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In this research, the structural, morphological, and optical properties of Bi2Te3 at
different thicknesses (100, 200, 300 nm) and different concentrations of Al (2%, 4%
and 6%) at a thickness of 100 nm for thin films. were studied that revealed the
formation of the hexagonal Bi2Te3 structure for undoped and Al-doped films, XRD
studies showed that the average size of the grains increased with increasing Al content
from 2% to 6%, the lattice constant of the doped films was greater than the value in
the international test card, the density of dislocations decreased as the Al content
increased, and We also observed that the number of crystals per unit area increased
with increasing thickness at (300 nm) was (0.1714 x 1010 m-3), and decreased with
increasing Al content for the films at (6%) was (0.051 x 1010 m-3). EDX
spectroscopy spectra demonstrated the incorporation of Al into the doped films. The
optical reflectance (R%) of pure Bi2Te3 at different thicknesses, Bi2Te3/Al films,
were recorded in the range of 350-840 nm. The R% were profoundly affected by Al
doping. The optical bandgap decreased from 2.12 to 1.99 eV as the Al content
increased from 2% to 6%. The observed optical properties of Bi2Te3/Al thin films
may allow for the selection of materials with specific applications in mind, such as
optical design.

1. Introduction

optical modulators [8], infrared sensors, optical
components and lenses. Thin films were

The investigation and development of new
semiconductor properties that result in new
applications and the creation of advanced and
modern devices has been a topic of interest to
scientists and has dedicated the majority of
their research to this endeavor annually [1, 2].

Tellurium was an uncommon metal and
was located in the 6th group of the Periodic
table [3]. The compounds of telluride metal
exhibited unique properties like high
absorption capacity [4], direct band gap [5],
and superior transparency in the visible region
[6]. The collected samples can be utilized in
solar cells [7], radiation detectors, electro-
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formed using various methods [9, 10].

The most effective material for room
temperature use is bismuth telluride (Bi,Tes),
which has been produced in a variety of ways,
including co-evaporation [11] of 11 different
chemicals, MBE [12] of 12 different chemicals,
MOCVD [13, 14] of 13 different chemicals,
and hydrothermal synthesis [15] of 15 different
chemicals. Among this technique, the thermal
evaporation method provides a high rate of
deposit and a scalable approach, additionally, it
is capable of adjusting multiple parameters in
order to produce the desired output [16].
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Recently, thermoelectric (TE) materials,
Bi,Tes and its alloys, have been found to be the
most effective thermoelectric materials, their
figure of merit is highest near room
temperature [17].

In this research, the bismuth telluride thin
films were pure at different thicknesses and
were also doped with (Al) via thermal
evaporation onto glass substrates. The bismuth
telluride films have been characterized via
various methods to study the structural,
morphological, and optical properties, in order
to have a comprehensive understanding of the
composition, structure and properties of
different thicknesses and doping by (Al)
regarding the optic properties.

2. Experimental procedures

2.1 Preparation of bismuth telluride thin films
pure and doping with Al

Using a high purity (99.99%) compound of
(Bi,Tes), both pure and doped thin films were
created through thermal evaporation in a
vacuum. The glass substrate was thoroughly
cleaned with distilled water and alcohol, then
subjected to ultrasound for 15 minutes before
being dried and prepared for the evaporation
process. To achieve the necessary high vacuum
pressure of (10° mbar), a combination of rotary
pump and diffusion pump was utilized. The
pressure was accurately measured using both a
Pirani scale and a Penning scale. The films
were deposited at a thickness of 100 nm and a
rate of 0.4 nm/sec. In order to produce
aluminum-doped (Al) Bi,Te; films, the double
evaporation (Co-Evaporation) method was
employed, with varying thicknesses of 100,
200, and 300 nm inside the molybdenum bot.

To attain the desired doping weight
percentages (2%, 4%, 6%) of the Bi,Tes mass,
we introduced aluminum material into a
molybdenum bot within the vacuum chamber.
Once the necessary pressure (3.5 x 10 mbar)
was reached, we commenced the deposition
process on glass substrates by gradually
applying an electric current. This resulted in
the simultaneous evaporation of Bi,Tes; and Al
at varying electrode temperatures.

2.2 Characterizations and measurements

The morphologies as well as crystal
structures of the thin film samples were
characterized using X-ray diffraction (XRD,
Rigaku D/MAX 2200 PC) with Cu Ka
radiation (A = 0.154 nm), field emission SEM
and EDX to make sure of the elements in the
samples and roughness was measured by an
atomic force microscope (AFM). The films
thickness was calculated by weight method
which is not very accurate; an optical method
can be used that relies on interference in thin
films by rays, like a laser. Also, a UV-1800
device was used for the optical features.

3. Results and discussion

3.1 The X-ray diffraction analysis

Figure 1 (a) displays the XRD patterns of
thin films, varying in thickness, that were
sputtered on glass substrates. All patterns
exhibit preferred crystallization diffraction at
plane (015) with other planes (1010), (0111),
(0210), (1115), (0216), which corresponds to
[18, 19]. Observably, the peak is weak for the
100 nm thick film and this peak grows while
increasing film thickness from 200 to 300 nm.
Figure 1 affirms good crystallization for all
films with hexagonal crystal structures;
presence of secondary peak at plane (1010)
confirms hexagonal crystallization and is
supported by [20] information. It can be
deduced from the figure that crystals' structural
quality improves with thickness.

XRD patterns do affirm the structure of the
films doped and deposited at 100 nm thick. No
considerable shift in the peaks' diffraction was
observed, confirming the existence of
hexagonal phases that are with [21, 22]. The
XRD patterns were found to be able to affirm
the structure of doped films with 100 nm in
thickness. It is noted that no significant shift in
the diffraction peaks was observed. This
finding confirms the presence of hexagonal
phases and is in agreement with [21, 22].

3.2 Structural parameters
3.2.1 Average grain size (D)

The mean grain size for all undoped and
doped bismuth telluride (Bi,Tes) samples was
determined from the highest intensity peak in
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the (015) plane. The calculation of average
crystal sizes for thin films was carried out
using Debye-Scherrer equation to estimate the
average crystallite sizes of prepared thin film
[17].

D= k&
~ Bcos6

(1)

Where

K: represents the shape factor and its value
is (0.94).

A: X-ray wavelength (nm).
0: diffraction angle in Braque's law.

B: is measured in radian (FWHM) (Full
Width at Half Maximum).
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Results revealed that the average grain size
was (25.965 nm) at a thickness of (300 nm),
and it increased with increasing with doping
ratio to (6%) and was (26.961), as illustrated in
Table 1. The increase in grain size at different
doping ratios can be attributed to the fact that
aluminum atoms took interstitial positions
within the crystal structure, this is agreed with
[23].

3.2.2 Lattice constant (a, c):

The thin films of pure bismuth telluride
(Bi,Tes) were obtained with thickness of 100,
200, and 300 nm and the lattice constants (a, c)
calculated from Equation 2, as these films
belong to the hexagonal type. Aluminum-
doped films were also analyzed to determine
the effect of doping on the lattice constants.
The values of the lattice constants [24] are:
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Figure 1. (a) X-Ray diffraction of Bi,Te; pure at different thicknesses (100, 200, 300 nm), and (b) upon doping with
varying aluminum ratios

Table (1): The results of the structural parameters of pure at different thickness (100, 200, 300 nm) (Bi,Tes) films,
and doped with aluminum

. a c a C 10 0w L0
Material Th(lrc]l:nr;ess El‘rr? XRD XRD stagder stander 6(><ml_(2)) N (:]12(;
(A% (A% (A°) (A°)
Bi,Tes 100 24.056 4.4534 31.7529 4.3852 30.483 1.728 0.0718
Bi,Tes 200 22.999 4.4405 31.5051 4.3852 30.483 3.781 0.6144
Bi,Te; 300 25.965 4.3772 30.3413 4.3852 30.483 4.449 0.1714
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B'Zzﬁ/f; Al 100 21.335 44267 312454 43852 30483 2196  0.103
B'i‘jj Al 100 20.491 44506 31699 43852 30483 2381  0.1162
B'zz‘j/f; Al 100 26.961 44148  31.0233 43852 30483 1375  0.051
1 4 (h? + hk + k? 1? 5 decrease in dislocation density, and these are in
d2, 3 a2 c2 (2) agreement with changes in stresses. Both

Where

d: crystal distance between planes, (h,k,l):
Miller coefficients, a,b,c: represent lattice
constants

Table 1 gives you an indication. The doped
films have lattice constants greater than
standard values in international test card and
both pure and doped films behave similarly. A
small increase in the lattice constant is an
indication of good crystallization since
deviation from original values is low, while in
contrast poor crystallization would occur when
deviation is high, based on [25] that's
mentioned as well. We noted that aluminum
doping leads to an increment in lattice
constants which implies that aluminum atoms
take interstitial positions within crystal
structure; this observation corresponds with
[26].

3.2.3 Dislocation density (5)

The calculation of dislocation density in
pure and aluminum-doped (Bi,Tes) thin films
was done by Equation 3 as based on the grain
size ratio which is inversely proportional to it.

1
6= (3)

)Y
Dav

D: represents the average particle size

The observation made from Table 1 shows
that the dislocation density increases with the
thickness and takes a decreasing trend at (300
nm), having a value of (4.449 x 1010 m). We
also note that the dislocation density decreases
with doping at (6%) which was (1.375 x 1010
m™), as well as aluminum content-dependent

dislocation density and lattice stress exhibit
similar behavior, implying that decrease in
dislocation density leads to formation of good
quality films, which is supported by [27] based
on changes observed in lattice constants that
matches those in dislocation densities.

3.2.4 Number of crystals per unit area (N°)

The calculation was carried out for all pure
(BizTes) films, with thickness of (100, 200, 300
nm), and doped with Al.

t

NO =
Day

4)

D: represents the average particle size

The observation made here is that the
number of crystals per unit area increases with
increasing thickness at (300 nm) was found to
be (0.1714 x 1010 m™), and it decreases with
increasing doping ratio for the films at (6%)
was (0.051 x 1010 m™), as illustrated in Table
1. The decrease in the number of crystals per
unit surface area is attributed to the increase in
the grain size, which aligns with [28].

3.3 The SEM and EDX results

SEM images showed solid features of the
structure which could impact optical properties.
Figure 2 revealed that with an increase in
thickness there was a rise in surface area; after
Al doping into Bi,Tes, the morphology did not
change much since the particles were all well
dispersed but Bi,Tes/6% Al had more
aggregated, denser and rougher surface which
was mesoporous. Display EDX data for
undoped and thickness (300 nm), doped
Bi,Tes/6% Al thin films. Material phases
identified from XRD patterns matched
stoichiometric formulae from EDX analysis.
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Figure 1. SEM morphology for pure thin films at different thickness and doping with Al, and EDX elemental
analysis

3.4 AFM results for Al revealed an increase in grain size and

The AFM images of samples (Figure 3) roughness with increase in the of ratio. AFM
showed an increment in the grain size and confirmed increase in the grain size with
increase in the roughness of the film at increase in the thickness and doping.

increases thickness of thin films. The AFM
images of the films doped with different ratio
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Figure 3. AFM dimensional distribution of thin films. These thin films were synthesized with various thickness and
doped with different ratios of Al at a thickness of 200 nm

3.5 Optical properties

Figure 4 demonstrates the optical
reflectance (R%) for Bi,Tes; pure with different
thicknesses and Bi,Tes/Al doped thin films as a
function of wavelength. It can be observed that,
over the entire ultraviolet and visible spectral
ranges, the reflectance is higher for thicker
films. The values of reflectance are relatively
high in the near-infrared range as well.
However, overall, the reflectance decreases

R (%)

0+

T T T T T T T T 1
350 400 450 500 550 600 650 700 750 800
wavelingth

with Al doping, which is a behavior typical in
metal-doped semiconductors as reported by
previous studies [29-31]. The introduction of
Al into the system enhanced the grain sizes
within the films. This improvement in grain
sizes hints at better crystallinity since there is
now less impeding reflectance due to this
phenomenon factors like grain boundaries.
Therefore, reducing light scattering which
leads to an increase in.

2%Al
35 —— 4%Al
69%Al

3o-’v b/‘ﬁ w_,,,ﬁ’h »'Q P qﬁ%&
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Figure 4. The pure thin films Bi,Te; at different thickness show optical reflectance (R%) and also different doping
Al with thickness (100 nm) is shown as a function of wavelength
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3.6 The optical bandgap (Eg):

Room temperature is where the spectrum of
diffuse reflection has been recorded for the
bismuth  telluride nanofibers that were
synthesized, as shown in Figure 4. It was later
converted to an absorption spectrum using the
Kubelka-Munk theory [32] which is derived
from Equation 5:

(1-R)?

FR)=a= R

(5)

Where a denotes the absorption coefficient,
R stands for the diffuse reflection factor and
F(R) represents the Kubelka-Munk function.
The optical band gap of Bi,Te; thin films was
determined using Tauc's law [33] which is
based on different thicknesses and different
doping with Al for a thickness of 100 nm; after
having obtained the optical absorption

= 100nm

w
o
1

(F(R)hv)2 (eVem™)?
= = N N
o (521 o a

: : !

3}
!

=}

T T 1 ] T
15 2.0 2.5 3.0 35
Energy (eV)

coefficient calculated through Kubelka—Munk
theory:

[F(R)hv]" = B(hv — E,) (6)

Consequently, the defect states density is
increased and the structural properties are
modified by doping with Al, thus reducing the
optical bandgap [29].

Extrapolation of the linear portion of
[F(R)hv]? and [F(R)hv]'/? against hv gives
the corresponding optical energy gap (Eg)
value, as shown in Figure 5, 6. The Eg value of
Bi,Tes with thickness 100 nm is 2.44 eV, 2.24
eV, while for Bi,Tes/6% Al it is 2.12 eV, 1.99
eV, showing that Eg can take any value from
either mechanism: direct or indirect transition,
indicating co-existence. Hence, by increasing
the defect states density and changing
structural properties, Al doping decreases the
optical bandgap [29].
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Figure 2. Energy gap [F(R)hv]? and [F (R)hv]'/? of the synthesized Bi,Te; at different thickness
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Figure 6. The Energy gap [F (R)hv]? and [F(R)hv]/? of the fabricated thin films of Bi,Te; implanted with Al at a
thickness of (100 nm)
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4. Conclusions

Bi,Tes thin films were developed with
different thicknesses and varied Al doping (2%,
4%, 6%) through thermal evaporation technique.
XRD exposed the polycrystalline behavior of all
prepared films having hexagonal structure
identified. The average grain sizes were
observed to be increased when doped with Al.
Reflectance is directly proportional to the
thickness whereas inversely proportional with
the Al doping, Eg values decreased from 2.25 to
2.1 eV as the Al ratio increased from 2% to 6%.
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