaller ionic

after

radius of Sb5* ions compared to Cu2+ ions allows
them to replace Cu?* ions on the lattice, leading
to a decrease in the unit cell volume in the lattice.
The higher annealing temperature over 200°C
caused by the of Sbs+
incorporation leading to an increase in lattice

was saturation

expansion. As a result, the energy required for
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defect creation increased and the peak shifted to
higher diffraction angles [16, 18, 19]. The
crystallite size of Cu,Sb,0 in Table 1 decreases
with higher annealing temperatures. The modest
shift in peak locations could be caused by the
annealing  temperature. The annealing
temperatures of 200, 300, and 400 °C yielded
crystallite sizes of 1.843, 1.832, and 1.821 nm,
respectively. Using equations (1-5) [20-35],
calculations were performed to determine
different

characteristics such as

A
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Figure 1. XRD pattern (A) and magnified version (B) of unannealed Cu2Sb20-(a), annealed at 200 °C-(b),
annealed at 300 °C-(c), and annealed at 400°C-(d).

Table 1. structural properties of CuzSb20

d
Films 29 (spacing)
(deg.) i
CuzSbz0 26.450 3.369
unannealed
CuzSb20 200 °C 26.934 3.309
34.228 2.619
38.362 2.346
CuzSb20 300 °C 26.934 3.309
34.228 2.619
38.362 2.346
CuzSb20 400 °C 26.934 3.309
34.228 2.619
38.362 2.346

5.835

5.732
5.238
4.692
5.732
5.238
4.692
5.732
5.238
4.692

(1)
a(4) @B  (hK) gl)g [y

X 1018
1578 011 0.893 3.731
0.7654 111 1.843 8.765
0.7662 211 1.855 8.483
07668 311 1.832 8.297
0.7698 111 1.832 8.866
0.7721 211 1.841 8.614
0.7732 311 1.817 8.437
0.7745 111 1.821 8.975
0.7747 211 1.834 8.672
0.7749 311 1.813 8.474
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Where D is the crystallite size, A1 is the
wavelength, £ is the full width at half maximum,
d is the d-spacing, a is the lattice constant, J'is the
dislocation density. Table 1 shows that there is a
correlation between the decrease in average
crystallite size and the strain induced during
annealing. This is confirmed by the 2theta angles.
The synthesis process might have caused the
strain because of the nucleation process.
Research has showed that when the angle
increases, there is a significant change in the
distances between planes and the density of
dislocations.

Surface morphological analysis of CuzSb20 films

Figure 2 displays the surface morphology of
CuzSb20. Small nanoparticles and a significant

nanoflake structure are evident in the

unannealed Cu;Sb;0 material. The size of the
nanoparticle increases when the film surface is
ignited with higher pressure upon annealing at
different temperatures. The presence of
nanoparticle clusters during annealing resulted
in an increase in the material's surface energy.
High-temperature caused strains that made the
nanoparticle more susceptible to agglomeration.
A change in orientation of the lattice occurred
due to the strain, which caused a dislocation to
The lattice strain
corresponds with the observed strain in their
structural property. The elemental composition
of CuzSb20 is shown in Figure 3. The spectrum
shows all the elements necessary to form
CuzSb20. The other element observed could be
the composition of the FTO substrate used during
synthesis.

form near the surface.
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Figure 2. SEM of CuzSb20.
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Figure 3. EDXs of Cu2Sb:0.

Optical study of CuzSb20

Figure 4 (J1) was analyzed in a study to
measure the absorbance of CuzSb:0.
Absorption spectra maintained a high rate of
absorption from 200 to 600 nm but decreased
significantly beyond that point, with the lowest
point at 700 to 850 nm. However, it rose once
more during the wavelength range of 980 to
1100 nm. CuzSb;0 has a high capacity for
absorbing light, especially in the ultraviolet and
blue regions. Annealing CuSb,0 at 200 °C
improved the film's absorbance from 0.145 to
0.185 a.u. Raising the temperature from 200 to
400 °C improved CuzSb20's absorbance due to its
sensitivity to temperature. The absorbance went
up from 0.185 to 0.610 a.u. The increase in
caused by the annealing
temperature's effect on CuzSb,0. The increase in
crystallite peak seen in the XRD pattern may be
linked to the growth in crystallite size after

level

absorbance is

annealing. An increase in the size of the
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crystallite can cause an increase in the specific
surface area and consequently lead to a higher
optical absorbance [25-35]. The films are good
for solar cell technology, energy production, and
photovoltaic applications because they absorb a
lot. At a wavelength of 1100 nm, the rate of
transmittance in Figure 4 (J2) was consistently
high, even reaching 100%. The spectral region of
infrared shows high transmittance for Cu,SbO.
There is a rise in the transmittance spectra as the
annealing temperature decreases from 400 to
200 °C. The films showed a decrease in electrical
resistivity which could be the reason. Optical
transmittance may improve if specific surface
area is increased by reducing film thickness [25-
30]. Due to their high transmittance rate, these
films are a perfect fit for photovoltaic uses,
energy production and solar cell systems. In
Figure 4 (J3), the highest reflectance was
detected in the UV region. For both annealed and
unannealed Cu,Sbh,0 at 200 °C, the film displayed

less than 10% reflectance in the visible,
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ultraviolet, and infrared regions, except for a
reflectance of 20% in the ultraviolet region. The
films were found to have low reflectance in both
regions, making them highly suitable for use in
both solar and photovoltaic cells. The graph of
(ahv)?2 Vs hv is used to represent the energy
bandgap of CuzSb,0 in Figure 4 (J4). By utilizing
the graph, which depicted the absorption
coefficient square and photon energy, the
indirect bandgap of the produced films was
established. The indirect bandgap energy of the
synthesized Cu,Sb0 film decreased from 1.78 eV
to a range of 1.66-1.21 eV as the annealing
temperature increased from 200 to 400 °C.

As depicted in Figure 5 (J5), the refractive index
of CuzSb,0 films has been illustrated. The
transmission of light frequency from 1.0-4.0 eV
shows a considerable increase as the annealing
temperature is raised from 200 to 400 °C, despite

J1

—Cu,5t0

L Cu, 5b0 200°C
— Cu, 35,0 30°C
—Cu, 5b,0 40°C

[13

oA

02

Absorbance [au]

T T T T
a0 1] am 0m

Reflectance (%)

" E0
—Cu, 50,0 200°C
—Cu, 5,0 200°C
Ty 58,0 400°C

L] 0] a0 10
i(nm}

a sharp decline at 2.6 eV. As the energy level
increases, the refractive index of the films also
rises. The highest peaks of the refractive index
were identified to be located in the energy range
of 2.65 eV. The increase in refractive index due to
annealing temperature is the reason why these
materials are a perfect match for solar and
photovoltaic cells. Figure 5 (J6) shows that the
extinction coefficient of CuzSb,0 films increases
with an increase in annealing temperature from
200 to 400 °C, and the photon energy of the
material also rises, as observed from the
presented results. From the data presented in
Figure 5 (J7), it is clear that the Cu,Sb,0 films
demonstrate an increase in optical conductivity
as the photon energy increases, and furthermore,
the annealing process serves to stabilize both the
electrical and optical conductivity of the films.

J2

Transmittance (%]
o

J4

i ]

—cCuwse0  |1T8eV
[——Cuy 85,0 200°CH1, 66 &V
[ Cuy£8,0 300°C) 1,25 e/
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=

=

Figure 4. UV plots of CuzSb20 absorbance (J1), transmittance (J2), reflectance (J3), and bandgap energy (J4).
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The real dielectric constant (RDC) of Cu2Sb,0
films is depicted in Figure 6 (]J8). As the annealing
process progresses, the RDC (relative dielectric
constant) tends to increase with the photon
energy, ranging from 1.0-4.0 eV, but experiences
a sudden drop at 2.65 eV. The rise of RDC films is
directly proportional to the increase in energy. In
our observation, we were able to identify the

highest peaks of RDC specifically within the
energy range of 3.85 eV. By increasing the
annealing temperature, it is possible to make
RDC suitable for solar and photovoltaic cells. The
data presented in Figure 6 (J9) demonstrates that
there is a positive correlation between IDC and
photon energy, and there is a further increase in
IDC when films undergo annealing.
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Figure 5. UV plots of CuzSb20 refractive index (J5), extinction coefficient (J6), and optical conductivity (J7).
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Figure 6. UV plots of CuzSb20 real (J8) and imaginary dielectric constant (J9).
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Electrical study

Figure 7 demonstrates the correlation between
film thickness resistivity or
conductivity. A decrease in material thickness
results in an increase in electrical conductivity

and electrical

and a corresponding decrease in resistivity. The
alignment is due to the fact that carrier
concentration is increased by annealing
which  enhances electrical
conductivity. The ability of the material to handle
more current is beneficial for
optoelectronic applications. Table 2 presents the
analysis of resistivity and conductivity for
CuzSh;0, into its
electrical properties. The electrical conductivity
of the film increased from 3.88 to 6.01 (S/m) as

temperature,

electric

offering valuable insights

its thickness declined from 117.53 to 105.31 nm
due to annealing temperature and its resistivity
decreased from 25.77 to 16.62 (Q.cm). The
electron-hole pairs in Cu,Sb,0 are affected by the
annealing temperature, which is linked to the
crystallite size and results in increased space
between them. Annealing process results in
increased electrical conductivity in films due to
the difference in crystallite sizes compared to
unannealed films. The annealing temperature is
associated with the decline in resistivity and film
thickness of CuzSb;0. This film could be a
valuable resource for enhancing solar cell
efficiency. Copper antimony oxide (CuzSbz0)
exhibits a resistivity that is highly suitable for use
as buffer layers in photovoltaic systems.

Table 2. Electrical Parameters of Cu2Sb20

Films t, (nm)
CuzSb20 117.53
CuzSb20 200 °C 114.24
CuzSb20 300 °C 105.45
CuzSb20 400 °C 105.31
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Figure 7. resistivity and conductivity against thickness.
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2. (Q.cm) T, (S/m)
x 107 x 105
25.77 3.88
23.45 4.26
16.81 5.94
16.62 6.01
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Figure 8. IR spectra of Cuz2Sbz0.
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The IR spectra of CuzSh;0

The FTIR spectra of CuzSb20 ranges from 400
cm-1 to 2000 cm-! wave number. Cu?* ions are
detectable in the films upon increasing the
annealing temperature, resulting in the
appearance of a symmetrical peak at 840 cm-1,
which can be attributed to O-H bound to
antimony. In all films, a similar pattern is
observed where the 840 cm-! band in the
asymmetrically stretched carbonates ion at 1380
cm-! decreases with increasing concentration.
The band around 1630 cm-! in the spectra is
caused by atmospheric CO,. An absorption peak
around 520 cm-! marks the Sb-O stretching
vibrations in Cu,Sb0 A slight increase in Cu ions
causes the band to grow gradually and become
sharper. The material experienced this due to a
rise in unit cell volume. The strong absorption
band observed at around 520 cm-! is thought to
be due to the bending vibration of the Oxygen
octahedral deformation mode.

Conclusions

The hydrothermal technique was used to
synthesize Cu,Sb,0 successfully. The pattern
shows CuzSb;0 in an irregular phase before
annealing and in a polycrystalline phase after
annealing at different temperatures between 200
and 400 °C. The diffraction peaks (111), (211),
and (311) correspond to 2theta angles of
26.934°, 34.228°, and 38.362° respectively. The
film's lattice reformed and crystallized because
of high annealing temperature, which may cause
cell ignition. The peaks were shifted to higher
diffraction angles, because of the assumption that
the annealing process caused an effect on the
material. Small nanoparticles and a significant
nanoflake structure are evident in the
unannealed Cu;Sb;0 material. The size of the
nanoparticle increases when the film surface is
ignited with higher pressure upon annealing at
different The

nanoparticle clusters during annealing resulted

temperatures. presence of
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in an increase in the material's surface energy.
Absorption spectra maintained a high rate of
absorption from 200 to 600 nm but decreased
significantly beyond that point, with the lowest
point at 700 to 850 nm. However, it rose once
more during the wavelength range of 980 to
1100 nm. CuzSb,0 has a high capacity for
absorbing light, especially in the ultraviolet and
blue regions. Annealing Cu,Sb,0 at 200 °C
improved the film's absorbance from 0.145 to
0.185 a.u. Raising the temperature from 200 to
400°C improved Cu,Sb,0's absorbance due to its
sensitivity to temperature. The films were found
to have low reflectance in both regions, making
them highly suitable for use in both solar and
photovoltaic cells. The bandgap energy of the
synthesized Cu,Sb-0 film decreased from 1.78 eV
to a range of 1.66-1.21 eV as the annealing
temperature increased from 200 to 400 °C.
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