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Bismuth oxide thin film was deposited by chemical bath deposition (CBD) technique onto a glass substrate. The grain
size (D), dislocation density (8) and number of crystallites per unit area (N), i.e. structural properties of the thin film were
determined as 16 nm, 39.06 x 10~# line/nm?, 31.25 x 10~3 1/nm?, respectively. Optical transmittance properties of the thin film
were investigated by using a UV-Vis spectrophotometer. The optical band gap (Eg) for direct transitions, optical transmission
(T %), reflectivity (R %), absorption, refractive index (n;), extinction coefficient (k), dielectric constant (€) of the thin film
were found to be 3.77 eV, 25.23 %, 32.25 %, 0.59, 3.62, 0.04 and 2.80, respectively. The thickness of the film was measured
by AFM, and was found to be 128 nm. Contact angles of various liquids on the oxide thin film were determined by Zisman

method, and surface tension was calculated to be 31.95 mN/m.
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1. Introduction

Significant applications of bismuth oxides in
the fields such as microelectronics [1], sensor tech-
nology [2], optical coatings [3], transparent ce-
ramic glass manufacturing [4] have been discov-
ered during the last years. The material is charac-
terized by a large energy band-gap, high photocon-
ductivity, high refractive index, dielectric permit-
tivity and photoluminescence. During the growth
of crystallites with different geometric shapes, var-
ious phases occur. Until now, five polymorphic
forms of bismuth oxides were obtained: two sta-
ble polymorphs, namely « and & phases (x-Biy O3
is monoclinic, 6-Bi, O3 is face-centered cubic), and
three metastable phases, i.e. 3, Y and w (3-Bi;O3
is tetragonal, y-Bi;O3 is body-centered cubic, w-
Bi, O3 is triclinic) [5—-13, 35]. For nanometric thick-
nesses, BiO is predominant phase, while in case of
micronic films, «-Bi;O3 and Bi; O3 are the main
phase components [11].

Thin films of bismuth oxides have been ob-
tained using such methods as electrodeposition,
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thermal evaporation under vacuum, sol-gel, pulsed
laser deposition, etc., and their optical properties,
formation of different phases and phase relations
have been investigated [14-21]. However, none of
them is as simple and economical as the method de-
scribed in this study. The optical properties and sur-
face tension of nanoparticles are very sensitive to
the method of preparation, crystallite size and dop-
ing. However, the CBD (chemical bath deposition)
method is one of the simplest chemical methods
in which the nanoparticles can be prepared quickly
with very good crystallinity.

In the present paper, we have attempted to pro-
duce thin films of bismuth oxides using a modi-
fied chemical bath deposition method from those
described in the literature. Bi; O, 75 synthesized by
this method has been scarcely reported. Then, we
examined the optical, structural and surface tension
properties of the films.

2. Experimental

2.1.
film

Synthesis and characterization of thin

Glass (microscope slides) was used as a sub-
strate material in the experiments. Microscope
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slides were heated in a nitric acid solution at 100 °C
for 1 hour. All used chemicals were of analyti-
cal reagent grade. 100 mL of 0.1 M bismuth (III)
nitrate pentahydrate solution was prepared in a
beaker. 10 mL of the solution was transferred into
an empty beaker and 1000 pL hydrogen perox-
ide was added to the solution. The distilled water
was added until the final volume of chemical bath
achieved 40 mL. The pre-washed and cleaned sub-
strates (microscope slides) were immersed into the
prepared solution. Finally, the chemical bath with
the substrates was kept in a drying oven at 40 °C
for 1 h. At the end of this period, the surfaces of
the microscope slides were covered with a white
film, and the microscope slides were removed from
the chemical bath.

The crystalline structure of bismuth oxides
was confirmed by X-ray diffraction (XRD) with
a CuKo radiation source (Rigaku RadB model,
A = 1.5406 A) over the 20 range 10° < 20 < 90° at
a speed of 3°min~! with a step size of 0.02°.
The surface properties of the film were investigated
by using field emission scanning electron micro-
scope (FESEM) Carl Zeiss Ultra Plus. The trans-
mittance and absorbance measurements of the film
were recorded by a PerkinElmer UV-Vis Lambda
2S spectrophotometer (double-beam) at room tem-
perature by placing an uncoated identical glass sub-
strate under the reference beam in the wavelength
range of 200 nm to 1100 nm. The thickness of
the film was measured with a Veeco MultiMode
Atomic Force Microscope (Nanoscope 3D con-
troller). The surface tension was measured with a
contact angle meter KSV CAM200, KSV Instru-
ments, at room temperature, room conditions, and
in a controlled air flow.

3. Results and discussion
3.1.

The color of thin film of bismuth oxide is white.
The crystal structure and orientation of crystal-
lization were determined by XRD measurement
(Fig. 1). Only one peak is observed at the diffrac-
tion angle of 31.825° for the Bi» O, 75 thin film. The
diffraction pattern shows that the Bi, O, 75 thin film

Structural properties

is a body-centered tetragonal structure (a = b =
3.85 A; and ¢ = 12.25 A), with the main crystal
orientation along (1 0 3) plane. The observed (d)
value of the Bragg’s interplanar spacing is found to
be 2.80956 A. The crystal orientation, the diffrac-
tion angle and Bragg’s interplanar spacing reported
in the literature are (1 0 3), 32.825° and 2.80100 A
(ASTM, PDF Card No. 27-0049), respectively.
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Fig. 1. XRD pattern of Bi»O; 75 thin film.

The average grain size (D) of the nanocrys-
talline Biy 0,75 was calculated by XPowder com-
puter program with respect to high intensity
peak of XRD patterns using Debye Scherrer’s
formula [22-24]:

KA
D=
BcosO

ey

where D is the grain size, K is a constant which is
taken as 0.9, A is the X-ray wavelength, 3 is the
angular line width at half-maximum intensity in ra-
dians and 0 is Bragg angle. Dislocation density (J)
was calculated using the formula given below:

1

SZE

2
where 0 is dislocation density which is defined
as the length of dislocation lines per unit vol-
ume of the crystal. The dislocation density (J)
gives more information about the amount of defects
in the films.



Synthesis, surface tension, optical and dielectric properties of bismuth oxide thin film 89

Higher & values indicate lower crystallinity
level of the films and indicate the amount of de-
fects in the structure. Films with smaller & values
indicate better crystallization in the films [22-24].
The higher N value indicates extensive crystalliza-
tion. The number of crystallites per unit area (N) is
calculated by using the formula:

t

N=— 3)

where t is the film thickness. The thickness of the
film was measured by AFM, and was found to
be 128 nm. The grain size (D), dislocation den-
sity (8) and number of crystallites per unit area
(N), i.e. structural properties of the thin film were
obtained to be 16 nm, 39.06 x 10~* line/nm?,
31.25 x 1073 1/nm?, respectively.

The surface morphology of thin film was ob-
tained by FESEM at magnification of 5000x and
10000x. The surface properties directly affect the
optical properties of the films. The SEM images of
the Biy O, 75 thin film are presented in Fig. 2. Ac-
cording to the SEM analysis of the film (Fig. 2),
the surface is made up of different-sized spherical
structures. The particles are well separated from
each other. Surface morphology is homogeneous
and dense, cluster sizes are very small, the clusters
are packed tightly and have strong adherence to the
substrate. In the magnified image, the surface looks
like as composed of cauliflower clusters.

There are no cracks on the film surface. Good
crystallization of the structure is due to the low
temperature of reaction, resulting from low reac-
tion rate and the nature of glass substrate which
makes that the dislocation density is also very low.
Table 1 shows the percentage elemental composi-
tion of the Bi; O, 75 thin film and bare glass.

3.2. Optical and dielectric properties

Transmission measurements were performed
at room temperature in the range of 200 nm to
1100 nm to obtain information on the optical prop-
erties of the Bi,O; 75 thin film deposited on the mi-
croscope slides. The transmittance (T) of the thin
film can be calculated by using reflectivity (R) and
absorbance (A) spectra, from the expression [25]:

T=(1-R)P* (4)

()

Fig. 2. The surface morphology (SEM) of Bi» O, .75 thin
film.

Table 1. Percentage elemental composition of the
Biy0; 75 thin film and bare glass.

Element Bare glass Bismuth oxide (Bi;O3.75)

Na 9.02 5.14
Mg 2.26 1.37
Al 0.72 0.49
Si 35.10 29.46
K 0.21 -

Ca 5.63 578
0 47.06 19.21
Bi - 38.56

The optical transmission and the reflectivity
were determined to be 25.23 % and 32.25 %
in the visible region (at 550 nm wavelength),
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respectively, and have been presented in Fig. 3.
The absorbance change versus the wavelength of
Bi; 0, 75 thin film is shown in Fig. 4.
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Fig. 3. Transmittance T [%] and reflectivity R [%] of

Bi,0; 75 thin film versus wavelength.
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Fig. 4. Absorbance of Bi;O5 75 thin film versus wave-
length.

As seen from Fig. 4, the absorbance is 0.598

in the visible region. The absorption coefficient, o
determines how deep light of a particular wave-
length can penetrate into a material before it is ab-
sorbed. Once absorption coefficient is determined,
the value of optical band gap can be found. The
value of optical band gap energy has been estab-
lished from the absorption spectra of the films by
using the following formula [26-29]:
(ahv) =A(hv — E)" 5)

where o is the absorption coefficient, (hv) is the
photon energy, A is a constant and n value equals to

1/2 for direct band gap semiconductor. Fig. 5 shows
the plot of (ochv)2 versus (hv) for the BiyO, 75 thin
film. The straight-line was extrapolated to the en-
ergy axis at o« = 0, to obtain the band gap value
of the film which was found to be 3.77 eV. The
band gaps of nanometric (up to ~60 nm) and the
submicronic films (d ~ 0.15 pm) were determined
by Leontie et al. [8] as 2.5 eV and 3.3 eV, respec-
tively. They found that the grain size is inversely
proportional to the optical band gap and that the
film thickness affects the optical band gap.
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Fig. 5. Plot of (cthv)? versus hv for Bi;O, 75 thin film.

Quantum size effect on the optical band gap
was discussed in the literature [26—30]. The effect
of structure on the optical band gap results from
the fact that the number of grains per unit cell and
the number of spaces per unit cell affect the den-
sity of the unit cell (in the present work molecular
weight = 461.96 g/mol, density = 8.449 g/cm?).
Bismuth in Bi;O; 75 and Bi O3 generally tends to
occupy octahedral positions, since the additional
oxygen required for octahedral coordination of Bi
is provided by the oxygen atoms in the host matrix
through non-bonding coordination, and so struc-
tures based on heavy metal oxide occur [31].

Refractive index (n;) and extinction coefficient

(k) for the thin films are given by following
formula [25]:

_1+R 4R

2
=1 (1—R)2 k (6)
al
K= x ™
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The refractive index and extinction coefficient for
Biy0; 75 thin film are presented in Fig. 6.
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Fig. 6. Refractive index (n;) and extinction coefficient
(k) of Biy O, 75 thin film versus wavelength.

The refractive index graph has a shape sim-
ilar to reflection curve. The film thickness af-
fects the refractive index and extinction coeffi-
cient. The refractive index and extinction coeffi-
cient values were found to be 3.62 and 0.04 at
550 nm wavelength. This result is consistent with
the literature [32].

The optical constants are parameters which
characterize how a material responds to excita-
tion by an electromagnetic radiation at a given fre-
quency. These optical constants can be expressed
as a complex dielectric function by the following
formula:

E=¢€ +ig

(8)

or as a complex refractive index by the following
formulae:

n=n+ik 9)
e =n>—k? (10)
& = 2nk (11)

The real part or refractive index (n;) defines the
phase velocity of light in a material. The imagi-
nary part or extinction coefficient (k) determines

how fast the amplitude of the wave decreases. Thus,
the optical constants represent the optical proper-
ties of a material in terms of how an electromag-
netic wave propagates in this material. The dielec-
tric constants, €; and €, versus the wavelength for
Biy0;. 75 thin film are shown in Fig. 7, and their
calculated values are 2.80 and 0.14, respectively.
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Fig. 7. Variation of the real and imaginary parts of di-
electric constant for the Bi; O 75 thin film versus
wavelength.

High-index materials are used to make filters
and mirrors with special reflection employed in
lasers. This kind of structures based on heavy metal
oxides have wide applications in the field of glass
ceramics, layers for optical and electronic devices,
thermal and mechanical sensors, reflecting win-
dows, etc. [33].

3.3. Surface tension

Pure glycerin, iodometane, water and ethylene
glycol of analytical grade were used for the con-
tact angle measurements. The surface tension of
test liquids was determined by using pendant drop
method (KSV CAM200, KSV Instruments, Fin-
land). The values of surface tension of these liquids
are presented in Table 2. The surface tension tests
were performed at room temperature. The impor-
tant issue is to select appropriate liquid in order to
employ Zisman method. Zisman found that cosO is
a function y;:

cos® =a—by=1—-B(Yi —Yer) (12)
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where v, is critical surface tension of a solid which
is a characteristic feature of any solid. Any liquid
with y; < vy will wet the surface. Critical sur-
face tension is close to the solid surface tension
and this method can be applied in thin film with
Ys ~ Yer [34]. Critical surface energies of a film
can be assigned to cos® by using the curves ob-
tained from the plot of liquid surface tension, by
simulation method or from the y = Ax + B curve
obtained from those plots. In this equation, x value
for y = 1 can be calculated easily.

Table 2. Surface tension of test liquids used in the ex-

periments.
Liquid v [mN/m]
Water 72.8
Glycerin 64
Ethylene glycol 48
Iodometane 35.27
1.2
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Fig. 8. Contact angel plot of the test liquids on the
Bi; 05 75 thin film.

Table 3. Contact angles of test liquids on Bi;O; 75 thin
film.

Water Glycerin Ethylene glycol Iodometane
78 63 52 9

Contact angle and surface tension are presented
in Fig. 8; additionally, the contact angles of the
test liquids on Bi;O,75 thin film are presented
in Table 3. Surface tension was found to be
31.95 mN/m.

4. Conclusions

In this study, Bi» O, 75 thin films have been pro-
duced for the first time on microscope slides by
chemical bath deposition method. Crystal struc-
ture parameters, average grain size (D), disloca-
tion density (8), number of crystallites per unit area
(N), thickness of the film and surface morphology
of the nanocrystalline Bi;O; 75 thin film were in-
vestigated. The optical band gap (E,) for direct
transitions, optical transmission (T %), reflectivity
(R %), absorption coefficient, refractive index (n;),
extinction coefficient (k), dielectric constant (€) of
the thin films were investigated. According to the
results, the low rate of reaction, temperature and the
structure of substrate affected structural and opti-
cal properties of the film. Additionally, the surface
tension of Bi;O; 75 thin film was studied for the
first time. The produced thin film has hydrophobic
properties, and its surface tension was found to be
31.95 mN/m.
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