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Abstract

In the present work, a systematic preparation of BiyTe; g5Se 15.4Sx (x=0.0, 0.02, 0.04 and 0.06)
compositions were carried out by solvothermal method. The materials were characterized by XRD,
SEM, EDX, TEM and Raman spectroscopy.XRD, as well as TEM, to confirm the nanostructure of
samples. The electrical and thermal properties were investigated in the temperature range from room
temperature to 600 K. The highest power factor was 1.3 x 107 mW/K* m at 600 K for (x=0.06)
sample. This improvement in the thermoelectric properties may be due to the ordered atomic
arrangement of Bi, Te, and Se induced by sulphur in the Bi,Te, gsSeg 1555 nano-composites, which was
confirmed by X-ray diffraction (XRD) and Raman spectral analysis. The optical properties, such as
energy gap, refractive index, extinction coefficient and dielectric constants, were obtained from the
diffused reflectance data in the range of 200 to 800 nm. Sulphur doping influences the optical energy
gap, reaching the lowest value for x=0.04 samples (0.14 eV), while the highest allowed energy gap was
found in x=0.06 ones (0.41¢V).
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1. Introduction:

Typically the energy costs have been increased all around the world, and turned out to be one of the
most important issues for society. Also, the growing energy demand has led to energetic crises in many
nations around the world. With all the accessibility of the enormous amount of energy that comes from
the sun (heat and light), there is a huge interest in harvesting this solar-powered energy. The two main
ways of harvesting this particular solar-powered energy and transform it into electricity are 1)
photovoltaic (PV) cells; and ii) Solar thermal heat engines [1-4]. Specifically, solar power (thermal)
provides a huge potential for development either by producing efficient selective surfaces to be able to
collect the concentrate the heat of the sunlight or by making use of an auxiliary device in order to
increase the overall performance of the solar energy plant using thermoelectric generators (TEG's) [5-
71. However, several studies have been carried out on the production of high-electric power devices for
micro-electromechanical systems (MEMS), portable and wearable electronics [8]. As a result, the
current trend is concerned on bulk and thin film nano-structured thermoelectric devices [9,10]. The
band gap is also considered an important aspect of thermoelectric materials and defines the
characteristics of thermoelectric materials, such as the Seebeck coefficient, as well as, electrical
conductivity [11].

The simple expression found for the efficiency can be employed by using the average values of these
material properties for any range of interest in temperature [12-16].

The efficiency of thermoelectric (TE) materials is defined by the dimensionless thermoelectric figure of
merit, ZT, which is given by [17];
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where, o'is the electrical conductivity, k the thermal conductivity, .S the Seebeck coefficient and T the
absolute temperature.
In order to obtain TE materials with high ZT and efficiencies, the power factor (S° &) should be
maximized, while minimizing thermal conductivity [18, 19]. The recent progress in these materials is
due to the possibility of enhancing the TE materials and devices efficiency at nano-scale through
different approaches. Semiconductor compounds like bismuth telluride (Bi,Te;) and other
chalcogenides are gaining attention for use in thermoelectric devices and photoconductive materials
because of their high TE performance [20-22]. However, the need of materials with adequate stability
at high temperatures in the presence of high humidity has led to the search for new, and more efficient
materials [23]. Many researchers have been working to fabricate doped Bi,Te; nanoparticles as well as
nanocomposites [7, 24-26]. However, to enhance phonon scattering, nanostructuring is desirable
because it creates random interfaces on a nanometer scale, reducing the mean free path of phonons,
leading to an effective reduction in lattice thermal conductivity. Moreover, they enhance the
thermoelectric performance, and produce significant microstructural modifications in the bulk
thermoelectric matrix. These nanostructures can be fabricated through different techniques [27, 28, 29].
As a result of these previous works, it has been found that n-type Bi2Te2.85S¢0.15 has excellent
thermoelectric properties [27, 28]. However, the production of n-type Bi2Te2.85Se0.15 with high
thermoelectric properties requires the addition of harmful halide dopants [30-32]. To date, various
kinds of dopants were investigated, such as Fe, Mn, I, Sn, O, Ce, Y, Sm and S [29, 33]. These
Bi2Tes(Ses) doped materials are promising in a large variety of applications like solid state coolers,
thermal energy harvesting, diluted magnetic semiconductors, magneto-resistance switches and
topological insulators. Most recently, sulphur substitution/doping has shown a major effect in reducing
lattice thermal conductivity of nanoporous Bi2Tes polycrystals, with values in the 0.3 <x, < 0.6 Wm
K-'range, which can be related to modifications in the charge carriers mobility, as well as, on electron
scattering [34]. According to the previous work, sulphur doping modifies band gap, defect localized
states, lattice distortions, and energy levels [35]. Hence, not only the type of dopants is influencing
properties, but also their distribution and the effect in the host material are critical and very sensitive
for their electronic structures, optical and thermal properties. Bismuth-based thin film compounds were
studied before as well as used in many optical and thermoelectric devices because the variation in band
gap of thermoelectric materials has a significant effect on the Seebeck coefficient and the electrical
conductivity [36,37].
In this study, sulphur doping effect on the morphology, and microstructure, as well as thermoelectric
and optical properties of the Bi2Te2.85Se0.15 system will be studied. Moreover, in order to produce
nanostructured compounds, the solvothermal method will be used due to its simplicity.
On the other hand, sulphur atoms distribution and the lattice distortion in S-doped Bi,Te; g5Se 15 will be
determined by X-ray diffraction (XRD), Energy Dispersive X-ray (EDAX) and Raman Spectroscopy.
Surface morphology will be studied through Scanning Electron Microscopy (SEM), as well as High-




resolution Transmission Electron Microscopy (TEM). Moreover, electrical resistivity, Seebeck
coefficient, electronic thermal conductivity, and optical properties, such as the band gap, dielectric
constants and refractive index for the nanostructure prepared materials will be also determined and
related to the structural and microstructural modifications.

2. Experimental Details

2.1 Preparation of BiyTe; g55€y, ;5.5

Bi;Te) g5S¢€p.15.x5x (x=0.0, 0.02, 0.04 and 0.06) nanopowders were prepared using the solvothermal
method. A mixture of BiCl; (10 mmol), Te, Se and S powders with high purity (99.99%) (15 mmol)
and KOH (80 mmol) were mixed into a 100 ml capacity graded beaker to prepare the precursors S-
doped Bi,Te, g5Seq 15 precursors. Then, sodium borohydride, NaBH, (30 mmol), was added as organic
complexing reagent. N-N dimethylformamide (DMF) solvent was added to the mixture into the beaker
up to 90ml, and heated into a muffle furnace at 150°C for 24 hours, followed by gradual cooling down
to room temperature. The obtained dark-gray powders were washed with double distilled water and
filtered several times to remove any residual precursors or by-products, followed by drying in a
vacuum oven at 85°C for 14 hours. Finally, agglomerates were crushed by manual milling using an
agate mortar, leading to very fine powders.

2.2 Measurement techniques:

Energy-Dispersive X-ray spectrometer (EDX) BRUKER Nano GmbH D-12489, 410-M unit (Berlin-
Germany) was employed to investigate and determine the elemental composition of the prepared
samples by using mapping method. This unit was used combined with scanning electron microscopy
(SEM), which has been used to observe the surface morphology of specimens. X-ray diffractometer,
Shimadzu XRD-6000, with Cu K, radiation A=1.54056 A, 20-step of 0.02° from 4° to 80°, has been used
to determine the structure of the samples. In order to confirm the chemical structures of Bi;Te, gsSeq 15,
including doping, a Raman spectrometer Labram HR Evolution, with Argon ion laser at 514 nm at
room temperature has been utilized. High-resolution transmission electron microscopy (HRTEM)
images were obtained by using (HRTEM, Jem-2100, Jeol, Japan). Thermoelectric power measurements
were made stablishing temperature differences along the length of the specimen by heating one end
utilizing of an auxiliary heater and keeping the other colder. The temperature gradient (AT) has been
measured using two thermocouples in an evacuated chamber. Besides, the electromotive force dE (or
thermovoltage AV) has been measured at each lead of the thermocouples. From each AT and AV
measurement data, Seebeck coefficient can then be easily calculated according to (S = AV/ 1) The
electrical resistivity (or conductivity) was measured by using the DC four-point probe technique, where
a constant current (I) is generated into the rod sample by two electrodes. The resulting potential drop
(V) was also measured by the thermocouples wires. So, finally, electrical resistivity can be easily

calculated from the relation (p:%;—4 and c;; ). Moreover, Seebeck coefficient and electrical
conductivity (or resistivity) of bulk materials were simultaneously measured using a Linseis LSR-3
under He atmosphere.

The optical energy gap, refractive index and the other optical properties of the samples were

investigated from diffused reflectance which measured from (A=200-1200 nm) by Fourier transform
infrared (UV-VIS) spectrometer (NICOLET iS10 model instrument).

3. Computing and Programming:

3.1. Lattice parameters calculations :

UnitCell software has been used to refine lattice parameters and unit cell volume from powder
diffraction data. It utilizes a non-linear least squares method, which allows carrying out the refinement
on the observed X-ray powder diffraction data.

3.2. Winfit program
Rietveld refinement of the obtained XRD patterns was performed using Winfit software, to make a

deconvolution of the samples diffractograms. Additionally, it was utilized for crystallites size and
strains calculations.



3.3. Raman fitting Data

PeakFit is a computerized nonlinear pinnacle detachment and examination programming bundle for
researchers performing spectroscopy, chromatography and electrophoresis. It allows finding and fitting
up to 100 peaks to an informational index, at any given moment, empowering users to portray
pinnacles and locate the best conditions to accommodate their data. PeakFit can likewise improve the
information acquired from customary numerical techniques and lab instruments.

4. Results and Discussions:

4.1. Energy-dispersive X-ray spectroscopy (EDX):

EDX spectra for BiyTe; g5S¢€p 15« Sx (x=0.0, 0.02, 0.04 and 0.06) compositions are depicted in Figure 1.
The EDX and elemental mapping spectra indicated that all samples besides the expected Bi, Te, Se and
S elements, contain C and O as foreign elements, which can be due from traces in the sample holder or
from reactants. It has been found that S peaks intensity increases when the dopant content is raised.
Also, the intensity of the Bi and Te/Se ratios was indeed influenced by the sulphur doping which
resulted from the redistribution of Bi and Te elements during the phase development.

4.2. SEM Imaging:

Figure 2 shows SEM images and elemental mapping of Bi, Te, g5Se 15 composition. From SEM
images, it can be observed that grains are irregular, randomly oriented, and relatively small, in the
order of a hundred nanometers. However, very large particles are also visible in the background of the
image. Besides, it can be observed that particle size also varies depending on the S-doping
concentration. This effect is due to the fact that sulphur can change the bonds strength as well as the
bond order, modifying the growth rates along a, b and ¢ axis. Moreover, it has been found in all
samples that always there are a few tiny grains among the larger ones, showing a significant non-
uniformity. This microstructure may be responsible for a significantly larger phonon scattering, but
may not disperse most of the charge carriers [38,39].

4.3. X-ray diffraction (XRD):

The X-ray diffraction patterns of Bi;Te, gsSeq 155« (x=0.0, 0.02, 0.04 and 0.06) are depicted in Figure
3. Phase identification shows that the samples are mainly Bi,Te; (JCPDS 45-0863) single phase
materials with very small Se content. They have been indexed according to a rhombohedral system
(Space group R3m), and their structural dimensions/features are given in Table 1.

The obtained XRD data have been fitted using Winfit program. The profile fitting plots are illustrated
in Figure 4 for the highest intensity peaks. The deconvolution data obtained from Winfit program were
used in computing grain size and the strains shown in Table 1. Moreover, Table 1 lists the lattice
parameters, which have been obtained from Unitcell program.

There are two potential factors behind the discrepancy between SEM imaging and the XRD data in
grain size computations: i) the resolution of the SEM is limited and cannot capture the littlest particles
as the XRD could do. ii) Individual particles may have agglomerated, then some of these agglomerates
can be observed through SEM as an individual particle. Consequently, TEM has been used to confirm
the presence of nanocrystals, as XRD has determined.

The results showed that the grain sizes were in the = 20 nm range. Furthermore, the unit cell volume
was increased when S concentration increases, even though the ionic radius of S = 0.184 nm is smaller
than that of Se = 0.194 nm [40], as depicted in Figure 5. In order to understand this behavior, two
possibilities have to be considered. Firstly, the unit cell volume might be affected by crystalline
deffects like: 1) atomic scale point defects like antisite defects (Bi’, and Bi,) and donor-like defects
(Ve and Vg,*). ii) Antisite defects may occur during the crystal growth or the donor-like defects appear
during the hand-grinding. iii) Crystalline imperfections like the dislocations developed during the
deformation process [35]. Secondly, electro-negativity of S (2.44 Pauling units) is lower than that of Se
(2.48 Pauling units) [41], and may reduce the bond order and increase the bonding length. According to
the obtained data, the unit cell volume is increased when S doping concentration is raised, as illustrated



in Figure 5, which makes the second mechanism more reasonable for explaining this behaviour. It is
clear that sulphur doping in Se/Te site plays an important role in the phase formation due to the nature
of the bonds between the Bi-Te (covalent or mixed ionic and covalent bonds) and Te-Te (weak Van der
Waals bonds) [42]. So, through the different preparation steps, Bi;Te, gsSe€g 15.x5x crystals grow forming
small plate-like grains, which would be in thermodynamic equilibrium while they are metastable due to
their high surface energy [43,44]. As the reaction process continued, large amount of small and active
centers may exist, which could provide many high energy sites for nanocrystal grow. In addition, due
to the anisotropic nature of Bi,Te; that may be reflected in an anisotropic grain growth, leading to the
formation of nanoplates [44].

4.4. HRTEM imaging

Figure 6 shows the TEM images for the BiyTe, gsSeq 115004 powdered samples. The BiyTe; g5S¢€0.11S0.04
images show the formation of plate—like nanograins after sintering procedure. Figure 6a shows that
these nanoplates, with different sizes, appear clearly agglomerated in HRTEM images. Moreover, their
edges in the basal facets are not well defined. These nanoparticles sizes vary from 40 to 82 nm for the
large structures and from 5 to 20 nm for the smaller ones, as depicted in Figure 6b, which is a
beneficial microstructure for thermoelectric materials. These data clearly confirm that the particle sizes
of the samples are typically in the nano scale as previously deduced from XRD patterns. The control of
the morphology was proposed to be affected by the preparation method and the possible mechanisms of
the Bi,Te; nanoplates with different shapes and dimensions as well [45-47]. Hee-Jin Kim et al.,
proposed that the usage of the surfactant, reaction temperature and the addition of NaBH, may vary and
control the morphology [48]. Also, these factors could preferentially induce the growth of the doped
Bi,Te, g5 Sey 15 crystals along the ab plane during the nucleation step. On the other hand, the particles
shape reflects the strong connection (covalent /ionic bond) between Bi-Te, and the weak bond (Van der
Waals) between Te-Te layers, as previously mentioned [42,49]. Furthermore, Te-Se or Te-S may lead
to larger distortions, slippage of the grains and producing defects

4.5. Raman Spectroscopy:

Raman microspectroscopy and imaging Raman microscopy offer unique opportunities for studying the
evolution and spatial distribution of chemical phases in ceramic semiconductors. It proved to be a
convenient strategy to study the elementary excitations and their interactions in material sciences.
Figure 7 shows the Raman spectrograms recorded for sulphur-doped samples. It is clear that the
fundamental vibrational modes of Bi,Te; are located at wave numbers about 122 cm ™', 134 cm ™! and
758 cm ! in agreement with the literature [50]. Raman spectra of Bi;Te; gsSeg 15.xSx samples were fitted
and decomposed into individual Gaussian components to obtain the natural frequency of each Raman
mode. The fitted spectra are depicted in Supplementary Data. Table 2 shows the Raman modes of
Bi,Te; g5Sep.15.x5% samples of the current study compared with previous data for Bi,Te; compounds.

In the figure, three prominent peaks are observed, which correspond to E*g, A'u and A'g modes at low
wave numbers. The A'u mode for Bi,Tes appears just in low dimensional structures as a consequence
of the symmetry breaking in BiyTe; [51]. A blue shift occurred within the Raman frequency as the
reduction in the dimensions, due to the changes in the materials vibrational attributes [51]. Usually, in
the nanostructure, the volume compression may arise from the size-induced radial pressure, which
increases in the force constants. As the sulphur-doping concentration increases all Raman modes soften
linearly and expand, as shown in Figure 8, due to the fact that Raman shift and full width at half
maximum (FWHM) are controlled by phonon anharmonicity. In the nanostructures, the shift in the
Raman peak can be more easily recognized than FWHM, because the FWHM is extremely affected by
changes in the focus of the laser beam and the laser spot position. Besides, as sulphur in the
nanostructures can be found in the Se site, we especially focused on the surface phonon mode SPM
peak shift [52] which is only observed in nanosized materials at 95 cm™. The decrease of the superficial
force constant in nanosized crystals can lead to an increase in the inter-atomic distance in surface layers
than in bulk samples. Thus, this surface phonon mode has a lower frequency than Ezg, while both of
them have similar behavior. Meanwhile, the Raman shift of this mode changes when S concentrations
increase. Interestingly, nanostructured Bi,Te; displays an extra peak at ~120 cm ' not detected in the
bulk phase, confirming the data from XRD as well as TEM. This mode was identified as an Al, mode
(X peak) observed in nano-crystalline and few-quintuple thick Bi,Te; [53]. It is significant that the A",
mode originated as an active phonon mode in the infrared (IR) is forbidden in Raman for centro-
symmetric Bi,Te; [50,54,55], where the existence of Tel atoms in the center of Bi,Te; unit cell makes
the IR active modes (A',) to be odd parity. As the polarizability of odd parity modes does not change,



they are often inactive modes for Raman, especially in centro-symmetric molecules [53]. It is worth
noting that, A', mode appears in our samples with low-dimensional structure which may break the
centro-symmetric nature of Bi,Te; (due to defects). It is well-known that defects in nanostructures
(such as vacancies of Bi, antisite, maybe Te excess, etc.) play a very important role in lifting
symmetry-based selection rules. On the other hand, the Te spectrum demonstrates a strong Raman peak
at about 118/120 cm ™' wavenumber. It should be noted that the spectra of few monolayer Bi,Te; show
lines at ~ 93 cm ' and 114 cm™', and they may be attributed to the Se and S doping, as previously
mentioned [50, 52,54,55]. Furthermore, samples with S=0.00 and S=0.06 clearly exhibit a lower
shoulder (=115 cm™") in the A", mode (due to excess of Te as compared to Bi,Tes) leading to A', peak
broadening. The peak at ~90 cm ' (SPM) is observed in the Raman spectra for all the nanostructured
Bi—Te specimens below the Eg2 mode. This information, obtained from Raman spectroscopy, fits very
well with XRD and TEM data, showing that the prepared samples are in the nano scale with no doubt.
Interestingly, The Raman peaks/shifts were found to be very sensitive to both the crystal orientation
and the polarization configuration. Indeed, a weak Raman peak at ~200cm™ in the spectra (signed in
our samples 172: 185 cm ') can be attributed to the expected B'g (sulphur) phonon modes. The peak at
756 cm ' is an overtone of the Azlg mode [56].

4.6.Thermoelectric Properties:

4.6.1. Seebeck coefficient.

The Seebeck coefficient measures a voltage difference resulting from a temperature difference
throughout the thermoelectric material. This is the opposite of the Peltier effect, which is the creation
of hot and/or cold zones due to the flowing of current through a conductor. The Seebeck coefficient (S)
versus temperature for the Bi,Te, g5 Sep 155015 (x=0.0, 0.02, 0.04 and 0.06) samples with different
sulphur ratios is depicted in Figure 9. The negative values of the Seebeck coefficient are a shred of
evidence that the majority carriers are electrons (n-type). The BiyTe, gsSep 15 had the maximum absolute
Seebeck coefficient, i.e., -108 pV/K at 600 K. On the other hand, the values for the sulphur-doped
samples are lower than for the undoped ones (Bi,Te, gsSe 15), which prove the effect of sulphur doping
on both the structure and thermal properties. Also, the increase in Sulphur, together with the reduction
of Te concentration in the matrix might result in a decrease in the Seebeck coefficient as previously
mentioned [57], as confirmed from EDAX Figure 1. This decrease in Seebeck coefficient with the
decrease in Se content confirms the increase in carrier concentration due to the inverse relationship
between Seebeck coefficient and carrier concentration. The non-monotonic variation of the Seebeck
coefficient was caused by the bipolar effect that may take place when both n and p types carriers are
present [58].

4.6.2. Electrical resistivity measurements:

The dependence of electrical resistivity with temperature has been simultaneously obtained with the
Seebeck coefficient. In Figure 10, it can be clearly seen that the electrical resistivity decreases when
the temperature increases for all samples, which is the expected behavior for a non-degenerate
semiconductor. It is known that the resistivity is very sensitive to microstructural variations,
specifically to the grain sizes and lattice imperfections in solids (such as vacancies and dislocations). In
these samples, there is a slight difference in grain sizes between the S un-doped/doped samples. Even
though the largest grain sizes are found in Bi,Te, gsSeq 11 So 04, the increase in its electrical resistivity
values up to 500K may be due to the effect of the surface scattering rather than the grain boundaries
scattering according to Samble's previous studies [59,60]. Furthermore, Devries made an interpretation
about this criterion showing that the electrons at a lower distance from the surface than the mean free
path, could be scattered at the surface [61]. It means that the effect of surface scattering would be more
effective than that of the grain boundaries scattering since the electrons will have to pass through the
grains independently of temperature. On the other hand, Bi,Te, gsSeq 11S¢.04 samples showed the lowest
Seebeck coefficient between the sulphur-doped samples. So, it is suggested that the decrease in Se
content plays an important role in the formation of a fine-grained microstructure, hence resulting in
increasing carriers scattering and thus electrical resistivity, especially with higher concentrations of
sulphur. However, the carrier concentrations increase indeed when the resistivity decreases according
to the relation [62]:
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According to the equation, the increase in carrier concentration (n) and mobility (p) reduce electrical
resistivity. On other hand, sulphur may be randomly distributed and influences the carriers mobility
and the resistivity as well. Also, it has been mentioned before that S-doping affects the bond order and
so does on the chemical bonds that can significantly influence the carrier mobility which agrees with
previous obtained data from XRD [63,49,64].

4.6.3.  Power factor (PF):

Figure 11 shows the temperature dependence of power factor of Bi,Te; gsSeq 15 So.15.x (x=0.0, 0.02, 0.04
and 0.06) samples. It is expressed as [65]:

2
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Typically PF can be improved by increasing the Seebeck coefficient and electrical conductivity. In the
figure, it can be observed that power factor increases gradually when the temperature is raised for all
samples reaching the highest values at the highest temperatures. Even though Seebeck coefficient is
high for the undoped samples, its PF is smaller than x=0.02 samples due to its lower electrical
resistivity. Consequently, it is easy to deduce that electrical resistivity is the most important parameter
in these samples. The highest PF values have been reached in Bi,Te; gsSeq 13 Sg.02 samples in the whole
measured temperature range, up to 1.3 x 10> mW/K’mat 600 K. When compared to the undoped
Bi,Te, 45Se 15 samples prepared before at different temperatures, both undoped as well as the doped
samples have opposite behavior to that mentioned [30]. Also, the values in this study for the power
factor were lower than the reported in [30,66] at 330K, while at 600K the values are higher than the
obtained in n-type Bi,Te, gsSey 15 single crystals or in previously reported materials [64, 30, 66].

4.5.4 Electronic Thermal conductivity

Thermal conductivity of semiconductors can be approximately estimated from the equation, ¥ = &
+xpn [67], where k) and x,, represent carrier and phonon contributions to thermal conductivity,
respectively. In the direct band gap semiconductors, the electronic part () is dominant over the
phonons (x,,) contributions. The particular carrier-related thermal conductivity x can be computed
from the electrical resistivity (p) according to the Wiedemann—Franz law: . = LT/p [67], where L is
the Lorentz constant (1.5x10™® V¥/K? for nearly degenerate semiconductors [68,69]. Figure 12 shows
the calculated electronic thermal conductivity for sulphur-doped BiyTej gsSeg 5. From the above
discussion, it appears that the electrical resistivity decreases with increasing temperature, so the carrier
concentration increases as mentioned before in Eq. (2), resulting in an increase in carrier-related
thermal conductivity x.. On the other hand, Figure 12 shows remarkable information: firstly, the
highest recorded value for the electronic thermal conductivity was 1.4x10”> W/m K for

Bi;Teg 85S€0.0950.0s sSamples at 600 K. Secondly, the electronic thermal conductivity for the Sulphur-
doped samples increases gradually more than in the Bi,Teg gsSey s samples, especially at higher
temperatures. This effect can be ascribed to the anisotropy in the crystal structure and the orientation of
the grains due to the sulphur-doping. Also, this effect may be attributed to electron scattering from
sulphur dopant sites [34]. Thirdly, it is very remarkable that the values of electronic thermal
conductivity were smaller than the values achieved before in refs. [34,70].

4.6 Optical Properties of Bi;Teg g5S€¢.15.x5x
4.6.1. Band gap

Figure 13 shows the different diffused reflectance spectra of Bi,Tegs5S€q15.xSx samples from 200 to
800 nm. The reflectance peaks were determined with A=210 nm for all samples. It can be seen that
x=0.04 samples have large reflectance values on all wavelength range. The optical absorption
coefficient a of samples with various wavelengths was estimated according to Kubelka-Munk relation
[71]:
2

F(R) == )
Where, F(R) is the function of Kubelka-Munk, which is related to the absorbance and R is the diffused
reflectance. a is the linear absorption coefficient which could be evaluated from F(R) values from the
following relation [72,73] :
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Where, t is the sample thickness. The dependence of a on hv relation used by Tauc and Menth's to
calculate the optical band gap energy as well as the type of transition [74, 75].

F(R)hv
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Where, E, is the band gap energy, hv is the energy of the photon, and A is a proportionality constant
which depends on the transition probability and is associated with the effective masses related to the
bands. The exponent (m) depends on the nature of the transition (m= 2 for direct and 1/2 for indirect
semiconductor).

Figure 14 shows the plotted relation between (ahv) ' against the energy (hv) for all samples. The
optical energy gap is obtained by extrapolating the linear portion of the curve to the energy axis. All the
plots show straight-line portions supporting the interpretation of the indirect band gap for all the
powder samples. The energy gap values were increased when S doping is increased except for x=0.04,
which shows the lowest energy gap value as tabulated in a table (1). This may be occurred due to many
reasons such as the existence of defects [76], the increase in the grain size or the decrease in the strains
[77]. All these parameters confirm the previous data obtained from the structural analysis (XRD). The
obtained data were very close to that data obtained before by Akrap et al. for Se doped Bi,Te; crystals
and seems to be in agreement with result in [78]. It has been reported in [79,80] that the
electronegativity difference of the doping elements may be attributed to the lone pair p-orbital related
to chalcogenide atoms (Te, Se) as well as to the variation in the values of the energy gap. Accordingly,
the substitution of low electronegative elements in the site of high electronegative ones increases the
energy of some lone pair states, broadening the valence band in the forbidden gap, leading to band
tailing as well as shrinking the band gap. But in this work, the results point out to the opposite
behavior, although S electronegativity is lower than Se one, as mentioned in XRD data, and the
increase of the energy gap generally for undoped x=0(0.23 ev), x=0.02(0.33ev) and x= 0.06(0.41ev)
may due to the difference between them in their grains, lattice parameters and the strain [76,77].

1/2

4.6.2. The refractive index dispersion

The refractive index is a vital tool to obtain the packing density, the chemical bonding and the
electronic structure of the material [81,82]. The refractive index (n) as well as the extinction coefficient
(K) was evaluated from the obtained data. For this purpose, M. Caglar et al. relations were used [83]:
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Where, R is the reflectance. The refractive index (n) and the extinction coefficient (K) dependence on
the wavelength (L) at different sulphur concentrations are shown in Figures 15 and 16, respectively. It
clearly appears that the refractive index sharply decreases when the wavelength increases up to 210
nm, then a very strong peak appears at 230 nm, drastically decreasing for all samples up to the highest
wavelength. It is remarkable that sulphur doping attributed the n values drastically due to it is a smaller
ionic radius than that of Se. Also, it is studied before that the larger ionic radius of the atom, the larger
will be its polarizability. But here from XRD data, it was shown that there are some traces from Se
appearing as minor phases, which affect the S/Se relationship. On the other hand, there were some
studies evaluating the dependence of the refractive index on the Se content on thin films, and explained
by Lorentz—Lorenz formula, showing a direct proportion between the polarizability and refractive
index [79, 80, 84]. As there are relative differences between the ionic radii of Bi, Te, Se and S, the
replacement between more polarized atoms with less ones, the refractive index increases in these
studies. Whereas in our case, the less polarized S atom replaces the more polarized Se, therefore, the
refraction index is decreasing for the S=0.02 and 0.06 samples, while the S=0.04 the highest values due
to its highest content of Se minor phase, as mentioned in XRD. It means that incomplete phase



transformation as well as the presence of quantum size effect originated by the microstructure nature
and S/Se ratio.

Figure 16 shows the relationship between the extinction coefficient (K) and wavelength (1). All the
curves exhibit a peak at 210 nm due to the change in the absorption. Then, the extinction coefficient
increases monotonically with the increase of wavelength. This increase in K with A can be associated
with the portion of light absorbed in the samples at higher A. On the other hand, according to [85,86], in
the case of the diffused reflectance, the values of the extinction coefficient are very small for the
powder material and that appears clearly in Figure 16. So, the equations 7, and 8 can be rewritten as:

_ (n-1)2

T (n+1)? ©)
_ (1+R) 4R
~ (1-R) (1-R)? (10)

4.6.3. Dielectric constants

The complex dielectric constant is composed of two parts, the real (g;) and the imaginary (g;), as shown
in the following expressions [87]:

e =g +ig 1D
where,

g =n?—k? (12)

g = 2nk (13)

The variation of both parts of the dielectric constant (g, & &;, with the wavelength are depicted in
Figure 17, where it can be observed that their values are affected by their relation with n as well as K.
So their curves show the same behavior observed in n and K as well. So, it is clear from Figure 17 that
the real dielectric constant is larger than that of the imaginary part and agree very well with the
empirical relations for both (g, & &) as mentioned before. For the real part, there is a peak in the
beginning of the curve and then there is a decrease (g;) at higher wavelength. The previously obtained
data also agreed with n values which may be corresponding to the shift of the Fermi level within the
conduction band and the increasing in carrier density. Also for the reasons mentioned before in section
4.6.2. It should be mentioned that the samples with S=0.04, and 0.02 have the highest and lowest €,
respectively, and the opposite versa for g when increasing the wavelength.

5. Conclusion

Nanocomposites of sulphur-doped Bi,Te; gsSeq 15 were prepared by the solvothermal method. Scanning
electron microscopy analysis revealed the irregular and random shapes of the particles, which are in the
order of a hundred nanometers. X-ray diffraction shows nearly single phase for the prepared samples
and all of them were in the nanoscale, with more accurate dimensions than the obtained using SEM
observations. Raman obtained phonon modes and TEM confirmed the data collected from XRD
proving the nanostructure of samples. Seebeck results indicate that Bi,Tey 5S¢y 15 has the highest value
(-108 pV/K) at 600 K. Moreover, while the best power factor was recorded for BiyTe; gsSeq 13 So.02
samples (1.3 x 107 mW/K’mat 600K). The optical energy gap was recorded in the range from 0.14 to
0.41ev indicating the sulphur effect on n- type Bi,Te, gsSey ;5. The refractive index, as well as the
extinction coefficient and the dielectric constants were influenced because of the difference of the ionic
radii and the polarizability of S and Se. It can be concluded that the controlled dimensions of the
prepared compositions, grain size and optical constants may have wide applications to be used in the
future in energy conversion and optical data storage.
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Tables:

Table 1: Lattice parameters, Grain size and Strain calculated from the highest intense
crystalline peak

Lattice parameters Grain Strain E,
a(A)  c(A) Size(nm)  x107
BizTez_ssseo‘ols 4.52 28.81 21 4.7 0.23
BizTez,ssseo,m So,oz 4.56 28.97 17.5 7.0 0.33
BizTe; 855¢€0.11 So.04 4.55 28.88 24 4.5 0.14
BizTez_ssseo_ogso_oﬁ 4.56 28.90 18 7.6 0.41

Table 2: Frequency of Raman peaks of Bi,Te; g5Seq.15.xSx in the present study and
the literature.

Ref Ref Ref Bi;Te;.55€0.15 Bi;Te;.355€0.1350.02 Bi,Te;.855€0.1150.04 Bi; Te;.855€0.000.06
[28] [31] [33]
90 - - -

86.7 84.892
99.6 99 102 94.035 92.063 93.81 97.56
122 1154 114/ 115/ 119.98 113.42 122.41 113.34
116 120
134  131.7 134/1 135 141.72 139.44 144.09 139.41
42
184.52 180.28 172.36 178.11

758 756.31 756.18 756.2 756.53



Fig 1 Energy — dispersive X-ray spectra for :(a) BizTez‘gSSeo‘w & (b) BizTez_g5seo,13SQ‘02

Fig 2 a) SEM image, b) surface particle size for Bi,Te, 5S¢ 15, ¢,d & €) The elemental
distribution mapping for Te, Se and Bi respectively

Fig 3 XRD diffractogrames for Bi;Te, g5S€0 .15 So.15x (x=0.0, 0.02, 0.04 and 0.06

Fig 4 The deconvolution analysis using Winfit program for the maximum intensity peak for:
a) Bi2T62A85seo_015 & b) Bi2T62A85SGOA09S0.06 respectively

Fig 5 The unit cell volume versus the (S) concentration into BiyTes gsSeq 15.x5x

Fig 6 Raman spectra recorded for BiyTe; 85S¢ 15xSx.samples

Fig 7 FWHM of Raman phonon modes of Bi,Te,gsSeq. 155« as a function of S concentrations

Fig 8 Seebeck coefficient (S) temperature dependence for Bi,Te;g5Seg 155 Sx (x=0.0, 0.02,
0.04 and 0.06)

Fig 9 Electrical resistivity Temperature dependence for Bi,Te; gsSeo 15.x Sx (x=0.0, 0.02, 0.04
and 0.06)

Fig 10 Temperature dependence of the power factor of BiyTe, 5S¢ 15« Sx (x=0.0, 0.02, 0.04
and 0.06)

Fig 11 Temperature dependence of Electronic Thermal conductivity of Bi;Te, gsSe€g 15.xSx
(x=0.0, 0.02, 0.04 and 0.06)

Fig 12 Fitted Raman spectrum pattern for Biy Te; g5S€.0050.06 Wwith 50*50 um2 laser spot size

Fig 13 Fitted Raman spectrum pattern for BiyTe, gsS€0.00S0.0s With 50*50 pmz laser spot

Fig 14 (o hv)"? versus photon energy curves for Bi,Te, gsSe.15xSx samples.

Fig.15 Variation of refractive index with wavelength for Bi,Te; g5S€y 15.xSx samples.

Fig 16 Variation of extinction coefficient for Bi;Te, gsSeq 15.xSx samples, as a function of wavelength.

Fig 17 (a) Real and (b) imaginary parts of the dielectric spectra for Bi;Te; g5Sey 15.xSx samples.
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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Figure 8
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Figure 9
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Figure 10
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Figure 11
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Figure 12

Electronic thermal conductivity,x,, (W/m.K)
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Figure 13

Reflectance,R%
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Figure 14
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Figure 15

Refractive index, n
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Figure 16
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Figure 17
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