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Abstract. In this study, BiTe thin films are grown on glass substrates by chemical bath deposition method, at different
pH levels. Crystallographic structures, crystal dimensions, dislocation densities and crystallization numbers of thin films
are characterized by X-ray diffraction, whereas surface morphologies, roughness and film thicknesses are characterized by
scanning electronic microscopy and atomic force microscopy. Surface tensions are calculated by Zisman method using
different liquids. Capacitance, energy and power densities are calculated for each pH level by using time-dependent
current–voltage measurements. Monocrystalline thin films of Bi2Te3 are observed at pH 3 and Bi4Te5 at pH 11, whereas
polycrystalline Bi2Te3 and Bi4Te5 structures are formed at pH 7 and 9, respectively. Surface roughness and film thicknesses of polycrystalline thin films are found to be significantly higher than monocrystalline thin films. Capacitance,
energy and power density of BiTe thin films produced at pH 3, 7, 9 and 11 are calculated as 503, 562, 569 and 512 F g-1;
55.19, 61.66, 62.43 and 56.17 Wh kg-1; and 3311.4, 3699.6, 3745.8 and 3370.2 W kg-1, respectively. These results show
that capacitance, energy and power density of polycrystalline thin films produced at pH 7 and 9, which have high surface
load activity, are higher. Electrical resistivity of Bi2Te3 and Bi4Te5 monocrystalline films are lower than those of the
polycrystalline BiTe films.
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Introduction

The rapid growth of photovoltaic materials, which directly
transform sunlight into electricity, has led to new prospects.
Metal chalcogenide semiconductor thin films, such as
Bi2Te3, Sb2Te3, Bi2Se3, etc., have been developed and became
important materials of many thermoelectric applications [1].
They are widely used in areas such as potential optoelectronic applications [2], magnetic field and infrared detectors
[3,4], micro coolers, charge-coupled device (CCD) technologies [4], laser diodes, microprocessors, thermocouples,
printed circuit boards (PCB), CCD cameras, read/write
heads, blood analysers [5] and thermoelectric power generators [6]. Several solid crystal elements, including tellurium (Te) and selenium (Se), have chirality, which is a
geometric characteristic of the material. A chiral molecule
or ion does not have mirror image. In the trigonal structure,
which is a hexagonal arrangement of helical chains in
ambient pressure, Se and Te are not antisymmetric and their
chirality depends on the rotation direction of the screw axis.
Having this strange crystal structure, Te shows interesting

features such as flow inducing spin polarization [7,8] or
circular photon drag effect [9,10].
Bismuth telluride forms monocrystals, which are significantly anisotropic in their mechanical properties. Its crystalline structure consists of a five-atomic plane along the
c-axis, where bismuth and tellurium atoms are arranged in
parallel layers in the following order:
Te½1  Bi  Te½2  Bi  Te½1
This sequence is repeated continuously. Strong covalentionic bonds are formed between Bi and Te atoms, but Te
atomic layers tend to bind to the neighbouring Te layers
only with weak Van der Waals bonds. Bismuth telluride
crystals are observed to be easily separated in the trigonal or
in the normal of c-direction, along the direction of the
layers. There are two a-axes that are perpendicular to the
c-axis and inclined to each other at 60° [8]. In addition to
mechanical properties, there are other properties exhibiting
different behaviours in the a-axis and the c-direction plane.
For example, electrical and thermal conductivities are
higher in the zone parallel to the crack plane than
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perpendicular one. In addition to its general structure, BiTe
crystal has four types of dot defects. Observable defects
may vary according to the doping type of the crystal. Excess
bismuth and tellurium atoms cause a doping in the crystal
during crystal growth. No effort has been made to optimize
the doping level, but randomly fused and grown bismuth
telluride was found not to have the Bi2Te3 stoichiometric
formula. Instead, excess Bi atoms corresponding to the gaps
in some Te regions are observed. Excess Bi atoms behave
like acceptor impurities, which indicates p-type transmission [8]. Excess tellurium atoms, on the other hand, cause ntype doping. Anti-dot defects are observed in p-type-doped
crystals, in addition to the telluric gap defects, probably due
to the occupation of tellurium lattice point by bismuth
atoms. Similarly, in n-type-doped crystals, anti-dot defects
occur due to the presence of tellurium atoms at the lattice
points of bismuth atoms, in addition to bismuth gap defects
in the lower lattice. These defects can alter the electrical
structure of the crystal by exhibiting different surface conditions on the surface of the crystal. Moreover, the defects
on the semiconductor surfaces may also affect the doping of
the crystals, therefore different surface conditions caused by
them and their dynamics as load carriers are also interesting. Even though the diffusion of tellurium atoms was
observed in the ingot of Bi2Te3 crystal under the effect of
annealing temperature, there is no sufficient data about its
surface structure at room temperature and its electronic
effect on the surface. Physical properties of Se and Te can
be adjusted by controlling the lattice constant. Another
interesting feature is that the crystal structures switch into a
monoclinic or triclinic structure when the applied pressure
increases, and it is transformed from a semiconductor to a
metal. Furthermore, the lack of antisymmetry and the spin–
orbit interaction lead to the formation of Weyl nodes and
Dirac points in the band structure of Te or Se, which exhibit
an unusual spin structure [9]. The first important aspect of
this thin film is that micro thermoelectric devices are much
more efficient than bulk devices due to the quantum and
classical size effects of electrons and phonons. The second
is the production of super lattice structures with thermoelectric thin films. It increases the value of thermo-electric
material with its super lattice effect, which is shaped by low
dimensional structures. Finally, the associations of thermoelectric (TE) properties with the composition, crystal
structure and crystal grain size in thermoelectric materials is
the subject of a fundamental research [1]. An alternative
way to change the lattice constant of a material is growing
its thin film; BiTe thin films with long working life, high
reliability, environmental protection, high power factor and
low thermal conductivity, have been produced by metal
organic chemical vapour deposition (MOCVD) [1],
molecular beam epitaxy (MBE) [10], microwave-assisted
synthesis [11] solvothermal method [12], electrodeposition
method [13], hydrothermal method [14], pulse laser deposition [15], magnetron sputtering [16], ion-beam sputtering
[17], flash evaporation [18], mechanical exfoliation method
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[19], galvanic displacement [5], atomic layer deposition
(ALD) [20] and close space vapour transport method [21].
In recent years, researchers studied many properties of
BiTe thin films, including production methods, substrate
temperature [22,23], working pressure [23], annealing
temperature [24], pulse working [25], TE power factor [26],
Seebeck coefficient [26], electrical and thermal conductivity
[26], atomic structure [26], Hall coefficient [26] and the
quantum dimension effect and oscillations [27]. Unlike the
literature, in this study the aim is to produce BiTe thin films
via chemical bath deposition method (CBD), which is an
easy, inexpensive and simple method, in the baths with
different pH level and to investigate their supercapacitance,
energy density, power density, optical and structural properties at 25 mV s-1 scanning rate.

2.

Experimental

In the study, lam/lamella substrates of 76 9 25 mm size are
used. Since the properties of the film to be obtained depend
on the cleaning of the glass substrates, the cleaning of the
substrate should be done properly and systematically. The
glass substrates are cleaned with purified water with surfactant and then rinsed with deionized water. Then, the
glasses are dried in an oven, and then exposed to chromic
acid one by one, rinsed with deionized water and then dried
again. Finally, to remove the organic pollutions on the
substrate surface, they are left in methyl alcohol for 3 min
and then dried again in the oven. To prepare the chemical
baths, first, 0.5 g of solid tellurium is ground. Solid tellurium, 1 g solid sodium and 1 g sodium sulphite are boiled
in 100 ml methanol for 1 h (after waiting for solid sodium to
react). The mixture is cooled, filtered and the filtrate is used
as the telluride source. This solution should be hot, because
when cooled, the reduced tellurium is re-oxidized and
converted back to metallic tellurium. At the second step,
0.485 g of bismuth nitrate penta hydrate is dissolved in 100
ml water. This solution is prepared at the last step and used
immediately after the preparation. Otherwise, bismuth
transforms into oxides in aqueous medium. To prepare the
bath, 20 ml of water, tellurium source solution and bismuth
solution are put to 4 separate beakers. To adjust the pH of
the chemical baths to 3, 7, 9 and 11; 40, 125, 200 and 300
microlitres of 1% ammonia solution are added. Pre-washed,
cleaned lam/lamella substrate is dipped into each bath, and
the baths are kept at room conditions for 24 h. Then the
substrates are removed from the bath and washed with
distilled water and the black BiTe thin films are obtained.
The crystalline structure of the films is determined by
X-ray diffraction (XRD) with a CuKa1 radiation source
(Rikagu RadB model, k = 1.5406 Å) over the range of
10° \ 2h \ 90° at a speed of 3° min-1 with a step size of
0.02°. Two-dimensional (2D) surface morphology and
composition analysis of film sets are performed by FESEM
(Carl Zeiss Ultra Plus Gemini FESEM) and EDX (EDX
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spectrometer attached to FESEM) for each pH level. Film
thickness, three-dimensional surface morphology and
surface roughness are examined with atomic force
microscopy (AFM; Veeco Multimode 8). Wetting (contact) angles and surface tensions of the thin film sets are
measured using various liquids, by Zisman Method.
I–V measurements of thin-film supercapacitors are made
using a Keithley 2400 Source Meter, at a scan rate of 25
mV s-1, in the voltage range of -0.2 to 0.8 V using silver
paste, and the current is recorded by a 2100/220 Keithley
Multimeter. Optical absorbance values are measured by a
UV-VIS spectrophotometer (AGILENT CARY 60 UV),
in 300-800 nm wavelengths, and optical properties are
calculated.

3.

Result and discussion

3.1

The XRD results of the BiTe thin films produced at pH 3, 7,
9 and 11, are found to have polycrystalline structure.
Accordingly, the films grown perpendicular to the substrate
surface have hexagonal or trigonal structures. The Bi2Te3
films produced at pH 3 have trigonal crystal structure with
(015) orientation (space group: R-3m (166), a = b = 4.43
Å, c = 29.91 Å), with the increase of the pH, Bi4Te5
hexagonal crystals with (005) orientation (space group: P3m1 (164), a = b = 4.4106 Å, c = 54.3300 Å) are also
formed in the structure in addition to Bi2Te3 crystals, and
polycrystalline bismuth wires are formed as thin films. With
the increase of pH to 11, all crystal structures are composed
of the hexagonal Bi4Te5 crystals having the orientation of
(005). XRD patterns and XRD data of the crystal structures
for BiTe thin films are shown in figure 1 and table 1,
respectively. In the study on the growth of the Bi2Te3 and
other phases produced by atmospheric pressure MOVPE,
Kuznetsov et al [28] reported that under the same crystal
growth conditions, the change of Bi/Te ratios in the vapour
phase and the structure of Al2O3 substrate that they used
caused the films to deviate from Bi2Te3 structure; polycrystalline and non-homogeneous weak crystalline Bi2Te3,
Bi4Te5, BiTe, Bi10Te9, Bi4Te3 and Bi3Te2 phases were
formed. The amorphous structure of the glass substrate used
in this study and the change in the pH of chemical baths
indicate that the polycrystalline films (pH 7–9) were formed
in addition to Bi2Te3 (pH 3) and Bi4Te5 (pH 11) phases.
They are very close to the structural properties of polycrystalline tellurium thin films that Kim et al [29] produced
on SiO2/Si substrate, by radiofrequency (RF) magnetron
sputtering method.
Na2 TeSO3 þ 2OH $ Na2 SO4 þ H2 O þ Te2
Bi

þ3

þ Te

2

$ Bi2 Te3

Biþ5 þ 2Te2 $ Bi4 Te5

According to equations (1) and (2), the amount of
hydroxide in the environment affects the amount of Te–2
anion. Since tellurium will be in low amount in the acidic
region and Bi?3 will be in a charged state, Bi2Te3 compound will be formed naturally. However, in the basic area,
the amount of tellurium will increase and the effect of
sodium sulphide will oxidize Bi?3 [ Bi?5 compound, so
Bi4Te5 will be formed.
Particle sizes (D) are calculated by using XRD half-peak
width and Scherrer’s equation [30] (equation 4).
D¼

ð1Þ
ð2Þ
ð3Þ

0:9k
b cos h

ð4Þ

Dislocation density (d) and number of crystals per unit area
(N) are obtained by using equations (5) and (6), respectively
[30].
1
D2
t
N¼ 3
D

d¼

Structural and surface properties
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ð5Þ
ð6Þ

where t represents the thickness of the film. Structural
properties, particle sizes, dislocation densities and number of crystals per unit area of thin films are given in
table 2. Accordingly, the crystal size of Bi4Te5 remains
constant despite the change of the solution pH (except pH
9), and the sizes of Bi2Te3 crystals decreases from 37 to 6
with the increase of pH. Cao et al [31] found that the
average particle sizes of polycrystalline bismuth tellurium thin films produced by Galvanostatic electrochemical processes were between 15 and 18. Patil et al
[1] reported that the crystal sizes of Bi2Te3 thin films
produced at different deposition voltages by using electro-deposition method were between 12 and 15 nm, and
the crystal sizes increased from 15 nm up to 22 nm by
doping various surfactants. Furthermore, Patil et al
emphasized that the dislocation densities of these thin
films decreased from 6.75 9 10-3 (lines m-2) to 2.04 to
4.07 9 10-3 (lines m-2) due to the effect of different
surfactants. The crystal size of bismuth tellurium thin
films obtained in this study are slightly higher than those
in the literature. This is because of the production method
(CBD) and the change of solution pH, production in room
conditions (about 25°C temperature), deposition time (24
h) and the type of substrate.
Two-dimensional SEM images of the films, with the
same magnification ratio, are displayed in figure 2. As
seen in the SEM images, the beginning of crystal formation can be observed at pH 3, whereas octopus armlike branches, thickening at the centre, are formed at pH 7
and 9. When the pH reached 11, growths that are divided
into smaller and thinner branches/dendritic arms spreading almost homogeneously are observed. Three-dimensional surface morphologies (figure 3), film thicknesses
(figure 4) and surface roughness of the films are determined by the examination of 10 9 10 mm film surfaces
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Figure 1.
Table 1.

XRD patterns of BiTe thin films for pH 3–11.

XRD values of BiTe thin films at different pH levels.

pH

(hkl)

2h (Observed)

2h (Calculated)

I/Io

3
7

(015)
(005)
(015)
(005)
(015)
(005)

27.09
8.31
27.09
8.31
27.09
8.06

27.59
8.10
27.59
8.10
27.59
8.10

100
78
100
100
80
100

9
11

Table 2. The structural parameters of BiTe thin films at different
pH levels.
pH
3
7
9
11

(2021) 44:150

Structure

D (nm)

d (lines m–2)

N (1 m–2)

Bi2Te3
Bi4Te5
Bi2Te3
Bi4Te5
Bi2Te3
Bi4Te5

37
5
6
4
24
5

0.0071
0.377
0.306
0.552
0.0163
0.441

0.148
56.49
41.40
100.06
0.508
71.53

by AFM. Surface roughnesses of the films are found to be
4.96; 221.44; 224.01 and 38.41 nm for pH 3, 7, 9 and 11,
respectively, whereas film thickness is found to be 50;

Structure
Bi2Te3
Bi4Te5
Bi2Te3
Bi4Te5
Bi2Te3
Bi4Te5

(Trigonal)
(Hexagonal)
(Trigonal)
(Hexagonal)
(Trigonal)
(Hexagonal)

PDF
008-0027
022-0115
008-0027
022-0115
008-0027
022-0115

550; 600 and 290 nm for pH: 3, 7, 9, 11, respectively. The
thickness of the films produced at pH 3 and 11 is less than
the ones produced at pH 7 and 9; therefore, the diffusion
gap between the upper and lower parts of the films is
shorter and monocrystalline bismuth tellurium films
(Bi2Te3 and Bi4Te5) are obtained.
The thickness of the films produced by the CBD varies
according to the deposition period, deposition temperature
and even the deposition pH. The bath temperature and
deposition time of the thin films produced in this study are
kept constant. However, as we mentioned before, the
increase in the amount of tellurium anion in the environment causes more bismuth telluride compounds to form on
the surface. Therefore, the film on the surface is saturated at
pH 9. The saturated film no longer allows any more accumulation on the surface and even some material is lost from
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SEM morphologies of BiTe thin films for pH 3–11.

the surface. That is why the thickness of the film produced
at pH 11 is less than the film deposited at pH 9. We have
shown that both the crystal structure of the deposited film
and its optical and electronic properties can be changed with
this method by changing the deposition pH. We tried to
explain this by the mechanism of CBD and chemical
reactions.
Surface tension and contact angles of BiTe thin films
produced at different pH levels are measured using different
liquids and determined by Zisman method. The surface
tensions of test liquids are obtained by dropping them on the
film surface. According to Zisman method, where cos h is a
function cl:
cos h ¼ a  bc1 ¼ 1  bðc1  ccr Þð7Þ
The critical surface tension of the solid is ccr. Since the
critical surface tension is close to the solid surface, this
method can be applied to thin films, cs * ccr. Critical surface energies of the thin films can be assigned to cosh by
using the curves obtained from liquids’ surface tension
graphics, by y = Ax ? B lines obtained from those curves.
In this equation, the value of x for y = 1 can be calculated
straight forwardly. Surface tensions and contact angles
found for various liquids are displayed in table 3. Surface
morphology and crystal structure of the film affect both this
property and critical surface tension [32]. Regarding the
outcomes of surface tension measurements, Bi2Te3

produced at pH 3 exhibits serious differences compared to
the others. The contact angle of Bi2Te3 thin films produced
at pH 3 is very narrow, which is explained by structural
properties and AFM results. Surface roughness, dislocation
density and number of crystals per unit area of Bi2Te3 film
are quite low compared to other films (table 2). In addition,
regarding SEM images, Bi2Te3 monocrystalline film produced at pH 3 is denser and the crystal size (37 nm) is larger
than the other films. Therefore, the filling of the cavities
between crystals by the test liquids according to the size of
the molecule increases surface tension depending on the
contact angle. At pH 7, because of the diminution of crystal
sizes (5 and 6 nm), and the increase of dislocation density
and surface roughness, test liquids penetrate very rapidly to
the intermediate zones of these crystals, which reduces
surface tension suddenly.

3.2

Electrochemical properties

Electrical resistivity of BiTe thin films produced at pH 3, 7,
9 and 11 are measured by four-point probe method, using
Keithley 2400 sourcemeter and 2100/220 Keithleymultimeter. The radius of the probes used is 0.5 mm. First of all,
two parallel contacts are taken with the help of silver paste
(Ag), which does not react with the film surface, and then
the distance between the probes is adjusted to 1 mm and the
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AFM images and surface roughness of BiTe thin films for pH 3–11.

probes are lightly/gently get in touch with the contacts. All
measurements are performed at room temperature and in
dark conditions. I–V values of the films are obtained, and
their specific resistances are calculated from equation (8).
I–V and q–V curves are given in figure 5.
 
pt V
q¼
ð8Þ
ln 2 I
Here V, I and t indicate the potential difference, current
and film thickness, respectively. Accordingly, specific
resistances of all films decreased with the increase in
applied voltage. However, since the films produced at pH 3
and 11 have monocrystalline Bi2Te3 and Bi4Te5 structures,
their specific resistances are lower than polycrystalline
films. Also, when specific resistances of the films produced
at pH 3 and 11 are compared, the dislocation density of
Bi2Te3 crystalline film produced at pH 3 is found to be
lower than Bi4Te5 crystalline film, consequently its specific
resistance is lower than Bi4Te5 crystalline film.

In this study, the amount of film coated on glass substrates is weighted with precision scales and used in the
calculation of capacitance values. Time-dependent current–
voltage values measured using two-point probe method with
Keithley 2400 sourcemeter are recorded by Kickstart program. All measurements are made in the range of -0.2 to
0.8 volts, at scanning rate of 25 mV s-1, at room temperature, and in a dark environment. Capacitance values are
calculated from equation (9) using time-dependent current–
voltage measurements and coated film masses and cyclic
voltammetry curves for each pH level. They are shown in
figure 6.
Cs ¼

I
m: dV
dt

ð9Þ

where Cs is the capacitance (F g-1), I the current (A), m the
mass of coated film (g). In addition, the energy and power
densities of the films were calculated from the equations (10
and 11), for each pH level.
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continued

1
E ¼ Cs V 2
2
3600
P ¼ Ex
t

Figure 4.

150

Film thicknesses of BiTe thin films for pH 3–11.

ð10Þ
ð11Þ

where Cs is specific capacitance (F g-1), E is energy density
(Wh kg-1), P the power density (W kg-1), V is potential
difference and t is time. Specific capacitance (Cs), energy
density (E) and power density of BiTe thin films according
to pH are given in table 4. Accordingly, the capacitance,
energy and power density of Bi2Te3 and Bi4Te5
monocrystalline films produced at pH 3 and 11 are slightly
lower than other films that have polycrystalline structures.
This is because their surface roughness and dislocation
densities are lower than polycrystalline films produced at
pH 7 and 9. In other words, higher surface roughness and
dislocation density of the films is due to the fact that these
films want to use all of their external active surface areas for
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Table 3.

pH 3

pH 7

pH 9

pH 11

Liquids

Contact angles h (°)

Critical surface tension rcr (mN m-1)

Distilled water
Ethylene glycol
Formamide
Diiodomethane
Distilled water
Ethylene glycol
Formamide
Diiodomethane
Distilled water
Ethylene glycol
Formamide
Diiodomethane
Distilled water
Ethylene glycol
Formamide
Diiodomethane

38.02
45.00
41.26
35.78
55.03
38.26
29.02
52.54
54.90
42.91
37.59
42.98
46.31
34.58
35.50
37.21

206.90

5.00

12.10

14.10

The q–V changes of BiTe thin films for pH 3–11.
Figure 6.
3–11.

charge storage. Unfortunately, no information on the
capacitance, energy density and power density of BiTe thin
films is found in the literature review we have done.

3.3
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The used liquids, surface tension and contact angles of BiTe thin films at pH 3–11 levels.

Substrates

Figure 5.

Bull. Mater. Sci.

Optical properties

Transmittance (T%) of BiTe thin films produced at different pH levels (3, 7, 9 and 11) on glass substrates can be
computed by using absorbance (A) and reflection (R)
values obtained from UV-spectrophotometer in equation
(12) [30];
T ¼ ð1  RÞ2 eA

ð12Þ

Transmittance and reflection measurements are all performed at room temperature in 300–800 nm wavelength

The cyclic voltammograms of BiTe thin films for pH

range. Figure 7a and b shows the change of T% and R% of
BiTe thin films according to wavelength. Accordingly, the
transmittance of all films is decreased at low wavelengths,
in the range of 320–380 nm, and their reflection values are
increased. This indicates the formation of absorption corners at low wavelengths. The high transmittance of the films
is an indication that a transparent material was produced.
The graph of the variation of BiTe films’ absorbance
according to wavelength is given in figure 8. As the
wavelength increases, the transmittance and reflection values of all films appear to reach their approximate constant
values.
Optic dispersion constants, which are dependent on
photon energy, define the structure of the bandgap, where
the binding-electron transition is dominant. The refractive

Bull. Mater. Sci.
Table 4.
pH values
pH
pH
pH
pH

3
7
9
11

(2021) 44:150

Page 9 of 11

150

Specific capacitances (Cs), energy density (E) and power density (P) values of BiTe thin films at pH 3–11 levels.
Scan rate (mV s-1)

Cs (F g-1)

E (Wh kg-1)

Power density (W kg-1)

25
25
25
25

503
562
569
512

55.19
61.66
62.43
56.17

3311.4
3699.6
3745.8
3370.2

Figure 8. The changes vs. wavelength of absorbance values for
BiTe thin films at pH 3–11.

1þR
þ
n¼
1R
k¼

Figure 7. (a) T% changes vs. wavelength. (b) R% changes vs.
wavelength of BiTe thin films for pH 3–11.

index (n) and the extinction coefficient (k), which is related
to the electronic polarity of the regional zones and ions in
the material structure, are affected by the film thickness.
Refractive index is calculated using reflection and extinction coefficients in equation (13), whereas extinction coefficient is calculated by using wavelength and absorbance
values in equation (14) [30].

ak
4p

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
4R
 k2
ð 1  RÞ 2

ð13Þ
ð14Þ

The variation curves of refractive index (n) and extinction coefficient (k) according to wavelength of BiTe thin
films produced at different pH levels are given in figure 9a
and b. The absorption of light, which is due to absorption of
light in the grain boundaries, affects extinction coefficient
(k), which results with its increase and decrease. The
refractive index does not exceed 1.5 up to the wavelength of
400 nm. However, it falls below 1, as the wavelength falls
below 400 nm. The most important point here is inversely
proportional move of film thickness to refractive index. This
is due to the presence of Bi2Te3 and Bi4Te5 crystals in the
same medium. Having more space between these crystalline
particles causes the light to interact with less material,
which results with lower refractive index of these materials.
Dielectric constant of semiconductor thin films consists
of real and imaginary parts depending on refractive index
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Figure 10. The change of dielectric coefficients vs. the wavelength of BiTe thin films for pH 3–11.

properties of the films. Regarding the literature review
performed so far, there is no information about the abovementioned optical properties except bandgap of BiTe thin
films.

4.

Figure 9. (a) Refractive indices (n), (b) extinction coefficients
(k), vs. the wavelength of BiTe thin films for pH 3–11.

(n) and extinction coefficient (k) [30], and it is expressed by
equation (15).
e ¼ e1 þ ie2

ð15Þ

Here e1 and e2 show the real and imaginary parts of
dielectric constants. The variation of BiTe thin films’
dielectric constants according to the wavelength is shown in
figure 10. The imaginary part of the dielectric constant (e2)
is not taken into account in this study. At low wavelengths,
an increase is observed in all films, while a slight decrease
occurred with the increase of the wavelength. As in
refractive index, crystal structure is effective in dielectric
constants as well.
To summarize, various variables, including the production method of thin film, time-dependent deposition, film
thicknesses, pH level of the solution, annealing processes,
substrate types used, etc. are quite effective on the optic

Conclusion

The production of BiTe thin films by changing the pH of the
solution, is highly efficient; quite simple to synthesize; its
deposition temperature is relatively low; and it is a high
potential for large-scale applications. According to XRD
studies, BiTe thin films produced at pH 7–9 have polycrystalline structure, whereas the ones produced at pH 3 and
11 have monocrystalline structure. The measurement of
surface tension and surface morphology are important for
coatings in terms of adhesion ability to the surface. Also,
pH level, crystalline structure, optical properties and
capacitance, energy and power density, which determine the
application areas of these thin films, vary according to film
thicknesses. Low electrical resistivity of the thin films is
thought to be useful for opto-electronic applications.
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[22] Zeng Z, Yang P and Hu Z 2013 Appl. Surf. Sci. 268 472
[23] Lee H J, Park H S, Han S and Kim J Y 2012 Thermochim.
Acta 542 57
[24] Jeon S J, Oh M, Jeon H, Hyun S and Lee H J 2011 Microelectron. Eng. 88 541
[25] Wojciechowski K, Godlewska E, Mars K, Mania R,
Karpinski G, Ziolkowski P et al 2008 Vacuum 82 1003
[26] Lee H J, Hyun S, Park H S and Han S W 2011 Microelect.
Eng. 88 593
[27] Deng Y, Liang H, Wang Y, Zhang Z, Tan M and Cui J 2011
J. Alloys Compd. 509 5683
[28] Kuznetsov P I, Yapaskurt V O, Shchamkhalova B S,
Shcherbakov V D, Yakushcheva G G, Luzanov V A et al
2016 J. Cryst. Growth 455 122
[29] Kim D H, Byon E, Lee G H and Cho S 2006 Thin Solid
Films 510 148
[30] Tezel N S, Meydaneri Tezel F and Kariper İ A 2019 Mater.
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