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The electronic structure near the Fermi surface determines the electrical
properties of the materials, which can be effectively tuned by external
pressure. Biy ;Sb, sTe; is a p-type thermoelectric material which holds the
record high figure of merit at room temperature. Here it is examined whether
the figure of merit of this model system can be further enhanced through
some external parameter. With the application of pressure, it is surprisingly
found that the power factor of this material exhibits 4 behavior with a high
value of 4.8 mW m~' K=2 at pressure of 1.8 GPa. Such an enhancement is
found to be driven by pressure-induced electronic topological transition,
which is revealed by multiple techniques. Together with a low thermal
conductivity of about 0.89 W m~" K=" at the same pressure, a figure of merit
of 1.6 is achieved at room temperature. The results and findings highlight the
electronic topological transition as a new route for improving the

1. Introduction

Thermoelectric (TE) technology, which can
convert heat energy into electricity and
vice versa, has attracted extensive atten-
tion due to its potential to realize environ-
mentally friendly and high-efficiency en-
ergy conversion.''* The energy conversion
efficiency of TE materials is governed by
the dimensionless figure of merit zT =
6S*T/k, where o, S, k, and T are the elec-
trical conductivity, Seebeck coefficient, ther-
mal conductivity (including the lattice ther-
mal conductivity k; and electronic ther-
mal conductivity «,), and absolute temper-
ature, respectively.*’] Excellent TE materi-

thermoelectric properties.
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als should have high ¢ and S, and low «.

The strong coupling between electrons and

phonons retards the increase of zT5. In the

past several decades, abundant works have
been progressing to further improve the TE performance
through nanostructuring,*®! band engineering,*'! optimiz-
ing carrier concentration,'>* and defect engineering,!’>-”]
etc. However, the significant improvements on the room-
temperature zT is still highly desired for the technological ap-
plications.

Bi, Te,-based alloys are well-known TE materials for solid-state
refrigeration and power generation near room temperature.!181°1
Varieties of strategies have been developed to improve their
room-temperature zTs.32027] A high room-temperature zT of
~1.2 was obtained in nanostructured Bi,,Sb, Te; due to the
intensive phonon scattering.®! By using a simple hot-forging
process on p-type Bi,sSb; s Te; to induce in-situ nanostructures
and dense defects, an enhanced zT value of more than 1.3
at room temperature was obtained.!?’! Another remarkable en-
hanced room-temperature zT value to 1.4 was realized by em-
bedding superparamagnetic Fe;O, nanoparticles in a p-type
Bi, s Sb, 5 Te; alloy due to the carrier multiple scattering for a high
S and magnetic moment fluctuation for a low lattice thermal
conductivity.!?’]

As a basic thermodynamic variable, pressure can change many
physical properties that include crystal structure, electronic, and
magnetic structure etc. without introducing impurities,!?! which
contributes to the acquirement of large zT5 at certain pressures.
Notably enhanced TE properties have been widely achieved by
imposing pressure on many TE materials.[?*35] Especially, the
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Figure 1. Temperature-dependent a) electrical conductivity (¢), b) Seebeck coefficient S, c) thermal conductivity k, d) PF (red, left panel) and zT value

(blue, right panel) of Biy 5Sb, s Tes.

pressure-driven topological phase transition in Pby 4o Cr, o, Se was
reported to give rise to a high room-temperature zT value of about
1.7 at the pressure of 3 GPa.3!l A largely enhanced power factor
by more than 100 over a wide temperature range (10-300 K) was
obtained in SnSe, which was attributed to the pressure-induced
electronic topological transition (ETT).*?! ETT is described by the
collapse or emergence of Fermi surfaces that can be induced by
external parameters, such as pressure or temperature. The oc-
curring of ETT is always accompanied by anomalies in the den-
sity of states which is anticipated to strongly affect the transport
phenomena. Since seebeck coefficient is proportional to the en-
ergy derivative of the density of states, the thermoelectric perfor-
mance of materials can be thus further tuned via the introducing
of ETT.33]

In this work, we employ the external pressure to further im-
prove the room-temperature zT of Bi,;Sb,;Te; in view of the
existence of the pressure-induced ETT in this alloy.*®3”] A high
power factor of 4.8 mW m™' K2 with a low x of 0.89 Wm™!
K-! at 1.8 GPa is achieved at room temperature. As a result, zT is
increased dramatically with pressure, reaching 1.6 at 1.8 GPa.

2. Results and Discussion

The temperature-dependent TE properties of Bi,;Sb; ;Te; were
measured from 2 to 525 K at ambient pressure and at tempera-
tures at below 300 K by using physical properties measurement
system (PPMS). A commercial system (CTA) was employed to
measure the TE parameters at high temperatures from 300 to 525
K. There is a slight deviation for the obtained TE data near 300 K
from these two methods probably due to the different gas and vac-
uum environments used. The electrical conductivity decreases
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monotonously with increasing temperature over the entire tem-
perature range, showing a metal-like behavior, as presented in
Figure 1a. The positive S indicates that the studied material is a
p-type semiconductor (Figure 1b). Additionally, the decrease in
the S at higher temperature is a result of the intrinsic excitations.
Figure 1c shows the temperature-dependent k. The k increases
first and then decreases with temperature because a grain bound-
ary scattering dominates at T < 100 K followed by a three-phonon
scattering via the umklapp process.>3%38] This typical behavior
was also observed in other TE materials, for example, PbSe,3!]
Bi,Se;,[*) and PdS.[*"! The « increases with increasing temper-
ature when the material is heated above 300 K, which is mainly
related to the intrinsic excitations at high temperatures. As a re-
sult, a maximum power factor of 3.1 mW m~! K=2 and a zTvalue
of 1.0 were obtained at 300 K for Bi, ;Sb, ;Te, (Figure 1d).
Since the crystal and electronic structure of the materials are
easy to be modified by the applied pressure, we investigated the
structural behavior of Biy;Sb, ;Te; at different pressures. Fig-
ure 2a presents the room-temperature X-ray diffraction (XRD) of
Bi, ;Sb, s Te; at different pressures (see the XRD at 1 atm in Ex-
tended Data Figure S3, Supporting Information) and the Rietveld
refinements of the collected XRD patterns at 2.3 GPa with a lat-
tice parameter a = 4.2106 (0.0006) A and ¢ = 29.6032 (0.0125)
A. At ambient condition, the Bij;Sb, sTe, alloy crystallizes in a
rhombohedral structure with space group R3m, and this initial
structure can be maintained up to 10.3 GPa and then enters the
C2/m phase,[*1*?] which is consistent with the observed Raman
spectra (Figure 3a). However, the C2/m phase is metallic and sup-
posed to exhibit unsatisfactory TE performance. Therefore, we fo-
cus on the study of TE performance of the first phase. Based on
the Rietveld refinement of XRD patterns, we calculated the lattice

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 2. High-pressure structural properties of Biy ;Sb; sTe; at room temperature. a) X-ray diffraction patterns at various pressures up to 10.3 GPa.
The lower panel shows the Rietveld refinement of XRD pattern at pressure of 2.3 GPa. Pressure-dependent lattice parameter b) g, ¢) ¢, d) axial ratio ¢/a,

and e) volume.

parameters and volume as a function of pressure, as shown in
Figure 2b- e. The lattice parameters along the a and ¢ axes grad-
ually decrease with increasing pressure, indicating the shrinkage
of the lattice and resulting in the reduced volume (Figure 2e).
However, the c/a ratio decreases first and then increases with
increasing pressure, reaching a minimum near 1.8 GPa. Mean-
while, the volume of the unit cell exhibits no discontinuity, as
shown in Figure 2e. This abnormal behavior was also reported in
Bi, Te,,[**] Bi, Se,,[*l and Sb, Te,,[**%] and resulted from a change
in the compressibility due to the existence of the ETT or Lifshitz
transition.[334]

The pressure-dependent Raman spectra are shown in Fig-
ure 3a. The obvious phase transition occurs at pressure around 10
GPa, consistent with the XRD results. Three Raman-active zone-
center phonon modes including one transverse (E,) and two lon-
gitudinal (A,;) modes are observed. Figure 3b- d show the vibra-
tion mode of three Raman-active modes. The lowest-frequency
mode E!, which also belongs to the R3m phase is absent, as in-
dicated in the previous Raman scattering measurements.!*!*’]
Figure 3e,f show respectively the frequency (left panel) and full
width at half maximum (right panel) of the Raman mode of A}g,
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E;, and Aig by Lorentz fitting. All of the peaks harden with in-
creasing pressure. The different pressure coefficient (the slopes
of pressure-dependent frequency curves, see dashed lines in Fig-
ure 3e,f) of three modes below and above 1.8 GPa is probably due
to the existence of ETT, which has been proved in Bi,Te,-based
alloys.[*14648] Furthermore, the pressure-dependent full width at
half maximum of the three modes also exhibits anomalous be-
haviors around 1.8 GPa.[*1*] Therefore, our Raman finding to-
gether with XRD results gives support to the observation of the
ETT around 1.8 GPa in Bi;;Sb, s Te,.

Figure 4 shows the pressure-dependent electrical properties of
Bi, Sb, s Te,. As shown in Figure 4a, the room-temperature elec-
trical resistivity decreases sharply with increasing pressure until
~1.8 GPa, and then decreases slowly. Since there is no structural
transition ~1.8 GPa (Figure 2a), the abnormal trend ~1.8 GPa
is probably related to the ETT, which has also been confirmed
by first-principles calculations.[3*%] The ambient-pressure p of
Bi;sSb,sTe; is 17 uQm, and it decreases to 3.9 uQm at 5
GPa probably due to the decreased band gap with increasing
pressure.3®% The decreased band gap leads to the increase in
the Hall carrier concentration (ny), as can be seen in Figure 4b.

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 3. High-pressure vibrational properties of Biy 5Sb s Te; at room temperature. a) Raman scattering spectra at various pressure up to 11.0 GPa.
The vibration directions of the atoms are drawn for b) A}g, 9] E;, and d) A%g. Pressure-dependent frequency (red, left panel) and FWHM (blue, right

panel) of the phonon mode for e) A1g, f) Eé, g) and Afg. The dashed line is the fitting to the experimental data to give the pressure coefficient of each

mode.

The ny, increases from 2.53 x 10 cm™ at 0.2 GPato 5.20 x 10%°
cm™ at 4.85 GPa. Figure 4c presents the pressure-dependent S
of Bi, s Sb; s Te;. The S in the whole pressure range is positive, in-
dicating p-type conduction. With increasing pressure, the S grad-
ually decreases from 233.5 uV K™ at 0 GPato 112 uV K !at5
GPa with a platform around 1.8 GPa. According to the equation

21,2
_87rkB .7

2273
3eh2 ¢ 3n)

1)

where k; is the Boltzmann constant, e is the carrier charge, n
is the carrier concentration, h is the Planck constant, and m is
the density of states effective mass. The larger m leads to the
larger S. The m; was calculated based on the single parabolic
band model (The calculation details are given in the Note S3,
Supporting Information) and presented in Figure 4d. The m}, in-
creases with increasing pressure at 1-2 GPa, which contributes
to the enhanced S in spite of the increased ny (Figure 4b). The
change of the S with external pressure is the typical feature ex-
pected of the ETT.[3>°%] Since the S are proportional to the deriva-
tive of the density of states at the Fermi level, it is strongly af-

fected by the ETT. The ETT is beneficial to improve both the S and

Adv. Sci. 2022, 2105709

2105709 (4 of 8)

o because it can increase the number of valleys in the Brillouin
zone.3231 With increasing pressure, the Hall mobility increases
from 190 to 301 cm? V! s7! (Figure 4e). Figure 4f shows the
pressure-dependent power factor of Bi,;Sb, s Te;. The ambient-
pressure power factor is 3.1 mW m~! K72, and itincreases to 5.1
mW m~! K2 at around 2.4 GPa and exhibits a 1 behavior.

Figure 5 presents the pressure-dependent total x of
Bi,sSb, sTe;. The high-pressure x was measured using the
Raman scattering method by changing the temperature and
laser power (Extended Data Figure S4, Supporting Information).
Because of the coupling of the related phonons and electrons,
the frequency of Raman modes always varies with temperature.
Therefore, the laser-induced local temperature rise can be read
indirectly by the Raman shift. Within the ideal heat diffusion
model, the k can be expressed asl?%31345253]

W
"oxr AT

2)

where W is the laser power, 7 is the absorption coefficient of the
laser power, 1, is the width of the laser beam on the sample, AT'is
the temperature difference between the laser spot and the sam-

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 4. Pressure-dependent a) electrical resistivity (p), b) Hall carrier concentration (ny), c) Seebeck coefficient (S), d) density of states effective mass
(m?}/m), ) Hall mobility (uy), and f) PF of Big5Sby 5Tes. The red dot is measured by CTA at ambient pressure. The inset in (a) shows the electrical
transport measurements with daphne oil 7373 as pressure transmitting medium, and the inset in (c) displays the Seebeck coefficient measurements
with NaCl as pressure transmitting medium. The error bars correspond to the uncertainties of the measured data.
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Figure 5. High-pressure thermal conductivity of Biy5SbysTe; at room
temperature. (Insert: the schematic diagram for thermal conductivity mea-
surement) The red dots indicate the data at ambient pressure measured
by LFA. The error bars correspond to the uncertainties of the measured
data.
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ple edge. The temperature (or laser power) dependence of the
phonon modes can be written as y;=(wr-w,)/AT and y,=(w,-
®,)/Aw, where y; is the first-order temperature (or laser power)
coefficient, Aw is the phonon frequency shift due to the variation
of temperature or laser power. Thus, k can be written as

XT
K =n——v 3
27T X Gl

Here, 7 is assumed to be insensitive to pressure and can be
estimated from the comparison of the value of the ambient pres-
sure determined by an independent technique such as laser flash
technique. This assumption will not affect the studied trend with
pressure. Our results display that the « slightly declines with in-
creasing pressure at 0-1.8 GPa, and then increases sharply upon
further compression. A low k is obtained around 0.89 W m~! K~!
at 1.8 GPa. This slight reduction may be related to the enhanced
effective phonon scattering by the lattice distortion in the vicinity
of the ETT.

The pressure dependence of zT of Bi,;Sb, ;Te; at room tem-
perature is shown in Figure 6a. Benefiting from the enhanced
power factor due to the existence of ETT and slightly reduced «
at~1.8 GPa, the zT'is significantly enhanced from 1.0 at ambient

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Big 5 Sby s Te; materials.[8:201 [22,25-27] [54-56]

pressure to 1.6 at 1.8 GPa. An increase of ~#60 % for zT at room
temperature is realized in this p-type model thermoelectric mate-
rial just through lattice contraction. To better highlight the advan-
tages, we have compared our result with the representative p-type
BiysSb, sTe; materials are shown in Figure 6b.[320:22:25-27.5456]
Clearly, the zT value of our Bi,Sb, ;Te; material at 300 K out-
performs almost all the best reported materials and is compara-
ble even to the best reported by Kim et al.??"l The pressure-driven
ETT turns out to be an effective way to tune the electronic struc-
ture for the improved TE properties while maintaining the same
crystal structure.

3. Conclusion

In summary, thermoelectric properties of p-type Bi,sSb, sTe, al-
loy have been investigated at high pressures. By tuning the ex-
ternal pressure, we have obtained a room-temperature record
high zT of 1.6 at the pressure of 1.8 GPa. The pressure-driven
electronic topological transition is proposed to account for such
an enhancement. High-pressure in situ measurements of X-ray
diffraction, Raman scattering, electrical transport properties at
different pressures support the occurrence of electronic topo-
logical transition. The present results demonstrate that driving
the compounds to enter the electronic topological transition con-
ditions is a new guide for further improving the thermoelec-
tric properties.

4. Experimental Section

Sample Preparation: The Big sSby sTe; sample was prepared by melt-
ing, ball milling, and hot pressing. Elements of bismuth (Bi, 99.999%,
shots), antimony (Sb, 99.999%, shots), and tellurium (Te, 99.999%, shots)
were weighed according to the nominal composition, sealed into a quartz
tube at 107> Pa, and then melted for 10 h in a box furnace at 1023 K. The
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obtained ingot was cleaned and ground into powder by ball milling (SPEX
8000M) for 4 h. The obtained powder was loaded into a graphite die with
an inner diameter of 12.7 mm and consolidated at 723 K for 2 min by a
direct current-induced hot pressing under an axial pressure of 50 MPa.

Structural Characterization: The ambient-pressure crystal structure
was determined by XRD on a Rigaku diffractometer (Rigaku D/max 2500
PC) with a Cu Ka radiation source. For the high-pressure structural study,
synchrotron XRD patterns were collected at the GeoSoilEnviroCARS (Ad-
vanced Photon Source, Argonne National Laboratory, USA) with the wave-
length of 0.3100 A. Neon was loaded together with the sample to serve
as the pressure transmitting medium. The Fit2D softwarel>’] was used to
convert the obtained 2D XRD data to the 1D profile. These XRD data were
further analyzed through the Rietveld refinement with the GSAS program
package.[*®] The microstructures were investigated by a scanning electron
microscope (Phenom pro). The grain size was decreased to less than 1
um by ball milling to weaken the anisotropy (Extended Data Figure ST,
Supporting Information).

Ambient-Pressure Thermoelectric Properties Characterization: The elec-
trical resistivity (p) and S at 300-525 K were simultaneously measured on
a commercial system (CTA-3). The k was calculated by x = DaC, where
D is the volumetric density determined by the Archimedes method, « is
the thermal diffusivity obtained by a laser flash apparatus (Netzsch; LFA
457), and C, is the specific heat taken from the previous report.[>°] The p,
S, and k at 2-300 K were measured in a thermal transport option (TTO)
setup using a PPMS by Quantum Design.

High-Pressure Thermoelectric Properties Characterization: The sample
was mounted in a nonmagnetic diamond anvil cell made of Cu—Be alloy
at various interesting pressures. The p and Hall effect were measured on
a PPMS based on the standard four-probe technique. Daphne oil 7373
was loaded into the sample chamber to provide the pressure transmitting
medium. The van der Pauw methodI(®°] was used to determine the resis-
tivity, conductivity, and ny. The high-pressure S was measured based on
the definition S = —AV/AT (Extended Data Figure S2, Supporting Infor-
mation) with AV being of thermoelectric voltage and AT being of tem-
perature gradient. The K-type thermocouple was selected to measure the
temperature gradient between the hot side and the cold side. Meanwhile,
the thermoelectric voltage was collected by a digital nanovoltmeter (218-A-
5900, Keithley). The k was measured using the Raman scattering method
by changing the temperature and laser power.

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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High-Pressure Raman Scattering Measurements: Raman spectra were
measured using a single-stage spectrograph equipped with an array ther-
moelectrically cooled charge-coupled device (CCD) detector. The 488 nm
excitation was used on the sample. The scattered light was dispersed by
an 1800 groves mm™! grating and collected by a CCD resulting in a spec-
tral resolution of 1cm™'. In order to avoid the potential over-heating or
oxidation of the samples, the highest laser power of 2.8 mW was set for
the measurements. Neon was again used as the transmitting medium to
create the same pressure environments for comparisons. In all the above
high-pressure experiments, the fluorescence spectra of the ruby were col-
lected near room temperature to calibrate the pressure level.[]

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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