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Evolution of optical phonon modes and thermoelectric properties in doped Bi, Te;:
A temperature-dependent Raman spectroscopy study
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Due to its three-dimensional bulk-insulating nature and better room-temperature thermoelectric properties,
Bi,Te; is widely explored as potential thermoelectric material and topological insulator. Here, we report the
effect of smaller atoms (Ge, Se) doping on the evolution of the temperature-dependent optical phonon modes
in polycrystalline single-phase Bi, Te;. While undoped Bi,Te; exhibits crystal inversion symmetry lowering in
the investigated temperature range, the doped Bi,Te; retains the inversion symmetry below 270 K. As a result,
the IR-active A3, phonon mode, which arises due to the lowering of crystal inversion symmetry, disappears in the
doped Bi,Te; below 270 K. The increase in the full width at half maxima of Raman peaks and reduction in the
phonon lifetime with an increase in temperature confirm the optical phonon decay in doped Bi,Te;, and hence
lattice thermal conductivity is expected to decrease at higher temperatures. The lattice thermal conductivity
estimated from the optical phonon modes is in line with the experimentally measured value, which affirms that
optical phonon vibrations dominate the lattice thermal conductivity of Bi,Tes;. At low temperature, the Ge-Se
codoped Bi, Te; shows a fourfold enhancement of the Seebeck coefficient compared to that of undoped Bi, Tes.
Our results give an insight into the optical phonon decay mechanism in the doped Bi,Te; and corroborate that
optical phonons play a vital role in the lattice thermal conductivity of polycrystalline Bi, Tes. Also, it is found

that Se-Ge codoped Bi, Te; can be used as an efficient near-room temperature thermoelectric material.
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I. INTRODUCTION

With increasing concern about environmental pollution and
the energy crisis, thermoelectric (TE) materials, which can
directly convert thermal energy into electrical energy and
vice versa, have received considerable attention [1-3]. No
noise, nonpollution, and operational reliability are the main
advantages of TE devices [3,4]. Finding new green energy
production and making existing energy systems more efficient
are the major scope of research on TE materials. Among the
potential TE materials [5—8], Bi, Te; based compounds are the
best candidates for room-temperature TE applications because
they possess the highest thermoelectric figure of merit at room
temperature [9—12]. Recently, Bi, Tes has also shown potential
to be a three-dimensional (3D) topological insulator (TI), a
new class of quantum matter with conductive massless Dirac
fermions on the surface [9]. The doped Bi,Tes like Bi,Te,Se
and Bi;_xSbyTe,_,Se, are researched to enhance their ther-
moelectric and topological insulating properties [13].

The ternary and quaternary Bi,Te,Se alloys, which can
be obtained by doping at the Te and Bi sites of BiyTes, are
widely used in the thermoelectric device applications [14,15].
It is known that polycrystalline bismuth telluride (Bi, Te3) is a
narrow band gap semiconducting material with an orthorhom-
bic structure comprising five atoms of Te-Bi—Te—Bi—Te thick
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covalently bonded stacks/layers [16]. Although single-doped
and double-doped/codoped Bi,Tes; are widely explored as
potential thermoelectric and topological insulating materials,
local crystal structure symmetry of these compounds are not
investigated in detail. In fact, the bonds in the Te-Bi-Te—Bi—
Te layer will be altered in doped Bi,Te; and will vibrate at
different frequencies; those will give rise to several optical
and acoustic phonon modes. These phonon vibrations play a
crucial role in tailoring the TE efficiency (z7) of a material as
can be understood from the equation z7' = S>T/pk, where
S, p, and « respectively are Seebeck coefficient, electrical
resistivity, and total thermal conductivity of the samples at
absolute temperature 7' [5]. To obtain high zT, it is important
to have higher S, low p, and «. k of a TE system can be low-
ered by reducing lattice thermal conductivity (kygice), as kK =
Ke + Kiatice- In @ TE semiconductor, «, contributes only 10%
to k. Hence kjaice dominates the thermal conductivity in a
TE material. Two types of phonon modes, namely optical and
acoustic phonons, contribute to kjyyice [17]. Although it is triv-
ial that acoustic phonon modes dominate kjayice OWIng to their
higher group velocity, recent studies show that kjatice in TE
semiconductors can also be estimated from the optical phonon
modes [17,18]. So, it is required to understand the temper-
ature dependent optical phonon vibrations in a TE system.
The optical phonon modes in a doped polycrystalline Bi, Tes
system can be understood by realizing the local symmetry of
the Te-Bi—-Te-Bi-Te layer when there is doping at the Bi and
Te site. The interdependence between the possession of those
random sites might give rise to a local inversion-symmetry
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lowering/breaking, limiting the topological and thermal prop-
erties of this compound. The high-frequency phonon modes
obtained in Raman spectroscopy depend on the local crystal
lattice symmetry, and hence can be able to estimate the lattice
anharmonicity in Bi, Tes [19,20]. Lattice anharmonicity leads
to a decay of phonon lifetime and lowers the lattice ther-
mal conductivity of Bi,Tes, which is a crucial parameter for
thermoelectric applications. The phonon decay mechanism
can be explained by analyzing the peak shift and full width
at half maxima of the Raman modes, measured at different
temperatures. Thus it is essential to study the optical vibration
mechanism in doped polycrystalline BiyTe; to gain insight
into its promising TE efficiency.

In this study, we have investigated the temperature-
dependent optical phonon modes of undoped and doped
BiyTe; from 131 to 483 K to see the effect of lighter
and smaller Se and Ge atoms doping on the phonon decay
mechanism and lattice thermal conductivity of polycrystalline
Bi, Tes. It was observed that while undoped Bi, Tes has lattice
symmetry lowering in the entire temperature range, Se and
Ge doping revives the lattice inversion symmetry in BiyTes
below 270 K. The phonon lifetime of the samples is found
to decrease with an increase in temperature and hence lattice
thermal conductivity is expected to degrade at higher temper-
atures for polycrystalline Bi,Te;. Ge-Se codoping gives rise
to threefold increment of the Seebeck coefficient and reduces
the lattice thermal conductivity of BiyTe;. As a result, the
TE efficiency of the Se-Ge codoped Bi,Te; is found to be
significantly improved near room temperature.

II. EXPERIMENTS

Undoped (Bi,Te;), Se-doped (BiyTe,gSep»), and
Se-Ge codoped (Bi1.95Geg g5Ter gSeq » and
Bij 90Gep 1 Tey 3Sepr) samples are synthesized using the
high temperature melting route. The solid pieces of individual
elements (Bi, Te, Se, and Ge) in proper ratio are vacuum
sealed in a quartz tube and melted in a furnace (make: M/S
Navatherm, Germany) at 1073 K. Next, the melted ingots
are crushed and ball-milled in a tungsten carbide (WC)-Co
jar for 3 h. The resulting powders are compacted using a hot
press at 825 K to obtain cylindrical pellets of 20 mm diameter
and 4 mm thickness. For the easy reference of the samples,
Bi,Te; and BiyTe,gSep, will be referred to as undoped
and Se-doped Bi,Tes;, while Bijo5GegosTersSep, and
Bi; 90Gep.1 Tey 3Sep, will be referred to as Se-Ge codoped
Bi,Tes; in the manuscript. The density of the pellets are
measured using Archimedes principle and is found to be
about 99% of the theoretical density reported for bulk Bi,Tes
samples.

Next, we have probed the crystal symmetry and
microstructure of the samples using an x-ray diffrac-
tometer (M/S Rigaku, Japan) and scanning electron mi-
croscopy (Zeiss SEM with EDAX detector), along with the
high resolution transmission electron microscopy (JEOL,
JEM-2100plus). The Raman spectroscopy at different tem-
peratures and different laser power are carried out on the
hot pressed pellets using the HORIBA LabRAM confocal
micro-Raman system equipped with a liquid-nitrogen-cooled
CCD camera, as described in our earlier report [17]. The

wavelength of the used laser source is 632 nm and the spot
size of the laser beam is ~1 um. The optical power of the
laser source can be varied from ~0.06 mW to 5.2 mW. The
resolution of the Raman spectra is 1 cm~'. All the Raman
spectra were obtained from 80 cm~! to 160 cm~' with 5 s
acquisitions time and an 1800 lines per inch grating. While a
100 objective was used for room temperature measurements, a
50 objective was used for temperature dependent Raman mea-
surements. The temperature dependent electrical conductivity,
and Seebeck coefficient measurements from 150 K to 375 K
are performed on cut cuboidal pieces of the samples having
12 mmx4 mmx4 mm dimensions using ZEM-3 equipment
(make: M/S Ulvac Riko, Japan). The thermal conductivity of
the samples is carried out from 150 to 320 K using Physi-
cal Properties Measurement System (make: Quantum Design,
USA).

III. RESULTS AND DISCUSSIONS

Bismuth telluride (BiyTes;) is known to crystallize in a
layered structure preserving the rhombohedral symmetry.
To confirm this, Bragg diffraction patterns are recorded for
the undoped and doped Bi,Te; samples and are shown in
Fig. 1(a). The diffraction pattern reveals that the hot pressed
samples are of single Bi,Te; phase with a rhombohedral
structure having R3m space group [21]. To obtain further
information about the doping-dependent change in the lat-
tice parameter, the highest intensity peak, i.e., (015) peak
for samples with different doping, is shown separately in
Fig. 1(b). As can be seen from Fig. 1(b), the (015) peak
shifts towards a higher angle for Se- and Ge-doped samples.
This suggests a gradual reduction of the lattice parameter in
BiyTes.8Seq 2, Bit.o5Gep.osTea.gSeq 2, and Bij.goGeo.1 Tea.gSeq 2
samples. Further, the measured XRD profiles are fitted using
Rietveld refinement to obtain the crystal symmetry and the
lattice spacing and are depicted in Fig. 1(c). The Rietveld
refinement of the XRD data is executed using the FULLPROOF
program and the Pseudo-Voigt function is chosen for profile
refinement. The change in the lattice parameters due to dop-
ing is plotted in Fig. 1(d). The crystal symmetry is found
to be unaltered due to doping, while a slight decrease in
the lattice parameter is observed for the doped Bi,Tes. The
lattice parameter decreases due to the incorporation of smaller
Se*™ (1.83 A) and Ge>* (0.87 A) ions at the larger Te?~
(221 A) and Bit? (1.03 A) sites [22]. The comparatively
lower values of the lattice parameters in the doped Bi,Tes
are expected to affect the bond strength and lattice vibrations,
which are discussed in the later part of the manuscript. The
crystallite size estimated from the measured XRD profiles
using Scherrer’s formula is found to be ~15.57 £ 1.07 nm
for undoped Bi,Te,. The average crystallite size decreases
to ~13.89 £ 1.32 nm in Se doped Bi,Te,gSep, samples.
It decreases even further to ~13.65 £ 1.48 and ~13.13
+ 1.46 nm for Bi1_95Geo.o5Tez_gSeo_2 and Bil_goGeo_lTCQ.gseo_z
samples, respectively. The reduction in the crystallite size may
be due to the doping-induced enhanced strain in the lattice of
the Se-doped and Se-Ge codoped samples [23].

The crystalline properties of the samples are further con-
firmed from the transmission electron microscopy images,
recorded for the Se-doped Bi,Te; sample. The selected area
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FIG. 1. (a) Measured x-ray diffraction pattern of the undoped and doped Bi, Tes, (b) the magnified view of the (015) peak of the doped and
undoped samples showing the shift towards higher Bragg angle, (c) Rietveld refinement of Bi,Te, gSe, sample, and (d) lattice parameter of

the undoped and doped Bi, Tes.

electron diffraction pattern from the Bi,Te; gSep, sample is
shown in the inset in Fig. 2(a). The presence of a set of
concentric diffraction rings with distinct sharp bright spots
confirms the nanocrystalline nature of the samples. The lattice
spacing calculated from the rings are characteristics of the
rhombohedral Bi, Te; phase [21,24]. The d spacing calculated
for the (2110) plane and (205) plane from the diffraction
ring are found to be 1.81 A, and 1.29 A, respectively
[Fig. 2(b)]. The x-ray diffraction and the transmission electron
microscopy data unequivocally confirm that the samples are
single phase, crystalline, and have rhombohedral symmetry.
Furthermore, scanning electron microscopy reveals the lay-
ered morphology of the samples, which is shown in Figs. 2(c)
and 2(d). We note that the formation of randomly distributed
well-stacked layers is a signature of both doped and undoped
Bi,Tes [25]. The stacking of the lamellar structures is found
to be randomly distributed throughout the sample spanning
over large domains of the order of about ~20 pum. Overall,
the XRD, TEM, and SEM give a signature of nonpreferential
growth of Bi,Te; lamella in the samples.

Next, in order to investigate the optical phonon vi-
brations and the related thermal transport properties, we
have carried out the temperature dependent Raman spec-
troscopy on undoped/binary, Se-doped/ternary, and Ge-Se

codoped/quaternary Bi,Te; samples. Although temperature
dependent Raman spectroscopy is reported for single crystal
of the quaternary BiSbTeSe, system, reports for the polycrys-
talline ternary and quaternary systems Bi,Te; is scarce [26].
The Raman spectra recorded at 300 K for the undoped and
doped samples are depicted in Fig. 3. It shows the presence of
three distinct peaks or optical phonon modes for undoped and
doped Bi, Te; samples. The appearance of three optical modes
can be understood by taking into account the symmetry of the
crystal and the associated vibrational modes.

As mentioned earlier, the undoped binary Bi,Te; is a
narrow band gap semiconductor having a rhombohedral
tetradymite-type crystal structure. A schematic showing a
unit cell of Bi,Te; is shown in Fig. 4(a). This unit cell con-
tains 15 atomic lattice planes stacked into three quintuple
layers, i.e., five-atom bonded stacks with a sequence, Te'-
Bi-Te?-Bi-Te', and marked as “QL” in the unit cell [refer
to Fig. 4(a)]. Two types of tellurium atoms, i.e., Te! and Te?,
having different chemical states and five covalently bonded
monoatomic hexagonal sheets are also indicated in Fig. 4(a).
The quintuples are coupled via the weak van der Waals forces
between the Te!-Te! layers of adjacent quintuples. More-
over, the Bi atoms are sandwiched between Te! and Te?
atoms. It is reported that bulk Bi,Te; crystal has 15 phonon
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FIG. 2. (a), (b) High resolution TEM image of Bi,Te, 3Seq,» samples; (c) and (d) represent the SEM image collected from the cleavage

surface of undoped Bi, Te; ingot.

polarization branches, out of which three are acoustic modes
and the remaining twelve are optical modes [27]. From the
group theoretical analysis, it is established that all the 12 opti-
cal phonon modes have 2A1,, 2E¢, 2A4,, and 2E,, symmetries.
The “E” and “A” denote the in-plane (transverse) and out-of-
plane (longitudinal) (Cy axis) lattice vibrations, respectively
[27], whereas subscripts “g” and “u” stand for Raman active
and IR-active modes, respectively. Both Eg1 and A] . appear

at lower frequencies than Eg and A%g as the former modes

are related to the in-phase movement of Bi and the Te!, while
the latter modes are due to their out-of-phase movement.
Hence the bond strength between Bi and Te! is mainly re-
sponsible for the optical phonon modes. For crystals having
inversion symmetry like Bi,Te;, the Raman active modes
must have even parity and IR-active modes must have odd par-
ity [28]. The odd-parity IR-active phonons do not show up in
Raman spectra for bulk polycrystalline samples as long as the
inversion symmetry is preserved in the unit cell of the crystal.
The higher bond strength between Bi and Te! helps in retain-
ing the inversion symmetry in the crystal, while the weakening
bond strength between Bi and Te' atoms facilitates the inver-
sion symmetry breaking. Further, the bond strength depends
on the distance between the atoms and becomes weaker as

the bond length between Bi and Te! atoms increases. For the
Bi,Te; system, the total optical phonon vibration I'y;, can be
written as

Tyip = 2E, 4 2E, + 2A1, + 244,

We note that the transverse modes, i.e., E modes, are having
double degeneracy [29]. For Raman active modes, the Raman
tensors can be written as [29]

a 0 O c 0 0
Ag=10 a 0], Ej=[0 —c 4],
0 0 b 0 d 0
0 —c —d
El=[- 0 0] (1)
—-d 0 b

where a, b, ¢, and d are the components of the Raman tensor.
The nonzero off-diagonal Raman tensor components in the E,
mode play a vital role in differentiating the £, mode from the
A, mode.

After discussing the optical phonon modes that can pos-
sibly arise in BiyTe; based compounds, we now discuss the
Raman and IR-active modes that are observed in our samples
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FIG. 3. Raman spectra at 300 K (a) undoped and doped Bi,Te; and (b) on different points of the surface of Bi, Te; sSeq .

Ayt i

FIG. 4. Left side image shows the schematic of Bi, Te; crystal structure with the quintuple layers and van der Waal gap and the right side

image represents the schematic of A%g, E;, A}, and A2, optical modes present in Bi, Te;.
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FIG. 5. Temperature dependent Raman spectra of (a) Bi,Tes, (b) Bi;Te,sSep,, and (c) BijgoGep 1 Tes sSep, from 131 to 483 K. For

clarification, the Raman spectra are plotted at the 60 K interval.

in a temperature range of 131 K to 483 K. As depicted in
Fig. 3,at 300 K, E2, A? , and A%g modes appear at ~100, 120,

lu
and 140 cm~!, respectively, and are in line with the reported
Raman modes in the literature [30]. The IR-active A%M mode
is found to be present in all the samples at 300 K, irrespective
of the doping. The appearance of the A7, mode confirms the
inversion symmetry breaking/lowering in all the samples at
300 K. The observation of the infrared active A?, phonon
mode may be due to strong confinement effects and the loss
of local inversion symmetry [25,27,31]. It is germane to note
that spatial inhomogeneity and associated local defects, which
are usually present in thin films, can also give rise to the A7,
peak in the Raman spectra and is investigated in detail [25,30].
To confirm, if there exists any spatial inhomogeneity and/or
associated localized surface defects leading to the appearance
of the A%M mode, Raman spectra are recorded from different
spatial locations on the surface of the sample as marked in the
schematic of the sample surface [see Fig. 3(b)]. The Raman
spectra recorded at multiple different locations are shown in
Fig. 3(b). The measured spectra corresponding to different
locations are similar in nature and all the spectra contain three
peaks including the IR-active A2, peak. This unambiguously

confirms that the A%M peak, observed at 300 K, is not asso-
ciated with surface defects; rather it is an intrinsic property
of the samples. In other words, the presence of the A%u peak
indicates the inversion symmetry breaking in the undoped and
doped Bi, Tes samples studied here.

To further investigate the temperature-dependent behavior
of Raman and IR-active modes, Raman spectra recorded in the
temperature range from 131 K to 483 K with a 60 K interval
for undoped and doped samples are shown in Fig. 5. The IR-
active A7, mode is found to be present in the undoped sample
from 483 K to 131 K, which disappears in doped samples in
the low-temperature region, i.e., 131 to 251 K, indicated by
the dotted blue rectangular region in Figs. 5(b) and 5(c). To
know the exact temperature at which the A%M mode disappears
in doped samples, Raman measurements with a temperature
step of 5 K were carried out and are shown in Fig. 6. It can
be observed from Fig. 6 that the intensity of the A7, mode
decreases as the temperature reduces below 283 K and the
mode completely disappears at about 273 K.

The absence of the A7, peak in the doped samples at low
temperatures suggests the presence of inversion symmetry in
the doped Bi,Tes crystals at low temperatures. The inversion
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FIG. 6. Raman spectra of Bi,Te; §Se , from 293 K to 268 K with
a5 K step size to show the disappearance of the A?, peak in the doped
sample at low temperature.

symmetry appears to be restored as temperature is lowered in
the doped samples. The gradual disappearance of the A%u peak
with decrease in temperature also suggests that the inversion
symmetry breaking is not an abrupt process. We reiterate that
the recovery of inversion symmetry at lower temperatures is

observed only for doped samples. The recovery of the in-
version symmetry is possibly associated with the enhanced
strength of atomic bonds in the doped samples, which is aided
by the doping induced reduction in the lattice constants. As
discussed in the XRD section, the lattice parameters of the
doped Bi,Te; samples are lower than the undoped sample
[Fig. 1(d)]. Taking the room temperature lattice parameter
values from the XRD data, and the coefficient of thermal
expansion of Bi, Te; from the literature [32], the lattice param-
eters of the undoped and doped Bi, Te; systems are estimated
at 131, 191, 251, and 273 K and are tabulated in Table I. It
can be observed from Table I that, at 273 K, the lattice param-
eters of the doped Bi,Tes are lower than that of the undoped
sample, and it decreases further as the temperature goes down
to 131 K. The smaller lattice parameters in the doped Bi,Tes
at low temperatures lead to the strengthening atomic bonding,
which helps in restoring the inversion symmetry for the doped
samples below 268 K. We note that, at higher temperatures,
both Raman and IR-active peaks are observed irrespective
of the doping state of the sample [see Figs. 5(a), 5(b)
and 5(¢)].

After discussing the interesting features observed in optical
phonon modes for the doped Bi,Te; at low temperatures,
we now present the temperature evolution of Raman and IR
modes. A clear shift of the peak position along with a broaden-
ing of the peaks are observed with an increase in temperature
from 131 K to 483 K for all the samples and are shown in
Fig. 5. For the undoped Bi,Tes, all three peaks, i.e., E;, A?

lu’
and A%g, shift towards lower wave numbers as the temperature
increases. This indicates a reduction of the energy of the
optical phonon vibration modes with an increase in the tem-
perature. Moreover, the full width at half maxima (FWHM)
of the optical phonon modes increases with the increase in
temperature and is in line with the predictions of the “anhar-
monic phonon coupling model” [20]. This model states that,
when the temperature is increased, the lattice anharmonicity
allows the mutual interaction between harmonic phonons.
This results in a change in the frequency and the FWHM of
the Raman peaks [20]. Furthermore, the temperature-induced
thermal expansion of the lattice leads to an anharmonic decay
of phonons from higher energy to lower energy and directly
alters the frequency and FWHM of the phonon modes.
According to He et al., at low temperature, the three
phonon decay process contributes to the broadening of the
optical phonon peaks, whereas the four phonon decay pro-
cess dominates at higher temperatures [20]. But there is
always a certain possibility that both the mechanisms may

TABLE I. Calculated lattice parameters of undoped and doped Bi,Te; samples in the temperature range of 131 K to 300 K.

T (K) Bi2T63 BizTez_gseo,z Bil_gGeo_lTez_gse()_z

a(A) c(A) a(A) cA) a(A) cA)
131K 4.380 30.372 4.367 30.336 4.346 30.297
191K 4.383 30.394 4.370 30.359 4.353 30.320
251 K 4.386 30.417 4.373 30.382 4.354 30.342
273K 4.387 30.425 4.374 30.390 4.355 30.350
300K 4.389 + 0.005 30.436 £ 0.007 4.376 = 0.004 30.401 £ 0.007 4.356 = 0.005 30.361 £ 0.006
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TABLE II. Calculated fitting parameters from the Raman spectra of undoped and doped Bi, Te; samples in the temperature range of 131 K
to 483 K. Since there is no A3, peak for the doped samples at low temperature, the fitting parameters for A2, peak in the low temperature region
is not mentioned in the table.

Sample E; peak A? peak A3, peak
Low T High T High T Low T High T
Bi, Te; A=-0.01294 A =-0.00312 A =-0.01664 A=-0.01024 A=-0.0154
B =1.46448x107° B =2.08331x107° B=1.59722x1073 B =9.57543x107° B=1.11111x1073
C=0.00241 C=0.012126 C=0.009581 C=0.01004 C=0.03219
D =-1.08807x10~° D=-1.04167x107> D =-3.47222x107° D =-6.25356x10"° D =-2.43056x10"°
N A =-0.00933 A =-0.00353 A=-0.01913 A =-0.01346 A=-0.01393
B=1.48811x1073 B =6.94444x107" B=2.73123x10"" B =3.53861x10"° B=5.36897x1077
C=0.00241 C=0.00813 C=0.03008 C=0.03725 C=0.02565
D =-1.408807x 10~° D =-5.5556x10"° D=-8.333x10"° D=-2.19626x10° D=-1.8752x107°
Gep 15€eg2 A =-0.01503 A =-0.000873 A =-0.00866 A =-0.01151 A =-0.00738
B=2.62617x107° B=2.02143x1077 B=1.38891x107° B=7.77451x10"° B =4.16667x107°
C=0.00669 C=0.00898 C=0.01595 C=0.02081 C=0.02776

D=-1.94881x107° D=-3.47222x107¢ D=-1.31944x107 D=-3.44271x 1077 D=-1.73611x 1073

(a) Bi,Te, (b) Bi,Te, gSeq,

(c) Bi1.9oGeo.1-|-e2.85eo.210

09|m = Peak position cm™) 16.4 104.4r 6.0 102
« FWHM cm™)
E.2 102.6¢
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FIG. 7. Variation of peak position and FWHM of E2, A2 , and A%g phonon modes with temperature from 131 to 483 K for (a) Bi,Te;,

1w
(b) BiyTe, 3Seq 2, and (c¢) Bij 90Gep 1 Tez sSeq 2. The dotted ellipsoidal region in (b) and (c) corresponds to the evolution of A%u at around 278 K
in the doped samples. The points represent the measured data points, whereas the line represents the fitting of peak position and FWHM
according to Eq. (2) and Eq. (3), respectively.
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FIG. 8. Estimated phonon lifetime for E;, A3, and A7, with
peaks of (a) Bi2T63, (b) BizTezAgseolz, and (C) Bi]}gGeoAlTezAgse().z at
different temperatures. Since A?, is absent at low temperatures in
the doped samples, phonon lifetime corresponding to A3, in doped
samples could not be calculated.

simultaneously contribute to the optical phonon decay in the
entire temperature range studied here. Accordingly, the tem-
perature dependent phonon frequency (w) and FWHM (I") can
be written as [20,33-36]

2
w(T) =w0+A[1+—J
ex_

3 3
B|1 , 2
+ _+eY—1+(ey—1)2_ 2

2
F(T)=F0+C|:1+—:|
e —1

3 3
p|1 : 3
O\ Tt o 3)

- _ hcwy _ hcwy
Here, the x and y can be written as x = s andy = T

where w is the intrinsic frequency of the optical phonon
mode and I'y represents the peak broadening due to disorder
and boundary scattering. A, B, C, and D are the anhar-
monic constants. Planck’s constant, the speed of light, and the
Boltzmann constant are represented by #, ¢, and kg, respec-
tively. Both the second and third terms in Eq. (2) and Eq. (3)
collectively account for the phonon damping part, which
arises due to the anharmonic phonon vibrations and corre-
sponds to the three phonon decay processes (second term) and
four phonon decay processes (third term).

The anharmonic constants are obtained from the best
fit of the temperature-induced Raman peak shift using
Eq. (2) and the temperature evolution of FWHM of
Raman peaks to Eq. (3). The best fit together with the mea-
sured data corresponding to the temperature window from
131 K to 278 K for doped and undoped samples is shown
in Fig. 7. We note that the A% peak is absent for the doped
samples in the low-temperature region; therefore, we have
only analyzed the E; and A%g peaks from the 131 to 283 K
temperature region. Similarly, for a temperature window from
300 K to 483 K, the measured data along with the best fit
to Eq. (2) and Eq. (3) are shown in Fig. 7. The harmonic
constants, i.e., A, B, C, and D, obtained from the best fits in
different temperature windows are tabulated in Table II. As
can be seen from Table II, the harmonic constants A and D
turn out to be negative and B and C are positive for all the
samples studied here. This indicates the three phonon decay
process is dominant in undoped and doped Bi,Te; systems
[17,20]. The anharmonic contribution due to three phonon
coupling [AwP(T) and AT®(T)] is estimated from tem-
perature dependent peak shift and FWHM using Klemens’s
model [33,34,36,37],

AP (T) = A[l + n(w) + n(w)], 4)
AT(T) = C[1 4 n(w) + n(w»)], (3)

where n(w) = [e/KsT) _ 117!, w; = wy = wy/2, and wy is
the harmonic constant. A and C are the anharmonic constants
obtained by fitting the temperature-induced Raman peak shift
using Eq. (2) and the temperature evolution of FWHM of
Raman peaks to Eq. (3). The estimated Aw®(T) and
AT'®)(T) values are given in Table S1, and Table S3 for
131 K to 268 K, whereas Table S2 and Table S4 represent
the 303 K to 483 K temperature range [38]. It can be clearly
observed from Tables S1-S4 [38] that the anharmonic contri-
butions of the Raman modes due to three phonon coupling
increase with increase in temperature. The increase in an-
harmonic contributions with an increase in temperature leads
to decay of optical phonons and decrease in lattice thermal
conductivity at higher temperatures. The decay of optical
phonons reduces the phonon lifetime in doped and undoped
samples. Where n(w) = [e"*/KsT) — 1171, w; = wy = wp/2,
and w is the harmonic constant. A and C are the anharmonic
constants obtained by fitting the temperature-induced Raman
peak shift using Eq. (2) and the temperature evolution of
FWHM of Raman peaks to Eq. (3). The estimated Aw®(T')
and AT®(T) values are given in Table S1 and Table S3 for
131 K to 268 K, whereas Table S2 and Table S4 represent
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FIG. 9. Raman spectra collected at varying laser power for (a) Bi,Tes, (b) Bi, Te, sSeq 2, and(c) Bij g0Geo 1 Te,5Seq 2.

the 303 K to 483 K temperature range. It can be clearly
observed from Tables S1-S4 [38] that the anharmonic con-
tributions of the Raman modes due to three phonon coupling
increase with increase in temperature. The increase in an-
harmonic contributions with an increase in temperature leads
to decay of optical phonons and decrease in lattice thermal
conductivity at higher temperatures. The decay of optical
phonons reduces the phonon lifetime in doped and undoped
samples.

Next, we estimate the optical phonon lifetime of three opti-
cal modes (E;, A, and A7,) for undoped and doped samples
in the temperature range of 131-483 K using the relation [39]
L =1 where I' is the FWHM in cm™' and h = h/27 =
5.3x107'2 cm™'s. The temperature evolution of phonon life-
time for different optical modes is plotted in Figs. 8(a), 8(b)
and 8(c). As can be seen from Fig. 8, the phonon lifetime of
all-optical phonon modes decreases continuously with an in-
crease in temperature for the binary/undoped Bi, Te; sample.
On the contrary, for doped Bi,Tes, an anomaly is observed be-
tween 280 and 300 K. The phonon lifetime suddenly increases
at around 280 K and decreases thereafter with the increase in
temperature. This anomaly is associated with the evolution of
Ay, peak, which also appears at 280 K. Our studies clearly
establish a reduction in phonon lifetime with an increase in
temperature, irrespective of the doping state of the sample.
Since the phonon lifetime is directly connected with the heat
transport in these materials, hence the thermal conductivity
is expected to decrease in the temperature range from 130
to 483 K with a small anomaly for the doped samples in the
280-300 K temperature region.

The lattice thermal conductivity is calculated in the
undoped and doped Bi,Te; samples by analyzing the
temperature-dependent and power-dependent evolution of
Raman modes. As the Raman peak shifts are related to the
atoms/lattice vibrations induced due to the thermal energy, lat-
tice thermal conductivity (kjuyice) is calculated by considering
radial heat flow using the following equation [40]:

Aw

_ __AT
4mre

where “r” is known as the radius of the objective aperture and
P is the power of the laser light. % and % are known as
the temperature and power coefficients, respectively. In this
Raman measurement, an objective with 50x magnification
is used, which corresponds to an “7” value of ~3 um. The
numerator % of Eq. (6) is obtained from the Raman peak
shift with respect to temperature. The shift in Raman peaks
with an increase in temperature can be analyzed using the
following equation [41]:

(6

K

o(T) = wy+ o, T + T2, (7

where wq is the harmonic frequency and o; and «y are
the first- and second-order temperature coefficients of the
Raman modes. The denominator term % is derived from
the Raman peak shift to incident laser power. The room-
temperature power-dependent Raman spectra for undoped and
doped Bi,Te; samples are collected at 0.093, 0.515, 1.88,
and 3.38 mW laser power and are shown in Fig. 9. The Ra-
man peak shifts towards lower frequency with an increase in

Raman power. The redshift of the Raman peaks to laser power
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TABLE III. Values of power coefficient (%) evaluated by fitting the power dependent Raman spectroscopy data with Eq. (5) and room
temperature Kjuice Of Bix Tes, Biy Tes sSeq 2, and Bij g0Geg 1 Te, sSep, samples.

Parameters Bi, Tes Bi, Te, sSep 2 Bi; 90Geo.1 Tez5S¢eg 2
(%)Eg —0.8231 —1.17088 —0.97885
(38, —1.09341 ~1.12409 ~1.1123
(3)a, —0.81373 ~1.06423 -0.91369
Kiatice (W m~! K~1) (estimated from Raman spectroscopy) 0.6014 0.5246 0.3931

Kiatice (W m™! K™1) (from PPMS measurement) NA 0.37812 0.4081

can be characterized by the following equation [42,43]:
Aw = wPy — wPy = xp(P, — P1) = xpAP, (8)

where xp is the first-order power-dependent coefficient and
o represents the Raman peak shift of the samples at varying
laser power. The power dependent Raman spectra of Bi,Tes,
Bi;Te, Se0.2, and Bij 99Geg g Tea sSep, samples are fitted
with a linear function shown in Eq. (8). The values of the
power coefficients for all Raman modes are listed in Table II1.
The lattice thermal conductivity of Bi,Tes, BiyTe; 3Sey.», and
Bi; 90Gep.1 Tey 3Sep» samples is calculated using Eq. (4) and
is tabulated in Table III. The thermal conductivity Kijagice
is found to be more in Se-dge codoped Bi,Te; than that
for the Se-doped Bi,Tes;. To juxtapose the observed trend
in thermal conductivity, the k is experimentally measured
for undoped and doped samples using PPMS. The lattice
thermal conductivity (kjuice) 1S Obtained by subtracting the
electronic thermal conductivity (k.) from the measured to-
tal thermal conductivity [44], i.e., Klaice = K — k.. We have
estimated the electronic contribution to thermal conductiv-
ity (k) by using Wiedemann-Franz law «, = %, where L
is the Lorenz number and p is the electrical resistivity of
the sample. The value of L is calculated using the equa-
tion L = 1.5+ exp[(—|S])/116], where S is the Seebeck
coefficient of the sample in «V K~!. The unit of L is written
in the unit of 1078 WQ K2

The temperature dependence of electrical resistivity (p)
and Seebeck coefficient (S) measured for doped and undoped
samples is shown in Figs. 10(a) and 10(b). The experimentally
measured values of S and p are used to estimate the value of «,
of the samples. The « for Se-doped Bi,Te; is found to be more
than that of the Se-Ge codoped Bi,Te; system [Fig. 10(c)].
Interestingly, xjauice turns out to be lower in Se-doped Bi, Tes,
which is in line with that estimated from the Raman modes
(Table III). The higher kiutice value in the Se-Ge codoped
sample as depicted in Fig. 10(d) may be due to the replace-
ment of the heavier “Bi” atom with a lighter “Ge” atom. Also,
it is envisaged to observe that the experimentally measured
Klattice Values at 300 K match well with that of the calculated
values from Raman modes (Table III). Therefore, it may be
concluded that lattice thermal conductivity in ternary and
quaternary Bi,Te; systems can be estimated from the temper-
ature and power-dependent Raman spectroscopy data. Next,
we have fitted the experimentally measured temperature-
dependent lattice thermal conductivity data with 77 in the
temperature range of 150 K to 312 K to find the effect of
various phonon scattering on the kjuice [5] and the fitted curve

is depicted in Fig. 10(d). It is found that the value of x ~ 0.87
and 1.11 for BiyTe, 93Sep » and Bij 9Geg. 1 Tep.9gSeq» prove the
dominant phonon-phonon umklapp scattering in the doped
samples [44].

Further, the overall power factor (PF = S2/p) for undoped
and doped samples is calculated and plotted in Fig. 10(e). The
power factor of the samples is found to increase with tem-
perature. It is observed that the Bi; 9¢Geg Tes 9sSeg» sample
has higher PF in 312 K and the Bi,Te; 93Sep» sample has
highest PF from 312 K. Using the value of PF and «, the
thermoelectric figure of merit (z7 = PFxT /x) of the doped
samples is evaluated and plotted in Fig. 10(f). It confirms
the increase in z7T" values with increasing temperature and the
highest z7' ~ 0.39 is achieved in Se-Ge codoped Bi, Te; 3Seg >
at 312 K and remains almost constant afterward. Therefore,
it can be stated that the Bi; 9¢Ge Tes 9sSeg» sample can be
used as an efficient thermoelectric material for near room
temperature applications.

IV. SUMMARY AND CONCLUSION

In summary, in-depth investigation of the temperature-
dependent Raman spectroscopy for the undoped/binary,
Se-doped/ternary, and Se-Ge codoped/quaternary Bi, Te; sam-
ples are carried out in the temperature range of 131483 K,
to understand the different optical phonon modes, phonon
lifetime, and lattice thermal conductivity in the undoped and
doped Bi,Te;. We found that higher bond strength in the
doped Bi,Te; could prohibit the inverse symmetry lowering
in the low-temperature region and hence the IR-active Ay,
mode is suppressed in the doped Bi,Te; at a temperature
below 270 K. The Raman peaks shift towards a lower wave
number and the full width at half maxima of the Raman
peaks increases with a rise in temperature, which is confirmed
from the temperature-dependent Raman spectroscopy data.
The phonon lifetime is found to decrease with an increase in
temperature, which is a clear signature of the optical phonon
decay at higher temperatures. The estimated lattice thermal
conductivity from the optical phonon modes matches well
with the experimentally measured values, which confirms
that Raman spectroscopy can be used to predict the lattice
thermal conductivity of the bulk Bi,Tes based thermoelectric
materials. Measurement of thermoelectric properties shows
the Ge-Se codoped ternary Bi,Te; having higher thermo-
electric properties at 300 K compared to Se-doped ternary
Bi,Tes. Our results give an insight into the optical phonon
decay mechanism in the doped Bi,Tes; and corroborate the
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FIG. 10. Temperature variation of (a) electrical resistivity (o) and (b) Seebeck coefficient (S) of the investigated samples from 150
to 310 K. Panels (c) and (d) respectively represent the total thermal conductivity and lattice thermal conductivity of Bi,Te,sSep, and
Bi; 90Geg.1 Tes gSep . The line in (d) shows the fitting of lattice thermal conductivity with 7—*. Power factor (PF) and figure of merit (zT)
of Bi, Te, gSeq, and Bi; 99Gey. 1 Tes sSeq,» are depicted in (e) and (f), respectively.
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