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Abstract :

In the present work, thin films of undoped bismuth oxide (Bi203) and bismuth oxide doped with
antimony ( Bi203: Sb) were deposited on glass substrates by using the chemical spray pyrolysis
process. We prepared the films with various weight percentages of antimony 0, 3,5,7,and
9 wt%). Throughout the experiment, the substrate was maintained at a consistent temperature of 380°C
for the deposition operation. The goal of this study is to investigate the effects of antimony doping on
the structural and optical characteristics of the Bi203 film. We studied the structural and optical
properties of the prepared thin films using x-ray diffraction (XRD), atomic force microscopy (AFM),
and ultraviolet-visible spectroscopy (UV-VIS). The X-ray diffraction results showed that the prepared
films were polycrystalline with a tetragonal structure. Thin films of Sb doped Bi203 demonstrated
increasing absorption with increasing the concentration of the dopant . The measured energy gap value
for undoped Bi203 was 3.04 eV. Increasing the concentration of the antimony dopant led to a decrease
in the energy gap value (from 3.04 to 2.48 eV). Undoped bismuth oxide and 9% Sb doped bismuth
oxide were deposited on porous silicon, as it is used in solar cell manufacturing. The solar cell features
were evaluated.
Keywords: Bismuth oxide, Thin films, Optical properties, Optoelectronic applications.
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1- Introduction

The scientific community has become
interested in heavy metal oxides, especially
Bi203, because they have important uses in
optical and electrical equipment, glass
ceramics, thermal and mechanical sensors,
and layers that let infrared light through [1-
3].

Thin-film bismuth oxide (Bi203) exhibits
photoluminescence, a strong band gap, and
the Hall Effect, making it a material of
interest. [4-6]. Researchers have reported
five different forms of bismuth oxide,
known as a-, b-, c-, d-, and x- Bi203. Two
of them, the low-temperature and the high-
temperature phases, are stable; however, the
others are high-temperature meta-stable
phases [7-8]. The phase relations in the case
of the Bi-O system and the chemical
bonding of Bi203 polymorphs, which play
an important role in the oxidation processes
of Bi, Recent publications have addressed
[9-11] because of the theoretical and
experimental significance, the optical
properties of bismuth oxides were studied
[12-16]. Nanomaterials are becoming
increasingly popular due to their unique
optical, magnetic, electrical, and other
capabilities [17]. Emerging properties offer
significant potential for applications in
electronics, medicine, and other sectors.
Commercial products and processes widely
employ engineered nanoparticles, while
some naturally occur. They also have
medical applications for diagnosis, imaging,
and drug delivery [18].

Researchers have developed various
physical and chemical approaches to
improve the characteristics of
nanomaterials, allowing for better control
over particle size and distribution during
synthesis. Nanomaterials can be synthesized
using either top-down or bottom-up
approaches. The former involves
dissociating bulk solids into finer particles,
while the latter involves assembling atoms
together [19-20].

Various methods can be used to deposit Sh-
doped Bi203 thin films, such as vacuum
evaporation, chemical vapour transport,
pulsed laser deposition, electrodeposition,
sputtering , chemical bath deposition
technique, and spray pyrolysis. Among
these methods, spray pyrolysis was chosen
in this paper due to many advantages, such

as being very simple, cost-effective , and
multilayered [21-23].

This paper deals with the electrical and
optical analysis of chemical spray pyrolysis
Sb doped Bi,0s5 thin films.

2-Experimental procedure

Borosilicate  glass  substrates  with
dimensions of 2.5x2.5 cm2 and a thickness
of 0.1 cm were prepared by cutting large
microscope slides. The prepared glass
substrates were first carefully cleaned by
boiling them in chromic acid for 15 minutes,
Then, they were rinsed with double-distilled
water. We then immersed the glass
substrates in acetone to remove organic
impurities. The substrates underwent an
additional 15 minutes of ultrasonic
treatment before depositing.

The solution of bismuth nitrate (0.2 M) in
100 ml was prepared by dissolving 9.7014 g
of the bismuth nitrate pentahydrate (Bi
(NO3)3.5H20 salt in 100ml of dilute nitric
acid. The solution of antimony(I1l) chloride
(0.2M) was prepared by dissolving (4.5626
gm) of SbCI3 in 100 ml of glacial acetic
acid. We prepared the mixture by combining
bismuth nitrate and antinomy(lll) chloride
in various ratios, resulting in different
concentrations of Sb (0, 3, 5, 7, 9) wt%.
Then the glass substrates were heated up to
380 + 5°C. We placed the nozzle tip about
30 cm above the substrate surface. The air
pressure was adjusted to 1.5 bar to transform
the droplets into a spray. We filled the bulb
of the nozzle with 100 ml of a specific
precursor solution for each thin film
preparation experiment.

We obtained the X-ray diffraction patterns
for the prepared films using a Shimadzu
XRD-6000 goniometer and recorded atomic
force microscopy (AFM) micrographs using
a scanning probe microscope type (SPM-
AA3000), contact mode, supplied by
Angstrom Advanced Inc. We investigated
optical properties in the wavelength range of
300-900 nm using UV-VIS-NIR
spectroscopy (Shimadzu, UV-1800).

3-Results and discussions

3-1 XRD analysis:

Figure (1) displays the X-ray diffraction
(XRD) patterns of Sb-doped Bi203 thin
films. Diffraction peaks may be seen in the
pattern at (20~ 27°31° 34° ,46°54°). The
tetragonal and polycrystalline structure of
the produced Bi,O; thin films aligns with
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other publications [24]. All of the peak
positions correspond to the (221), (002),
(400), (402), and (223) planes, respectively;
these outcomes match the (ICDD) card

number. Matching results (01-074-1374):
Figure 1 The strongest peak appears at
20~27° in the (221) plane.
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Figure (1) : The XRD pattern for undoped and Sh-doped Bi,O; thin films.

3-1-1 Crystallite Size (D):

We used the Scherer method to calculate the
average grain size (Dav) for the dominant
(002) direction, using the following formula
[23,24]:

Day =KA/B cosh....... €8

Where D,, is the crystallite size, K is a
constant known as the shape factor ( 0.94), A

is x-ray wavelength = 0.1506 nm, B is the
full width at half maximum (FWHM), given
in radians, and 0 is the Bragg’s angle. We
observe a decrease in the average grain size
as the doping ratio increases, with the
exception of the 3% and 7% Sb ratios. Table
1 shows the value of the average grain size
for Sh-doped Bi,O; thin films.

Table (1) : value of the average grain size for undoped and Sh-doped Bi,Os thin films

Samples Day (nmM)
Undoped- Bi,0Os 7.521
Bi,O3:Sb (3%) 9.284
Bi,O3:Sb (5%) 8.792
Bi,O3:Sb (7%) 11.401
Bi,O3:Sb (9%) 9.746

3-1-2 Dislocation Density and Number of
Grains

The quantity of defects in a crystal is
measured by its dislocation density (d),
which was calculated using the following
equation [25]:

8=1/D2%, .....o..... (2)

The number of crystallites (N,), which
stands for the number of crystals per unit

area, was calculated using the following
relationships

Noot/Dg,ceeeemeennnnen 3)

Where t is thickness of thin films .

For all thin films, it was discovered that the
values of No increase as grain size decreases
as shown in table (2) .
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Table (2):Structural parameters of undoped and Sh-doped Bi,Osthin films.

Sample 20 FWHM D ex1073 ox 1073 N,
Undoped-— 28.031 0.897 9.530 3.797 11.010 0.404
Bi,O; 31.723 0.897 9.612 3.764 10.822 0.394
46.127 2.243 4.019 9.004 61.909 5.391
54.236 1.346 6.923 5.007 20.863 1.054
Bi,0,:Sb(3%) 28.263 0.984 8.692 4.163 13.235 0.510
32.089 1.18 7.313 4.948 18.694 0.856
54.363 0.787 11.84 3.054 7.124 0.201
Bi,0,:Sb(5%) 27.001 0.787 10.84 3.339 8.512 0.255
31.705 0.787 10.95 3.303 8.331 0.247
46.319 1.968 4.583 7.895 47.591 3.374
Bi,Os: 26.910 0.787 10.83 3.339 8.515 0.255
Sb(7%) 6.749 0.787 11.48 3.152 7.5%6 0.214
55.117 0.787 11.88 3.044 7.076 0.193
Bi,0,:Sb(9%) 27.114 0.984 8.670 4.173 13.301 0.490
32.377 0.787 10.97 3.297 8.303 0.242
46.397 0.787 11.46 3.156 7.606 0.212
53.671 18 7.877 4.594 16.115 0.654

3-2 Atomic Force Microscopy (AFM):

In this investigation, materials with dimensions of (2x2um?) were scanned, and pictures from atomic
force microscopy (AFM) were used for observation. Moreover, using RMS values, which are an
important indicator of the smoothness or roughness of a surface, we found that as the antimony doping
ratio rises, the pure surface's root mean square (RMS) roughness increases as Table 3 illustrates.
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Figure(2) : 3-Dimensional AFM images of (a) Undoped Bi,Os, (b) Bi,O3 :5%Sb, (c) Bi,O3 :7%Sb, (d)
Bi,03 :9%Sh.
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Table (3) : The Average root mean square and roughness average for undoped and Sh-doped Bi,O3

films.
Sample Average Root Mean Square Mean Particle
Roughness Sa RMS (nm) Size (nm)
Undoped-Bi,0s 94.27 118 120
Bi,03:Sb 3% 72.08 86.88 53.73
Bi203:Sb 5% - - 126.9
Bi,05:Sb 7% 279.6 336.5 95.75
Bi,03:Sb 9% 195.7 233.7 66.43
3-3 Optical properties: with increasing wavelength. The

3-3-1 Transmittance (T):

The relationship between transmittance and
wavelength in the (350-900 nm) range is
seen in Figure (3) for (0-9)% Sb doped
Bi,03 thin films; it shows the transmittance
curve as a function of wavelength. The
transmittance curves showed their increase
by increasing the wavelength. It has the
lowest transmittance value at a short
wavelength, but in the visible spectrum
region within the range (400-700 nm), the
transmittance begins to increase gradually

100
80
60 —

40 —

Transm ittance(T% )

20

transmission's behavior changes as the
concentration of Sb doping increases. As the
concentration of Sb doping increases, the
transmittance of Bi,O; films decreases
steadily. Antimony doping creates crystal
defects, which may lead to an increase in
photon scattering at higher doping
concentrations, explaining the decrease in
transmittance. Meanwhile, an increase in
grain boundary scattering and free carrier
absorption accounts for the 33%
transmittance increase [22].
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Sb 5%
Sb 7%
Sb 9%

400 500
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Figure (3): The transmittance spectra of Sb doped and undoped thin films as a function of wavelength.

3-3-2 Optical Energy Gap (Eg)

The optical energy gap (Eg) was
calculated by plotting a graph between
(o hv )? and ( hv ) in eV, where the
extension of the straight part of the
curve and its point of unit section with
X- axis give the optical energy gap (EQ).

The optical energy gap for Sb-doped

bismuth oxide thin films was calculated using
the following equation:

ahv=Athv —Eg" ........... 4)

where A is the constant value that is
dictated by the kind of transition, r=1/2
for allowed direct transitions. The
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energy gap value for undoped - bismuth
oxide thin films is equal to (3.04 eV).

The energy gap for Sb doped oxide
bismuth thin  films changes with
increasing the doping ratios of Sh
concentrations, as shown in Figure 4.
Where we notice a decrease in the value
of the energy gap, their value is within
the range of 2.48- 3.04 eV. This is

Vol.17 No.1 Year 2025

important  for  applications  using
optoelectronic devices. An increase in
carrier concentration may trigger the
band shrinking effect, leading to a
reduction in the optical band. The
addition of more antimony atoms to the
substitutional sites increased the band
gap and the number of occupied states.
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Figure (4): Optical band gap (Ey) of Sb doped and undoped Bi,O5 thin films
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3-4- Solar cell measurements:

3-4-1 (1-V) Characteristic at dark:
Figure (5) illustrates the current-voltage (I-
V) characteristics of the heterojunction for
un-doped Bi203 and Sb-doped Bi203
forward bias and reverse bias at a voltage
applied from 1-5 volts. In the forward bias
instance, the heterojunction's  current
develops with increased practical voltage
due to its low resistance, but in the reverse
bias scenario, no current flows through it
due to its high resistance. One consistent
characteristic of heterogeneous is the overall
behavior of the current, with voltages in the
forward and reverse biases [26, 27]. Based
on these values, when the heterojunction is
under a forward bias, its current increases
proportionally to an increase in practical
voltage. The current identifies the first of

Reverse biase

Current (mA)

400 -

350 1

300

250

200 -

150

100

50

two regions in the recombination process.
The forward current of solar cells has
relatively low voltages. This current, known
as recombination current, occurs only at low
voltages. An electron creates a hole when it
moves from the conduction band into the
valence band. The diffusion or bending
region, which is the second region at high
voltage, is formed by the series resistance.
The current accelerates and grows with the
applied voltage in this location—a
phenomenon known as drift current—when
the bias voltage is high enough to provide
electrons with enough energy to cross the
barrier separating the two sides of the
junction in this region. Drift current is the
term for the phenomenon where the current
develops and accelerates as the applied
voltage increases [28, 29].
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Figure (5) : 1-V Characteristic in the dark for both reverse and forward bias of (a) undoped Bi,Oz; and(b) 9%
Sb doped Bi,0s.
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3-4-2:(1-V) Characteristic at illumination:

Figures (6) show (I-V) properties in both
light and dark, producing photocurrent when
illuminated by a (100 mWm?) tungsten
lamp. Remember, p-Si uses the cell's
effective area of 0.78 cm®. Increasing the
applied voltage and incident light intensity
causes the optical current to increase. This,
in turn, widens the depletion region and

Reverse Voltage (V)

Vol.17 No.1 Year 2025

increases the number of charge carriers,
which in turn promotes electron absorption
and production. It is noticed that the
illuminated current value is larger than that
of the current value in the dark case. In this
case, photons impact the heterojunction,
causing a greater movement of charge
carriers (electrons), leading to an increase in
current, independent of voltage.

L -2

-150

Photocurrent (mA)

(@)

Reverse Voltage (V)

Dark
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-1 -2
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¥
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Figure (6): IV Characteristic in the illumination for both reverse and forward bias of (a) undoped Bi,O3 and

(b)

——— Dark

llluimnation

(b) 9% Sb doped Bi,0;
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3-4-3 Efficiency of solar cells ( P-n)

Figure (7) presents the (I-V) curves of the
heterojunction fabricated by spray pyrolysis.
Based on the (I-V) curve, the fill factor (FF) and
photoelectric conversion efficiency (n) were
calculated using formulae (5) and (6) respectively.
according to the (I-V) curve. The heterojunction
9% Sh-doped Bi203 /n-psi showed the highest
efficiency, with a value of (0.363 %). This is due
to a reduction in structural defects, as a result,

contributes to the transfer of current and increases
the spread states, thus increasing the photocurrent.

FF= —mPVmp . (5)
Isc xvoc
Where: FF is Fill Factor, Iy, is the current at the
maximum power point, Vi, is the voltage at the
maximum power point, lsc is Short Circuit

Current, Voc is Open-Circuit Voltage.

- — _Pout Jsc Voc FF

Where: n is the efficiency of a solar cell, Py, is

there is an increase in mobility .Thus, it the power output, P.. is power input
» Tin
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Figure (7)) : Efficiency of solar cells for (a) undoped Bi,Os (b) 9% Sb doped Bi,O;and (c) 9% Al doped

Bi, O,
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Conclusions

1.

2.

3.

4.

5.

X-ray diffraction tests reveal that
spray-pyrolysed bismuth oxide (Bi,O3)
thin films with and without doping
have a polycrystalline structure and
grow in the direction (002) that doping
films prefer.

All thin films have a transmittance
that rises as wavelength increases in
the 350-900 nm regions.

When the concentration of Sb doping
raises, the band gap decreases.
Undoped samples of 9% Sb-doped
Bi203 display high-quality solar cell
components. For 9%

Sb-doped Bi203, the efficiency of
solar cells is 0.36.
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