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pic thermal conductivity in
textured thermoelectric alloys by Raman
spectroscopy†

Rapaka S. C. Bose and K. Ramesh *

Polycrystalline p-type Sb1.5Bi0.5Te3 (SBT) and n-type Bi2Te2.7Se0.3 (BTS) compounds possessing layered

crystal structure show anisotropic electronic and thermal transport properties. This research is in pursuit

of better understanding the anisotropic thermal properties using Raman spectroscopy. A systematic

Raman spectroscopic study of the hot-pressed pellet of the textured p-type SBT and n-type BTS is

reported in both directions: parallel (k) and perpendicular (t) to the pressing axis as a function of

temperature and laser power. The first-order temperature coefficient, optical thermal conductivity, and

phonon lifetime are qualitatively determined from the temperature and laser power-dependent

frequency and full-width half maximum (FWHM) of Raman peaks (A1
1g, E2g & A2

1g). Anisotropy in

experimental phonon thermal conductivity in both directions is correlated with the approximated optical

thermal conductivity, phonon lifetime and phonon anharmonicity. The anisotropy in phonon

anharmonicity in both directions is explained by the modified Klemens–Hart–Aggarwal–Lax phonon

decay model. In this study, the symmetric three-phonon scattering process is considered responsible for

thermal transport in the temperature range of 300 to 473 K.
1. Introduction

Polycrystalline p-type BixSb2�xTe3 and n-type Bi2Te3�xSex ther-
moelectric (TE) bulk materials are frequently used at near room
temperature (<100 �C) heat-harvesting applications.1–5 In
a broader context, the Seebeck coefficient (S), electrical
conductivity (s), and total thermal conductivity (k) are
temperature-dependent materials properties, and can be used
to measure the TE performance of various materials by a given
relation, known as a dimensionless gure of merit zT ¼
S2sTk�1, where T is the absolute temperature. k is the combi-
nation of carrier contributed thermal conductivity (kc) and
phonon contributed thermal conductivity (kp). Therefore, high S &
s and low k are essential to attain a high TE performance. These
chalcogen based thermoelectric materials are also besides being
used in infrared (IR) detectors and phase-change memory mate-
rials for information storage.6,7 These alloys possess a rhombohe-
dral crystal structure with the space group R�3m h and these are
constructed of anisotropic layers, in which a ve mono-atomic
layer sequence along the c-axis, the –A(1)–B–A(2)–B–A(1)– is
a known quintuple (Fig. S1(a)†).8 In this instance, A could be either
Te or Se and B could be either Bi or Sb. The lamellar structure and
the weak van der Waal attractions between quintuple layers are
cience, Bengaluru 560012, India. E-mail:

tion (ESI) available. See DOI:

4465
caused for the anisotropy and hence, anisotropic properties along
and across the layers. As reported, the s and k show a high
anisotropy, while the S is almost isotropic, resulting in anisotropic
power factor (dened by PF ¼ S2s) and zT.4

The Raman technique is powerful and non-destructive,
allowing researchers to look into the internal structures, like
whether different phases, composition, and defects are present.
It also provides insight into the strain and compression that is
present in thin lms and nanostructured materials.9 It is also
a very useful tool to study phonon dispersions in thermoelectric
materials.10–15 From Raman spectra, one can study the phonon–
phonon, electron–phonon, and plasmon–phonon interactions.
Furthermore, as the temperature changes, the interatomic
spacing and overlap between neighboring electronic orbitals
will change, making temperature-dependent Raman spectra
useful for determining optical thermal conductivity and relative
phonon lifetimes.11 The phonon anharmonicity can be under-
stood through the frequency and FWHM variations of Raman
modes with temperature, while phonon interactions can be
understood by variation in the intensity of Raman peaks. The
broadening of Raman peaks can also be used to understand the
decrease in thermal conductivity with temperature caused by
phonon soening. Raman spectra have been used in recent
times as a non-contact approach to determine an approximate
thermal conductivity of thin lms.16 Basically, this non-contact
approach is depending on the laser power and temperature.
Several reports are available on Raman spectra of p-type SBT
and n-type BTS thin lms.17,18 However, only a few reports are
© 2021 The Author(s). Published by the Royal Society of Chemistry
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available for bulk materials to date. Most of the published
studies are related to the investigation of uni-directional data,
i.e., measurements on a surface perpendicular to the pressing
direction.19 The anisotropic structure of these alloys causes the
difference in frequency values of in- and out-of-plane Raman
modes with respect to temperature.20 Thus, it is necessary to
investigate the directional Raman studies and understanding of
phonon scattering mechanisms to realize the anisotropy in
thermal properties to improve the TE efficiency.

We report here a directional Raman spectroscopy study of
the textured p-type SBT and n-type BTS thermoelectric alloys
produced by melt-quenching-hot press processing. Tempera-
ture and laser power dependent Raman spectra are taken in
both parallel and perpendicular directions. These measure-
ments are the rst of their kind and provide insights into the
non-destructive way of estimating the optical thermal conduc-
tivity and phonon lifetime. The determined optical thermal
conductivity and phonon lifetime in both directions are corre-
lated with the temperature-dependent phonon thermal
conductivity. Further, the anisotropic thermal conductivity in
both directions resulted from the anisotropy in phonon
anharmonicity, which is explained by the modied Klemens–
Hart–Aggarwal–Lax phonon decay model.
2. Experimental details

Polycrystalline nanostructured p-type SBT and n-type BTS
textured pellets were prepared by melt-quenching-hot press
process. The steps involved in the preparation methods were
given elsewhere in our previous reports.4,5 First, the phase pure
bulk samples were prepared by melt-rotation-quenching
process. The bulk samples were powdered and these powders
were used to prepare pellet by hot-press sintering. This pellet
was sawn in the appropriate directions: parallel and perpen-
dicular to the pressing axis to study anisotropic properties,
shown in Fig. 1. Rigaku Smart Lab X-ray diffractometer was used
to take the X-Ray Diffraction (XRD) patterns of p-type SBT and n-
type BTS hot-pressed pellets in the 2q range of 25–60�. Carl Zeiss
Fig. 1 Schematic representation of hot-pressed pellet sawed in appropr
and Raman spectra.

© 2021 The Author(s). Published by the Royal Society of Chemistry
Ultra 55 eld emission scanning electron microscopy (FESEM)
and JEOL 2000 FX-II transmission electron microscopy (TEM)
were used to capture the micrographs. Kratos Axis Ultra DLD X-
ray photoelectron spectroscopy was used to investigate the
elemental composition and oxidation states. The thermal
diffusivity (a) of 10 mm square and 1 mm thick pellet is
measured by LINSEIS LFA 1000 in Ar atmosphere. The specic
heat capacity (Cp) is measured in N2 atmosphere by TA SDT650
DSC in the temperature range between 300 and 473 K. The k

values were calculated from a relation, given as k¼ aCpd, where
d is the density of hot-pressed pellets, measured by Archimedes
principle. The obtained relative densities were 95% and 97% for
p-type SBT and n-type BTS, respectively. Raman spectra as
a function of temperature and laser power were recorded from
polished pellets of 10 mm square and 2 mm thickness in
a vacuum (10�3 mbar) by HORIBA JOBIN YVON, HR 800 with
laser light wavelength of 532 nm and laser power of 5� 10�2 W.
To avoid thermal effect on the sample, the laser beam was kept
focused on the top surface of the pellet for 1 s. The penetration
depth of the laser was calculated by the relation, given as

d ¼ 1=
ffiffiffiffiffiffiffiffiffiffiffiffi
pf sm

p
, where f is the laser light frequency (Hz), s is the

electrical conductivity (S m�1), and m is the magnetic perme-
ability. The estimated penetration depths were �75 nm and
�80 nm for p-type SBT and n-type BTS, respectively. The peaks
obtained in Raman spectra were tted with the Lorentzian
function to extract the frequency, FWHM and Intensity. Here-
aer, the XRD, Raman and thermal conductivity characteriza-
tions on pellet perpendicular and parallel to the pressing axis
(PA) were labelled by symbols of t and k, respectively.
3. Results and discussion
3.1. Directional microstructure characterizations

Fig. 2(a) and (b) show the XRD patterns of p-type SBT and n-type
BTS hot-pressed pellets (k to PA &t to PA), respectively. In both
cases, the XRD peaks are indexed with rhombohedral crystal
structure with space group: R�3m h.4,5 Impurity peaks with very
low intensity (>2%) are found in both XRDs, might be due to the
iate directions to investigate the directional XRD, thermal conductivity

RSC Adv., 2021, 11, 24456–24465 | 24457
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Fig. 2 XRD patterns of (a) p-type SBT (k to the PA, t to the PA & Ref.), and (b) n-type BTS (k to the PA, t to the PA & Ref.) hot-pressed pellets.
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surface oxidation. These peaks are assigned to Sb2O3 in p-type
SBT and Bi2O3 in n-type BTS. Both k to PA & t to PA have
similar XRD patterns. However, the intensity of (0015) peak
Fig. 3 SEM image of the cross-sectional surface of the hot-pressed pell
image (inset is SAED) of (c) p-type SBT, (d) n-type BTS.

24458 | RSC Adv., 2021, 11, 24456–24465
differs, indicating that the hot-press sintering exhibit a signi-
cant anisotropy of grain orientation without altering the crystal
structure. Lotgering factor (F) is determined to conrm the
et of (a) p-type SBT, (b) n-type BTS, and High-resolution TEM (HRTEM)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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anisotropic orientation from XRD patterns of both k to PA and
t to PA.4 The higher F values (0.4 for p-type SBT and 0.2 for n-
type BTS) are observed in case of parallel direction while lower F
values (0.06 for both p-type SBT and n-type BTS) in the
perpendicular direction. The high intensity of the (00l) peaks in
the k to PA, reveals that the compound's ab-orientation is in the
perpendicular direction to the pressing axis. Therefore, the p-
type SBT and n-type BTS may have the anisotropic physical
transport properties. This prompted us to use Raman spectra to
investigate anisotropic thermal properties.

The SEM images of the cross-sectional surface of the hot-
pressed pellet of both p-type SBT and n-type BTS are shown in
Fig. 3(a) and (b). The layers are densely grown in ab-plane and
oriented perpendicularly to the pressing axis, as seen in these
gures, which is consistent with XRD results. High-resolution
TEM images taken on hot-pressed pellets are shown in
Fig. 3(c) and (d). As seen from these gures, the layers are
oriented perpendicular to the pressing axis, and each layer is
made up of nanograins. The SAED images show a ring pattern,
indicating that the material is polycrystalline.

Fig. S2† shows the XPS spectra of p-type SBT and n-type BTS
hot-pressed pellets. The chemical states of Sb 3d, Bi 4f, and Te
3d in the p-type SBT and Bi 4f, Te 3d, and Se 3d in the n-type BTS
are consistent with the previous reports.21,22 The obtained XPS
peaks are deconvoluted by XPSPEAK41 program with Gaussian–
Lorentzian (GL) function. The surface compositions of consti-
tuted elements are determined from the integrated area ratio of

the spectra aer normalization by equation A% ¼
a
a

a
a
þ b

b
þ c

g

with corresponding atomic sensitivity factors (a, b and g); where
A% is the atomic percentage, a, b and c are the area under the
Fig. 4 Temperature dependent total thermal conductivity, carrier therm
(b) n-type BTS.

© 2021 The Author(s). Published by the Royal Society of Chemistry
ground state peaks of each element.23,24 The Sb : Bi : Te atomic
ratio in p-type SBT is obtained as 1.49 : 0.50 : 3.01 while the
Bi : Te : Se atomic ration in n-type BTS is 2.02 : 2.70 : 0.28. The
obtained shoulder peaks at higher binding energy may indicate
the surface oxidation, consistent with the XRD analysis.
3.2. Directional thermal conductivity

Fig. 4 depict the temperature dependent total thermal
conductivity (k), carrier thermal conductivity (kc) and phonon
thermal conductivity (kp) of both p-type SBT and n-type BTS.
These properties are measured parallel (k to PA) and perpen-
dicular (t to PA) to the pressing axis at a temperature ranging
from 300 K to 473 K. The k is the sum of kc, kp, it can be
expressed as k ¼ kc + kp. The kc is estimated from Wiedemann–
Franz relation, kc ¼ LsT, where L is the Lorenz number. The L
values are calculated from S values using the single parabola
band (SPB)-acoustic phonon scattering (APS) approximation
(Fig. S3†).5 The kp values are calculated by the formula kp ¼ k �
kc. The obtained kp values increase with increasing temperature.
In addition, the kp along the perpendicular direction to the
pressing axis is higher than that of parallel direction as the
mean free path of phonon is higher along ab-plane than in the c-
axis.4,5 It is claried by the fact that the high density of layer
interfaces and high density of grain boundaries may produce
thermal barriers along the parallel direction to the pressing
axis. Directional Raman spectra were taken with respect to laser
power and temperature to study the anisotropy in thermal
conductivity.
3.3. Directional Raman spectra

The bulk p-type SBT and n-type BTS crystals show 15 lattice
vibrational modes, anticipated according to the group theory.
al conductivity and phonon thermal conductivity of (a) p-type SBT and

RSC Adv., 2021, 11, 24456–24465 | 24459
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Among these, 12 are optical modes (2A1g + 2Eg + 2A1u + 2Eu) and
3 are acoustic modes. Fig. 5(a) and (d) show Raman spectra of p-
type SBT and n-type BTS taken in both directions. As can be seen
from these gures, three Raman peaks A1

1g, E
2
g, and A2

1g, are
observed out of four in both the compounds.19 Aside from these
Raman-active vibrational modes, an infrared (IR) active vibra-
tional mode is also observed, known as A2

1u. In general, the
presence of IR modes is associated with the breaking of
symmetry, likely resulting from the abundant dislocations. This
nding is matched with the recent computational study.13 The
schematic representation of these modes, is shown in
Fig. S1(b).† In the A1g and A1u modes, the oscillation usually
occurs along the c-axis, meaning that the atoms oscillate out-of-
plane. In the Eg mode, on the other hand, the atoms oscillate
along the basal plane, i.e., oscillate in-plane. The frequency
values of all modes are listed in Table S1† indicates that the
observed peak frequencies are very close to the reported peaks
Fig. 5 (a) Directional Raman spectra, (b) variation in frequency of E2g mo
power of p-type SBT; and (d) directional Raman spectra, (e) variation in
E2g mode with laser power of n-type BTS.

24460 | RSC Adv., 2021, 11, 24456–24465
of the p-type SBT and n-type BTS bulk samples. The Raman
modes are observed in the higher frequency range for p-type
SBT, while for n-type BTS, the Raman modes appear in the
lower frequency range. This may be due to the higher bonding
forces in p-type SBT compared to n-type BTS.13 The E2

g mode is
the most pronounced Raman mode due to its highest intensity
than other modes. Fig. 5(b), (c) & (e), (f) show the variation of
frequency of E2

g mode with temperature and laser power,
respectively. These gures clearly show frequency shi, the
difference in FWHM, and intensity differences in different
directions. Raman spectra with all modes of p-type SBT and n-
type BTS in both directions as a function of temperature and
laser power are shown in Fig. S4.† Raman spectra are recorded
at four distinct temperatures (323 K, 373 K, 423 K & 473 K) and
at four different laser powers (5 mW, 12.5 mW, 25 mW, & 50
mW) in both directions for both compounds.
de with temperature, & (c) variation in frequency of E2g mode with laser
frequency of E2g mode with temperature, & (f) variation in frequency of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Variation in frequencies with temperature, (b) variation in frequencies with laser power, (c) mode wise optical thermal conductivity, &
(d) correlation between experimental and optical thermal conductivity of p-type SBT; and (e) variation in frequencies with temperature, (f)
variation in frequencies with laser power, (g) mode wise optical thermal conductivity, & (h) correlation between experimental and optical thermal
conductivity of n-type BTS.
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3.4. Estimation of optical thermal conductivity (kop)

The phonon thermal conductivity (kp) is the combination of
optical contribution (kop) and acoustic contribution (kac), kp ¼
kop + kac.25 The optical thermal conductivity (kop) values are
estimated from the three Raman active vibrational modes
A1
1g, E

2
g and A2

1g in both compounds in both directions by the
following eqn (1)26

kop ¼ a

�
1

2pt

��Dw
DP

��1
(1)

where a is the rst-order temperature coefficient, t is the pellet

thickness,
Dw
DP

is the variation in the frequency of phonon with

laser power, w is the frequency of Raman mode, and P is the
laser power. a is the slope of the linear plot of Raman shis and

temperature (Fig. 6(a) and (e)) while
Dw
DP

is the slope of the linear
© 2021 The Author(s). Published by the Royal Society of Chemistry
plot of Raman shis and laser power (Fig. 6(b) and (f)). The
frequency of all three Raman active modes shows systematic
redshis with increasing temperature and laser power. In
general, the temperature-dependent frequency is mainly
dependent on two factors: (1) quasiharmonic lattice thermal
expansion (Dwthermal) and (2) anharmonic contribution (three-
phonon and four-phonon scattering processes) (Dwan), w(T) ¼
Dwthermal + Dwan.27 It can be found that the jaj value in parallel
direction is larger than that of perpendicular direction, indi-
cates that stronger anharmonicity in the parallel direction. The
a is directly proportional to the volume thermal coefficient (g ¼
(dln V/dT)p) and Gruneisen parameter (b ¼ �(dln w/dln V)T),
a ¼ g � b.20 Generally, the larger the a, the larger the b, leading
to a stronger anharmonic effect. It is reported that 40% of the
temperature-dependent total phonon frequency change occurs
through the thermal expansion contribution in p-type SBT and
RSC Adv., 2021, 11, 24456–24465 | 24461
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Table 1 Experimental phonon thermal conductivity, estimated optical thermal conductivity and phonon lifetime values of p-type SBT and n-type
BTS in both directions

p-Type SBT n-Type BTS

Parallel (k) Perpendicular (t) Parallel (k) Perpendicular (t)

Avg kp (W mK�1) 0.732 1.070 0.728 1.224
kp (t/k) 1.46 1.68
Total kop (W mK�1) 0.058 (8%) 0.307 (28%) 0.208 (28%) 0.280 (23%)
Total s (cm) 23.223 25.731 23.914 30.083
s (t/k) 1.11 1.26
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n-type BTS.13 This indicates that the observed temperature-
dependent frequency can be well modelled by incorporating
anharmonic components. Thus, comparing with the in-plane
modes, the out-of-plane modes show larger a in both direc-
tions, reveals their important role in directional thermal
transport.

The estimatedmode wise optical thermal conductivity values
are shown in Fig. 6(c) and (g) and Table 1, indicate variation in
values in both directions. Fig. 6(d) and (h) show the relation
between experimental kp and total kop, indicating the optical
contribution in phonon thermal conductivity is different in
different directions.25 In general, the acoustic phonon modes
contribute most of the phonon thermal conductivity, as they
have a long life and high group velocities. In SnSe, the lattice
thermal conductivity of the optical contribution is more than
60% based on theoretical studies by Guo et al.28 It is said that
optical phonons with a w of about 100 cm�1 contribute about
18% to a and b axes, and 35% to c axis in SnSe.29 As can be seen
that the total kop values are different in different directions and
higher values are observed in the perpendicular to the pressing
axis in both compounds (p-type SBT & n-type BTS), as like kp in
different directions. This might be due to the variation in
phonon lifetime (s) in both directions, which will be discussed
further. The direct correlation between kp and s is given by the
following eqn (2)30

kp ¼ 1

3

X3

j¼1

X3p
i¼1

cijuij
2s (2)
Table 2 List of the calculated phonon anharmonic parameters of p-
type SBT and n-type BTS from the fits by using eqn (4) and (5)

Parallel (k) Perpendicular (t)

E2g A1
1g A2

1g E2g A11g A21g

p-Type SBT
wo (cm

�1) 126.77 68.29 165.34 126.03 71.14 164.44
Go (cm

�1) 3.32 10.57 0.42 2.59 9.44 14.72
A (cm�1) 4.32 0.88 5.92 3.91 2.26 5.64
C (cm�1) 3.81 1.50 8.70 3.39 0.77 5.88

n-Type BTS
wo (cm

�1) 106.72 77.66 143.25 105.94 71.88 143.88
Go (cm

�1) 4.51 16.20 18.98 3.12 12.87 4.75
A (cm�1) 3.15 5.91 4.58 2.12 3.51 6.13
C (cm�1) 2.34 3.32 7.11 3.02 2.87 2.74
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where cij is the Einstein heat capacity per volume of the ith
vibrational mode, and uij is the group velocity.
3.5. Estimation of phonon lifetime (s)

Raman mode wise s values qualitatively estimated from the
following eqn (3), is the reciprocal of FWHM.31

s ¼ h

2pG
(3)

where G is the FWHM of Raman peaks, shown in Fig. 7(a) and
(e). In general, the temperature-dependent variation in FWHM
is mainly dependent on both contributions: (1) phonon–
phonon interaction because of anharmonicity in the lattice
(Gan) and (2) electron–phonon coupling (GEPC).27 However, in
the case of p-type SBT and n-type BTS, the variation in FWHM is
signicantly dependent on the term Gan because GEPC is present
in a system with EF ¼ 0. The linear plots in Fig. S5† represent
that the electrical conductivity is decreasing with increasing
temperature. This indicates that the EPC is increasing with
increasing temperature and at low temperatures, the contribu-
tion of GEPC to FWHM can be ignored. The FWHM of all three
Raman modes demonstrates the manifestation of downshis
and upshis with rising temperature is only attributed to the
alteration of the anharmonic potential constants. This is to say
that FWHM measurements are more accurate to calculate the
anharmonic constants because of the greater variation between
temperature-dependent values.

The estimated mode wise phonon lifetime values are shown in
Fig. 7(b) and (f), and Table 1, provide an additional understanding
of anisotropy in thermal conductivity in distinct angles. Total
phonic lifetime (sT) increases with increasing temperature is
shown in Fig. 7(d) and (h). The temperature-dependent sT in
distinct directions is validated with the trend of temperature-
dependent phonon thermal conductivity (Fig. 7(c) and (g)), i.e.,
the greater sT shows the higher kp. The sT values in the perpen-
dicular direction to the pressing axis are larger than that of parallel
direction in both compounds. This can be directly related to the
relatively larger mean free path of the phonons in the perpendic-
ular direction. This prediction well supported by anisotropic
phonon anharmonicity in different directions will be discussed
through the modied Klemens–Hart–Aggarwal–Lax three-phonon
decay model. The variation in frequencies and FWHMs is a mani-
festation of optical phonon anharmonicity, which also indicates
that they have a signicant inuence on the anisotropic thermal
properties in both directions.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Temperature dependent (a) mode wise FWHM (b) mode wise phonon lifetime, (c) experimental thermal conductivity, and (d) total phonon
lifetime of p-type SBT; temperature dependent (e) mode wise FWHM, (f) mode wise phonon lifetime, (g) experimental thermal conductivity, and
(h) total phonon lifetime of n-type BTS.
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3.6. Anharmonic three phonon decay model

As a result of the anharmonic process, zone-center optical
phonon decay can yield either two or more acoustic phonons.32

The modied Klemens–Hart–Aggarwal–Lax phonon decay
model is the simplest approach to describing anharmonic
decay, in which two (three phonon process) and/or three (four
phonon process) acoustic phonons are generated as the result
of the optical phonon decay (Fig. S1(c)†).12 During the
symmetrical three phonon decay, an optical phonon decay into
two phonons with equal energies and opposite moments,
whereas an optical phonon decay into three phonons with
uneven energies with the same moments in the asymmetric
three phonon decay process.33 According to the modied Kle-
mens–Hart–Aggarwal–Lax phonon decay model, the frequency
and FWHM can be tted by the following eqn (4) & (5), as shown
in Fig. S6.†
© 2021 The Author(s). Published by the Royal Society of Chemistry
wðTÞ ¼ wo þ A

�
1þ 2

expðxÞ � 1

�
þ B

�
1þ 3

expðyÞ � 1

þ 3

ðexpðyÞ � 1Þ2
�

(4)

GðTÞ ¼ Go þ C

�
1þ 2

expðxÞ � 1

�
þD

�
1þ 3

expðyÞ � 1

þ 3

ðexpðyÞ � 1Þ2
�

(5)

where x ¼ hwo/4pkBT, and y ¼ hwo/6pkBT; wo, and Go, are the
bare harmonic frequency, and bare harmonic FWHM at T¼ 0 K,
respectively, and the coefficients A, B, C, and D are anharmonic
constants. In the above equations, the rst, second and third
terms represent the bare harmonic contribution, three-phonon
anharmonic contribution and four-phonon anharmonic
contribution, respectively. The tting indicates that the
RSC Adv., 2021, 11, 24456–24465 | 24463
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symmetrical three-phonon scattering process dominates the
temperature-dependent frequency and FWHM in both direc-
tions. The symmetrical three-phonon process is most effective
below 620 K, and contributions from the four-phonon scat-
tering process become more prominent as the temperature
increases.12 Table 2 presents the t parameters. The parallel
direction shows larger values of the phonon anharmonic
constants A and C, whereas the perpendicular direction shows
smaller values. These ndings show that phonon anisotropy
causes the directional variation in thermal conductivity. This
conclusion is supported by the results regarding the phonon
lifetimes as well. The aforementioned results provide evenmore
evidence that the three-phonon process is at the core of the
anharmonicity of phonon in p-type SBT and n-type BTS
compounds. The temperature-dependent Raman peak intensi-
ties must be considered along with peak positions and peak
FWHMs to understand the phonon anharmonicity (Fig. S7†).20

It can be seen from this gure that the higher intensity values in
the perpendicular direction lead to stronger lattice vibrations.
The variation in the intensity as a function of temperature
indicates the anharmonic phonon–phonon interactions.
4. Conclusions

In conclusion, the Raman spectroscopy as a function of
temperature and laser power is applied for the estimation of
optical thermal conductivity and the phonon lifetime of both p-
type Sb1.5Bi0.5Te3 (SBT) and n-type Bi2Te2.7Se0.3 (BTS) bulk
materials prepared by the melting-quenching-hot press process.
Raman spectra are taken in both directions: parallel and
perpendicular to the pressing axis. The anisotropy in experi-
mental phonon thermal conductivity is correlated with esti-
mated optical thermal conductivity and phonon lifetime. The
temperature-dependent frequencies and FWHMs are tted
with a symmetric three-phonon scattering model. It is found
that the anharmonic constants values vary for different phonon
modes. The study found that in strong anharmonicity, the
contribution of the higher energy phonon modes E2g and A2

1g is
signicant. These ndings have provided a better under-
standing of the anisotropy in thermal properties. This study, in
addition to providing more clarity on the phonon anharmo-
nicity in both directions, showed a correlation between the
anisotropic thermal conductivity and the phonon
anharmonicity.
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