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Abstract

4

Pressure is a fundamental thermodynamic variable that can create exotic materials and
modulate transport properties, motivating prosperous progressiin multiple fields. As for
inorganic thermoelectric materials, pressure is an indispensable condition during a
preparation process, which is employed to compress raw:poewders into the specific shape of
solid-state materials for performing properties characterization. In-addition to this function,
the extra influence of pressure on thermoelectric performance.is frequently underestimated
and even overlooked. In this review, we summarize recent progress and achievements of
pressure-induced structure and performance in.thermoelectrics, emphatically involving the
modulation of pressure on crystal structure, electrical transport properties, microstructure, and
thermal conductivity. According to various studies, the modulated mechanism of pressure on
these items above has been discussed in detail,\and the perspectives and strategies have been
proposed with respect to applying pressure to improve thermoelectric performance. Overall,
the purpose of the review is supposed to enrich the understanding of the mechanisms in
pressure-induced transport properties and provide a guidance to rationally design a structural

pattern to improve thermoelectric.performance.

Keywords: pressure, thermoelectric, crystal structure, microstructure, transport properties

1. Introduction

Energy is a_powerful driving force to the development of
human civilization. Classical fossil energy as a major resource

t These authors contributed equally to this work.

* Author to whom any correspondence should be addressed.

XXXX-XXXX/ XX/ XXXXXX

has been exploited excessively for a long time, subsequently
leading to a negative reaction such as seriously environmental
pollution and energy crisis. Alternative energy sources are
urgently demanded to be explored in order to modify the stress

© xxxx IOP Publishing Ltd
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of fossil energy in the sustainable development of society. In
this context, thermoelectric technology symbolizes a solid-
state energy conversion model, which is capable of directly
converting heat into electricity and vice versa and has attracted
extensive attention in sustainable energy fields [1-5]. The
thermoelectric devices, which consists of thermoelectric
materials, perform significant advantages such as eco-
friendly, reliable performance, long-service period, etc [6-8].
However, a low conversion efficiency remains a giant
challenge against thermoelectric devices stepping into
commercial markets [9]. For this reason, sustained efforts are
devoted to improving thermoelectric performance of materials
and rationally designing thermoelectric devices in order to
boost the widespread application in thermoelectrics [10].
Compared to the design of thermoelectric devices, a high
conversion efficiency is extremely dependent upon an
improvement in thermoelectric performance, which plays a
vital role for the devices. Therefore, the enhancement in
performance of existing thermoelectric materials and the
exploration of potentially high-performance thermoelectric
materials remain dominant subjects in thermoelectrics.

To estimate the thermoelectric performance, a
dimensionless figure of merit, zT, is defined as the formula of
ZT = S%T/x, where S is the Seebeck coefficient, o is the
electrical conductivity, T is the Kelvin temperature, and « is
the total thermal conductivity consisting of electronic (xeke)
and lattice (xar) contributions [11, 12]. The S? represents the
electrical transport properties, is called as the power factor
(PF), and is recognized as a crucial indicator capable of
applying to the power generation. A superior zT_value is
achieved required to a distinguished electrical” transport
properties coexistent with an inferior total thermal
conductivity. However, S, o, xee, and xia are. interdependent
due to the electron-phonon coupling, leading to.an extreme
difficulty in the improvement of thermoelectric"performance
[13]. Alternative strategies, such as band engineering [14,15],
phonon anharmonicity [16-18], multiscale d{ects [19, 20],
etc., have been confirmed that could properly decouple the
electron-phonon  transport  improving/  thérmoelectric
performance in the materials ©ver the last decade. These
strategies are generally achieved by,optimizing composition
and temperature in the matrix,~whose essences are identified
as the influence of structural modification on thermoelectric
transport properties [21]. dtris evident that the physical and
chemical properties of materials are strongly dependent on the
crystal structure [22]. Pressurep,. as a fundamental
thermodynamic variable, can directly madify crystal structure
influencing atomic'sites, interatomic electrostatic interactions,
electronic orbitals, and chemical bonding [23-26], even in the
case when the \stoichiometry and temperature remain
unchanged[27], which-implies that thermoelectric transport
parameters could be manipulated through applying pressure.
Unfortunately, pressure is frequently underestimated and even

overlooked in the preparation and performance of materials,
despite in-situ high-pressure technology has exhibited
fantastic effects on microscopic structure and transport
properties in various thermoelectric materials,(Table 1) [28-
36]. We could make pressure incorporate ‘into other
thermodynamic variables, if pressure is .considered, as» a
conventional variable. This will build a brand-new three-
dimensional (3D) space, as shown in Figure 1, consequently
extending the investigation and exploration of thermoelectric
materials. For the 3D space compared,to the conventional
modulation (i.e. composition and temperature), it might get an
opportunity to truly mitigate the electron-phonen coupling and
extremely boost thermoelectric performance. In addition to
the improvement in thermoelectric sproperties of existing
materials, pressure can create exotic materials via introducing
structural phase transitions as well'[37], which offer a platform
for exploring potentially.<high-performance thermoelectric
materials [38-41].

In this review, we, summarize recent progress and
achievements.of pressure-induced structure and performance
in thermoelectrics, and elaborate intrinsic mechanisms with
respect to the modulation of pressure on thermoelectric
transport. properties. \Based on the conceptions, the major
contents. would emphatically discuss four subjects as follows:
First, the crystal gtructure influenced by pressure is elaborated
in'section 2..Meanwhile, it is clarified further that the phase
transition caused by pressure contributes to thermoelectric
properties. Secondly, we conclude the influence of pressure on
the electrical transport properties in section 3, revealing the
variations of band structure and electronic structure due to
pressure. Additionally, the microstructural imperfections
correlated with pressure are summarized in section 4,
suggesting that pressure can effectively manipulate
microstructural evolution. Finally, section 5 is focused on a
discussion of the relationship between pressure and thermal
conductivity, particularly in lattice thermal conductivity (the
contribution of pressure to the scattering mechanisms of
phonons). On the basis of the summaries, an outlook is
suggested that is to rationally employ pressure improving
thermoelectric performance, the review furthermore enriches
the understanding and conception of transport mechanisms
and provides a bright strategy for thermoelectric
investigations.

2. Crystal structure & pressure

The crystal structure is a basic cell that determines the
transport properties of electrons and phonons, consequently
influencing the thermoelectric performance of materials. The
structural  transformations, basically involving phase
transition, cell volume, lattice parameters, and orientation,
could be triggered by fundamental thermodynamic variables
and are a major approach to improve thermoelectric transport
properties. During a process of pressure performing a physical

Page 2 of 16



Page3of 16

oNOYTULT D WN =

Journal XX (XXXX) XXXXXX

AUTHOR SUBMITTED MANUSCRIPT - JPhysD-132722.R1

Author et al

pressure (GP3)

SnSe

s U

94980

BiCuSeO

Figure 1. Schematic diagram of 3D unexplored space for thermoelectric materials, it is constituted by fundamental thermodynamic variables

including pressure, temperature, and chemical compositions.

Table 1. The improved transport properties caused by pressure in various thermoelectric materials.

Materials Type SwV/K)  Sp(uV/K)  Rate (%) o (108S/m)y op (10°S/m) Rate (%) Ref.
AgzTe n -0.14 -39.01 +28143.36 935.22 1828.55 +195.52 [28]

BiSh 2 n -- -- -- 593,28 2015.40 +339.70 [29]
BaBiTes p 201.12 319.20 +158:71 9.96 114.90 +1154.18 [30]
BiCuSeO p -- -- - 1.03 1.46 +142.13 [31]
a-CuzSe p 56.32 68.45 +121.54% 719.42 847.46 +117.80 [32]
Sbi1.sBiosTes n -221.09 -317.19 +143.46 9.95 3354 +336.892 [30]
SnSe p -- -- - 0.0021 23.95 +1156602.29 [34]
PbTe® p -- -- -- 119 3658.02 +30729.58 [33]
PbTe® p/n 247.52 -236.28 - 0.58 1.58 +275.21 [30]

PbTe n -116.35 -160.51 +137.95 0.51 2.51 +490.50 [30]
Pbo.ssTeo.as © p/n 136.06 -221.46 -- 0.51 1.58 +308.10 [30]
Pbo.393SN0.157 T€0.45 p -- -- - 0.76 1.86 +246.58 [30]
Ti203 n -15.63 -39.21 +250.92 1.00 3.53 +350.94 [36]
Ndo.45Ce2 55-PtsSha p 84.77 \91.24 +343.58 93.7 164.13 +175.14 [35]

S and ¢ are initial transport properties of materials at ambient condition or low pressure; Spand op are improved transport properties under
high pressure (~GPa). @ With increasing pressure, the carrier concentration of BiSb increases by 88 %, the carrier mobility meanwhile
increases from 0.34x10% to 3.64x10% cm2V-1S%; B The thermal conductivity of PbTe decreases from 2.3 to 1.58 W/m/K with increasing

pressure; ¢ The conduction types are changed under pressure (~GPa).

compression on substances with unchanged composition and
temperature, numerous materials show,a structural evolution
[42, 43]. In view of«pressure-induced evolution, it is
summarized as follows; Thestructural.deformation, involving
lattice parameters and lattice distortion, is supposed to be an
initial response owing to the.gentle shifting of atomic sites
caused by pressure. An extreme case, i.e. phase transition,
would be introduced by continually elevating pressure to a
higher magnitude. Thersatomic sites are modified radically,
thus leading to the destruction and reorganization of
interatomic_bonding and generating a metastable or stable

structural configuration [44-47]. Such variations immediately
motivate the changes in interatomic electrostatic interactions,
electronic orbitals, and chemical bonding, which are
responsible for the transport behaviors of electrons and
phonons. For this reason, it is concluded that pressure is an
effective tool to tune the electrical and thermal transport
properties, promisingly realizing an enhancement in the zT
value of thermoelectric materials.

In consideration of previous studies, we rationally divided
the influence of pressure on crystal structure into three
branches, those are lattice parameters, distortion, and phase
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Figure 2. (A) Rietveld refinement were performed using XRD data of BiCuSeO synthesized at 0.8 and 4 GPa to achieve corresponding lattice
parameters [48]. (B) The structural configurations of SnSe induced by pressure/{[49].(C)»XRD patterns of SnSe under different pressures
corresponding to D [50]. (D) The transformation of the conductive behavior with increasing pressure in SnSe [50]; The strengthened (00I)
orientation of BiCuSeO (E) and BizTes (F) caused by the application of pressure [51,/52].

transition. It is evident that interatomic spacing in crystals can
be compressed under high pressure, leading to a reduction in
lattice parameters (a, b, ¢) and in turn a shrinkage happened.in
cell volume [53], particularly for the in-situ high-pressure
technology[47, 54, 55]. Besides, a lattice shrinkage was
observed in materials after employing the high-pressure and
high-temperature (HPHT) method as well, which-was.ascribed
to a rapidly high-pressure quenching (HPHT process) freezing
decreased lattice parameters to ambient conditions[56-58].
For instance, the Rietveld refinement of XRD..data of
BiCuSeO prepared via HPHT indicated that lattice/parameters
(a, c) showed a slight decrease with increasing synthesis
pressure from 0.8 to 4 GPa (Figure.2A) [48]=The analogous
cases are observed frequently in BisTes, PbTe, SiGe, etc.,
indicating that HPHT, similar to, in-situ high-pressure
technology, could decrease ' lattice parameters by applying
pressure accompanied by.quenching treatment [59-61]. The
application of pressure forces atomic movements in the

direction of the (ﬁ, K, f) vector, consequently influencing
lattice parameterssrand atomic interaction. Compared to
pristine axial orientation, the compression of interatomic
spacing gives rise to the lattice distortion in the structural
framework,«which isyrecognized as a contribution on the
reduction/of latticesthermal conductivity [62]. With further
increasing pressure, the crystal structure is going to be a phase
transition accompanied by the destruction and reconstruction

ofiinteratomic chemical bonds, which is identified as another
evolution stage in the structural transformation, showing a
new structural configuration and fresh transport properties
[37]. Recently, SnSe-based alloys have attracted extreme
attention as the state-of-the-art thermoelectric materials [63].
An investigation indicated that SnSe possessed an intrinsic
orthorhombic structure, while it would undergo a phase
transition from Pnma to Cmcm phases under pressure (Figure
2B) [49, 64, 65]. Compared to Pnma phase, pressure-induced
Cmcm phase presents a higher structural symmetry [17],
which can give rise to a reduction of the deformation potential
(£) in SnSe. Such decreased = is a symbol of mitigating the
electron-phonon  coupling [50] and beneficial to
synergistically improve the electrical and thermal transport
properties, enhancing the thermoelectric performance of
SnSe-Cmcm. Moreover, the carrier concentration and
mobility increase drastically in SnSe, when pressure is beyond
12GPa. A significant decrease in electrical resistivity is
motivated, as can be seen in Figure 2C,D [50], which
originates from a transformation in the conductive behavior
from semiconductor to semimetal (or metal), its essential
reason is a pressure-driven structural transition from an
orthorhombic to a monoclinic system [66]. Given these cases,
one can be told that the transport behavior is extremely
dependent on spatially structural configurations. The solid
evidences have confirmed that pressure is an effective and

Page 4 of 16
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feasible strategy to manipulate lattice parameters, disorder,
dislocation, and phase transition, therefore driving fantastic
transport properties. In other words, the thermoelectric
transport properties could be modulated by the influence of
high pressure on structural transformation. Furthermore, the
application of pressure introduces an evident strengthening in
the crystalline orientation, this phenomenon has been
observed in lots of materials prepared under pressure [67, 68].
It can be imagined reasonably that the introduction of pressure
shrinks interatomic spacing and strengthens binding energy
among the atoms [69], consequently attracting abundant
atoms to be arranged along with pressure direction during the
preparation process. For this reason, the pressure-driven atoms
are stacked periodically constructing specific crystal planes,
which are arranged in the same direction finally forming the
preferred orientation. Such orientated growth correlated with
pressure has been observed and readily occurred in layered
structural materials.  Particularly, the pressure-driven
orientation follows the growth of the (00I) planes (Figure.
2E,F) [51, 52], which is primarily attributed to the van der
Waals forces in c-axis that are influenced by applied pressure,
leading to the aggregation of atoms to form the (00I) planes.
With regard to optimized crystalline orientation in layered
thermoelectric materials, the electrical transport properties,
particularly for carrier mobility, are generally boosted, thus

achieving an improvement in thermoelectric performance [70].

3. Electrical transport properties influenced by
pressure

The electrical transport properties are consideredas,the
macroscopic  performances of complicated electronic
behaviors, and its nature is a response corresponding to the
interaction among free electrons, consequently. leading to a
variation in band/electronic structure and in turn influencing
the Seebeck coefficient (S) and electrical conductivity (o) of
thermoelectric materials. The power factor (PF) is a direct
characterization reflecting the electrical transport properties of
thermoelectric materials, as determined by PF =<S%. Long-
term efforts found that some, strategies’ could’ effectively
improve the electrical transport properties; such as band
convergence [71, 72], band alignment [73, 74], resonant level
effect [75, 76], energy filtering effect.[77, 78], etc. With the
development of high-pressure technology, recent studies
indicate that pressure, as.a thermodynamic variable, is a
unique approach to optimize the electrical transport behaviors,
which has been proved in‘various thermoelectric materials
involving SnSe-based ‘alloys [79], PbTe-based alloys [80],
Bi,Tes-based allays [81], BiCuSeO-based alloys [82], etc.

3.1. Seebeck:coefficient

Seebeck coefficient is a crucial parameter in the electrical
transport properties and is defined readily on the basis of the
single parabolic band (SPB) model as below [83]:

8m2k3T , (1w \2/3

S= 39&5 Mq (E) (1)
where kg is the Boltzmann constant, 7 is, the Planck’s
constant, my is the density-of-state effective massy.and'n is
the carrier concentration. The formulayindicates ‘that the
Seebeck coefficient is determined primarily by tunable m
and n, which are strongly associated with the electronic and
band structures. Inspiringly, the application of pressure can
motivate a variation in the<electronic ‘structure, more
specifically involving the conduction/valence bands, band
convergence, band dispersion, etc., realizing a manipulation
of the effective mass near the Fermi level. This actually means
that the application of pressure pQJvides a promising approach
to the modulation of the Seebeck coefficient. According to the
report of Li et al., Al-doped MgzSi prepared by spark plasma
sintering showed that, a spressure could modulate the
conduction band minimum (CBM), triggering band
convergence _in the,CBM and then motivating a greater m
(Figure 3A,B). A triple degeneracy in the CBM was obtained
at 3 GPa and “accompanied by a maximum mj in
Mg1.97Al0.03Si, which was favorable for the improvement of
the Seebeck.coefficient [84]. The analogous studies suggested
that. the electronic structure of degenerate n-type Bi»S3
materials showed evident dependency on pressure. The m;
increases initially with increasing pressure up to 7.2 GPa,
consequently resulting in an enhancement in the Seebeck
coefficient, while the m}; turns to degenerate when pressure is
beyond 7.2 GPa, in contrast to the former, which results in an
opposite effect on the Seebeck coefficient. Besides, Zhao et al.
predicted a change in the electronic structure of Bi.Tes under
pressure of 0 ~ 6 GPa based on the first-principle calculations
and Boltzmann transport theory [85]. The results suggested
that the my; increased sustainability as pressure went up. An
anomalous variation appeared at 3 GPa in the Seebeck
coefficient, which was attributed to extraordinary m;; caused
by a change in band dispersion at v; and v,. In addition, the
bandgap is an essential factor in band structure and considered
to possess a tight affiliation with carrier concentration, as
shown in the formula below.

n= (Nc- Nv)selzir! @)
where n is the carrier concentration, Eg is the bandgap, k is the
Boltzmann constant, T is the temperature, Nc and Nv is the
degeneracy of conduction/valence bands near the Fermi level,
respectively. Combining the equ. (1) and (2), it readily
concludes that a rational broadening of the bandgap is
beneficial to the Seebeck coefficient. Fortunately, the change
of the bandgap has been confirmed that could be manipulated
via applying pressure [86-89], which implies that pressure
could be employed to tune the Seebeck coefficient through the
bandgap. Considering the role of pressure on the band
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Figure 3. (A) Band structures of the MgesAlSis2: Evolution of band structures with increasing, pressure, the distance between the blue band
and VBM increases as the pressure increase, Fermi level is set to 0 eV [84]. (B) Pisarenko plot (S~n) at room temperature of Mgz1.97Al0.03Si
samples synthesized under different pressures [84]. (C) Band structures of LaPtBiunder.0 and 34.6 GPa. The Fermi level is set at 0 eV [90].
(D) The calculated band structure of CoSbs at 0 and 20 GPa. The bandgaps for 0.and:20 GPa are 0.189 eV and 0.514 eV, respectively. The
direct band semiconductor of CoSbs meanwhile changes to indirect band semiconductor due to pressure [62]. (E) Pressure dependent Seebeck

coefficient (S) of CoShs at room temperature [62].

structure, the half-Heusler compounds, i.e. LaPtBi, exhibited
a variation in bandgap from a direct to an indirect gap due to
pressure, leading to an increase in the Seebeck coefficient
owing to the broadening of bandgap (Figure 3C), [90].
Similarly, CoShs; showed a transformation in bandgap with
pressure from 0 to 20 GPa as that of LaPtBi,[62, 91]. The
mechanism has been elaborated by Wu et al [62],:that is, the
intensity of the electronic coupling and Aybridization is
strengthened gradually as the pressure increases, which makes
the valence and conduction bands diffuse.”As can be seen
obviously in Figure 3D,E, with an in¢rease/of pressure, the
high-energy valence bands broaden ‘significantly and the
conduction bands widen slightly away fromsthe Fermi level,
leading to an increase in bandgap of CoSbs; and a sharp
increase in the Seebeck coefficient. In.contrast to a broadening
of the bandgap induced by pressure, a reduction in the
bandgap, which was achieved from an'indirect to direct gap,
was observed at 50 GPa in LiScGe alloys [92]. The finding
suggests that the VBM and . CBM¢approach to each other with
pressure, the VBM transfers to a higher energy level, the CBM
however shifts to a lower energy level. For the V,VIs-based
thermoelectric materials with an intrinsic indirect gap, such as
Bi;Tes, Sh,Tes,  BiSbTes, Bi,Te;Se, etc, the BoltzTraP
calculations predict a sequential decrease in the bandgaps with
increasing pressure [93]. In the study of Bi>Tes alloys, the
pressure-induced bandgap shows an evident reduction, which

isiconsistent with the prior prediction and triggers the transport
of ‘bipolar carriers, consequently degenerating the Seebeck
coefficient in p-type Bi,Tes. However, although n-type Bi,Tes
exhibits a bipolar transport under high pressure, it remains to
be expected to grab a higher Seebeck coefficient due to an
increased DOS in the conduction bands [93]. Based on the
mentioned above, applying pressure to tune the Seebeck
coefficient should pay attention to the threshold of applied
pressure and the bandgap property. These will influence the
modulated results of pressure on the Seebeck coefficient. Such
a diversity in the Seebeck coefficient vs. pressure may
originate from the atomic sites, interatomic bonding,
electronic orbitals, and electronegativity in various
thermoelectric materials [31, 94]. The views remind us that it
is an effective pathway to rationally employ pressure
improving the Seebeck coefficient.

3.2 Electrical conductivity

Electrical conductivity is another critical parameter in the
electrical transport properties. Impurity doping is a regular and
effective strategy to improve the electrical conductivity of
semiconductor materials, which is attributed to the influence
of dopants on carrier concentration and electronic structure.
The antisite defects or vacancies would be incorporated into
the matrix as the impurity doping is performed, its function is
to optimize carrier concentration in order to improve the
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electrical conductivity. In addition to doping, pressure can
produce mechanical deformation introducing the charged
defects (antisite defect and vacancy) into the matrix, such
cases are ordinarily accompanied by a manipulation of the
carrier concentration. In the studies of Bi,Tes-based alloys, the
findings suggest that the carrier concentration is strongly
associated with the point defects including Biz,, Vg;', and V7,
, which are responsible for supplying extra carriers [95]. The
mechanical deformation formed by a high-strength
compression is a typical case that incorporates various charged
defects, which give rise to the donor-like effect influencing the
carrier concentration in Bi>Tes-based alloys, as described in
the following equ. [96, 97].

2Vgi + 3V5e + Bit, = Vgi' + Bip; + 4V7, + 6€’
it indicates that each equation offers six additional electrons
as an important source of carriers, which not only can achieve
a transition from p- to n-type conductive behavior (Figure 4A),
but also can increase the electrical conductivity substantially
in n-type Bi,Tes-based alloys [98]. Likewise, the electron
concentration of as-melted p-type Bi,Te,Se; alloys was
described approximately, as shown in the following
relationship:

e ~ 2Vs, + 2V5, — Big, — Bip, = 0

which suggests that no extra electrons are supplied due to the
annihilation of hole and electron carriers from antisite defects
(Big,, Bir,) and vacancies (Vs;, Vr.), respectively. However,
the electrical conductivity will present an obvious reduction
and even a transition in the conductive behavior from p- to'n-
type in the Bi;Te,Ser compounds, when the Bi,TesxSex
system is compressed introducing extra point defects. The
result is attributed to the contribution of the donor-like effect
caused by pressure-induced point defects [99].

On the other hand, the band engineering,is available for
tuning the carriers to improve the electrical conduectivity [100-
102]. As we mentioned in the former, i.e. pressure vs, Seebeck
coefficient, the band engineering can be performed through
applying pressure, which imply that the carrier concentration
and mobility present a dependency on pressure. Thearetically,
a first-principles study illustrates that the degeneracy of
valence bands increases at Z-L4Z-nin r-GeTe, when applied
pressure increases to 5 GPa (Figure 4B,C). The m}; decreases
significantly owing to a pressure of,5 GPa, and the
degenerated valleys have @ positive, contribution to the
transport of electrons. The \decreased mj together with
degenerated valleys, which both..originate from applied
pressure, is favorable for improving carrier mobility, boosting
an enhancement in the electrical conductivity (Figure 4D,E)
[103]. Besides, the analogous case, that is increased carrier
concentration caused by pressure-induced band degeneracy,
was observed in"Mg,Sn, which gives rise to an enhancement
in the electrical “conductivity [104]. Considering the
modulation of pressure on carrier mobility, the studies found
that the application of pressure realized a conversion between

the heavy and light bands in the electronic structure of SiTrO3
(Figure 4F), which was ascribed to a pressure-induced
structural transformation driving a subtle rearrangement of
electrons. As a result, the carrier mobility wassraised by ~ 300
% compared with that of pristine one without pressure, which
extremely increased the electrical conductivitys[105]."As/for
the effect of high-pressure sintering, the Te-doped BiCuSeO
prepared by HPHT method likewise 4exhibits a dramatic
enhancement in carrier mobility“due to pressure [106]. The
study suggests that the light hole (LH) band shifts te.the high
energy closing to the band edge with the effect of pressure, in
contrast to the heavy hole (HH), band which is almost
unchanged. The pressure-induced conversion in LH and HH
bands motivates more electronic pockets contributing to the
transport of electrons, finally. achieving an improvement in
electrical conductivity; ~

In addition to carrier concentration and electronic structure,
the carrier scattefing IS supposed to be another factor
influencing the electrical conductivity, the relationship is
described accarding to the equation below.

o= €2m); 3)

where e is the elementary charge, 7/mj is determined by
carrier cconcentrationand electronic structure, and z is the
relaxation time and is related to the scattering mechanism (1).
It can be concluded that electrical conductivity is strongly
associated with the scattering mechanisms, the affiliation
originates from the relationship between carrier mobility and
relaxation time (u = te/my ). Given the nondegenerate
semiconductors, it is well known that the carrier mobility and
scattering mechanism present an exponential relationship,
which is expressed as u ~ T * where 1 = -3/2 is the acoustic
phonon scattering [107], 4 =0 is the alloy scattering [108], and
A =3/2 is the ionized impurity scattering [109]. The scattering
mechanisms, similarly in the aforementioned factors, can also
be tuned via pressure. In previous work, Liu et al. indicated
that the implementation of pressure makes acoustic phonon
scattering tend to alloy scattering in Te-doped BiCuSeO
matrix, weakening carrier scattering and generating ultrahigh
carrier mobility to enhance the electrical conductivity
significantly [106]. Furthermore, p-type MgsSh. exhibited the
rate of electron scattering suppressed near the edge of the VB
at 5 GPa, which suggested that the electron-phonon interaction
is mitigated, thus being beneficial to improve the electrical
conductivity [110]. Oppositely, by applying pressure on the
Sh,Tes thin film, the carrier mobility shows a slight
deterioration due to strengthened interface scattering
contribution to carrier transport. The result is primarily
attributed to pressure-induced reduction in grain size
increasing the density of grain boundaries [111]. Despite it's
not an ideal sign what we are expected, such a case indeed
exhibits the influence of pressure on the carrier scattering. On
the basis of all the investigations above, we could summarize
that applying pressure to modulate the n (the carrier
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Figure 4. (A) Schematic view of the point defects. Balls in red, grey and blue stand for the atoms of Bi, Te(1) and Te(2), respectively. Empty

circles denote vacancies and red balls with slash are representatives

of antisite defects Bir, [98]. (B) Electronic band structure of r-GeTe

along high-symmetry paths at different pressures, the corresponding Fermi surfaces are shown in (C) [103]. Electrical conductivity as a
function of hole concentration calculated with the CRTA (D) and the EPW (E) package for p-type r-GeTe [103]. (F) Pressure dependence of

A in sample A (blue) and sample B (red) at T =5 K is calculated, 4

concentration), my (the electronic structure), and .z (the
scattering mechanism) is a potential pathway to modify the
electrical conductivity, achieving an optimization of the
electrical transport properties.

4. Microstructural evolution with pressure

Microstructure as an observable characteristic his-used to
intuitively analyze the effect of external factors gh the grain
sizes, orientation, and lattice defects.‘of thermoelectric
materials, in order to figure out, its contribution to the
transports of carriers and phonons, especially,in lattice thermal
conductivity. The unique physical parameter, “pressure”, has
confirmed a significant influence on, the texture (SEM
observation) and lattice structure,(HRTEM observation) [112-
114]. With regard to the textural feature, we generally concern
the effect of pressure ,on the grain sizes, boundaries
(interfaces), and _.orientation. /For compressed structural
features, it needs to be clarified that the results applied by
repeated pressure. (with the same order of magnitude) are
different fromithat of increased pressure during the synthesis
process. [Two-typearesults indicate completely opposite
changes iny grain sizes [5, 115, 116]. Apparently, the
nucleation centers.of grains are compressed continuously with

is the energy splitting between light and heavy bands [105].

increasing pressure, restricting the spaces of grain growth and
thus leading to a reduction in grain sizes. Such pressure-
induced reduction in grain sizes is observed in various
thermoelectric materials [117-120]. For instance, Deng et al.
reported that CoShs-based alloys, as shown in Figure 5A,B
[121], were synthesized under different pressures (~GPa), the
observation found that the grain sizes exhibited a significant
decrease with increasing pressure. The analogous situation
occurs in the synthesis of polycrystalline SnSe as well [122],
in contrast with the former, the magnitude of pressure is ~MPa
level applied in the preparation process of SnSe, which is far
less than ~GPa level. This suggests that the effect of increased
pressure on grain sizes may be universal no matter whether of
~MPa or ~GPa level. In view of the pressure-induced cases
above, it can rationally conclude that the shrinkage of grain
sizes is accompanied by an enhancement in grain boundaries
(interfaces). In contrast, multiple compression with the same
order of magnitude (i.e. thermal deformation) is supposed to
be an inducement that facilitates grain growth in materials
with layered structure [123, 124]. The enlarged grains
strengthen the textural structure along a crystal axis.
Interestingly, these two-type pressures both observe the
ordered arrangement of crystal planes (texture strengthening)
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Figure 5. SEM images of Bao.osIno.1sC04Sb11.5Teos synthesized under 1 GPa (A) and 3 GPafB) [125]. (C) Inverse pole figures of Bio.4Shi.sTes
(measured surface perpendicular to pressure direction) prepared with cyclically constant pressure and without pressure [126]. (D) Inverse
pole figures of Bio.g7sBao.12sCuSeO (measured surface perpendicular to pressure direction) synthesized without hot forging and with third hot
forging using constant pressure [51]. SEM images of BasCusSia prepared under 1 GPa (E) and 4 GPa (F) [127]. HRTEM images of
BiosSbisTes synthesized at 1 GPa (G) and 3.2 GPa (H). IFFT images of (I)and (J) corresponding to the rectangular regions in (G) and (H),

respectively [128]. (K) HRTEM image of a nanograin from.the BiosSb1sTes prepared under high pressure [128].

in Bi;Te; and BiCuSeO-based materials (Figure 5C,D) [126].
The ordered arrangement has been elaborated in section 2
according to the crystal structure. In addition, Sun et al.
showed that implementing pressure during.the»synthesis
process of BagCugSiso not only can manipulate grain sizes, but
can change the surface morphology of grains,(Figure 5E,F)
[127]. The researchers claimed that pressiire-induced changes
were rare happened in surface characteristics of, grains, it
might need to be investigated further ‘to.reveal the intrinsic
mechanism of pressure modulating the surfacecrystallization.
In our opinion, it should be identified,as an oversaturation
caused by the effect of increased pressure, triggering extensive
segregation in the surfaces. Although the BagCueSio
synthesized at 3GPa performed an EDS measurement to
clarify the compositions of different spots in matrix, the results
cannot match well { with the| nominal composition of
BagCusSiso, let alone,the sample synthesized at 4GPa (with
more surface crystallization). On the contrary, the EDS
measurement shows Cu- and Si-deficiencies and discrepant
compositionstin measured spots, which exactly demonstrate
our perspective above, i.e. the pressure can introduce an
oversaturation. Anyway, the variation in grains indeed

increases the surface areas because of pressure rise, leading to
an enhancement in the density of grain boundary.

Defects are relevant strongly to the transport of carriers and
phonons as a critical characteristic in microstructure, it can be
divided into polytype defects according to the scale
differences, involving atomic scale (point defect and
dislocation) [129-132], nanoscale (nanoparticle, stacking
fault, and precipitate) [133-135], and meso/microscale (grain
boundary and pore) [136]. As far as we’re concerned in
thermoelectrics, the type and amount of lattice defects possess
significant influence on thermoelectric transport properties.
The lattice defects literally incorporate imperfections with
atomic scale and nanoscale in microstructure, the low-
dimensional defects can be identified by HRTEM
measurement. Pressure is considered as a practical approach
that introduces local strain to generate typically structural
modulations (Figure 5G,H) [128, 137], which form massive
lattice defects such as irregularities, distortions, dislocations
[138-141], etc. The investigations found that lattice distortions
and dislocations performed an evident enhancement with
increasing pressure (Figure 51,J) [128], which was primarily
attributed to strengthened strain fields caused by pressure rise
during the synthesis process. In addition to lattice distortions
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and dislocations, the point defects (vacancies and antisite
defects) as low-dimensional defects can also be introduced by
pressure, which has been elaborated in 3.2. Unexpectedly, a
nanograin was achieved in Bi;Tes-based alloys fabricated by
HPHT method, as shown in Figure 5K. The routine concept
tends to express that high pressure gives rise to the
densification and cannot form the nanocrystallization in
microstructure, while the finding is firmly against the
empirical concept. The reason is supposed to be that the
overloaded pressure produces larger mechanical deformation
in lattice structure, and it is accompanied simultaneously by
an in-situ heat treatment (HPHT process), contributing to in-
situ recrystallization in the location of lattice defects to
constitute the nanoparticles. Overall, applying pressure to
introduce and manipulate the defects is available, which
means that pressure as an unconventional variable can be
employed to design microstructural features.

5. Relationship between thermal conductivity and
pressure

Thermal conductivity symbolizes a capacity of the heat
conduction in solids and is constituted by the lattice thermal
conductivity (xia) and the electronic thermal conductivity
(ele), as expressed by kit = Kiat + xele [142], where the xja IS
dependent on the phonon transport that is primarily
determined by microstructure (ca. scattering mechanism).
Due to independent xi from the carrier concentration [143-
145], it is identified as an effective pathway through
manipulating imperfect architectures, such as point defect,
dislocation, distortion, grain boundary, precipitate, etc.;. to
reduce the xia: Without deterioration in electrical properties (it
will be discussed in more details below) (Figure 6A), realizing
an improvement in thermoelectric performance [146-148].
Such a strategy is still dominant for various- materials to
improve thermoelectric performance so far. Qn the otherhand,
the xele Can be calculated by the Lorenz parameter (L) and
electrical conductivity (¢) corresponding te »a.specific
temperature, i.e. xee = LoT = LTneu. Given the effect of
pressure on the crystal structure, electrical transport
properties, and microstructure, it is “evident that the
implementation of pressure definitely introduces an influence
on total thermal conductivity caused by the changes of the xeie
or the kiat.

Aiming to a reduction in i the purpose of a
microstructural modification is to increase various scattering
mechanisms from multiscale defects, strengthening barriers
for the transport of full-frequency phonons. On the basis of the
classic Callaway model [149], the xix can be determined by
equation (4) involving the parameters, which symbolize the
role of the scattering.mechanisms.

— (KBT)3 feD/T x4eX
Lat 2n2v \ & 0 rc(ex—l)z X

4)

10

where X is defined as hiw/KgT, w is the phonon frequency,
6y, is the Debye temperature, 7. is the relaxation time, K is
the Boltzmann constant, # is the Planck constant, and v is the
phonon propagation velocity. The 7, can be divided into
various scattering processes in terms of intrinsic mechanisms.

i—i+i+L+i+i+... (5)
TpD D TB

Tc - Tu N
where 7, , Ty, Tpp, Tp, and tp describe the scattering
mechanisms of acoustic phonon/Umklapp process), normal
process, point defect, dislocationd »and grain .boundary,
respectively. It is essential to mention that'extra variables can
be added in equation (5) whenithe scattering mechanisms
increase, which is dependent on.the microstructural evolution.
Zhu et al. simplified an expression of the relationship among
T and other parameters, thereby linking up the 7, and the w
(phonon frequency) [150].

771 = Aw* +Bexp(@,/8T) Tw? + Cw? + gwo (6)

where v/d represents,the scattering of grain boundary, and A,
B, C are the prefactors for point defect scattering, Umklapp
scattering, andelectron-phonon scattering, respectively. This
means that we could,express different scattering mechanisms
using a simple function, namely ; = Xw’, herein X is fitting
prefactars and j depicts the relationship of t; vs w for different
scattering processes. Moreover, the 7 and w correspond to the
phenon wavelengths (1), which are regarded to some extent as
the defect scales (l), i.e. A ~ [. Therefore, it makes sense that
the microstructural modification accompanied by introducing
multiscale imperfections and increasing densities of various
defects can significantly decrease the i, thus improving
thermoelectric performance. However, it should be noted that
the high-dimensional defects with long | not only can scatter
long-wavelength phonons, but scatter low-energy carriers,
leading to degenerated carrier transport. Selectively
introducing low-dimensional defects thus would be a key to
reducing the xia without deterioration in electrical properties.
Undoubtedly, the contribution of pressure on total thermal
conductivity can be embodied in the xee and the xia. AS
abovementioned the xele can be calculated readily using xele =
LoT, which implies the major influences on the xee Originating
from the electrical transport properties. In section 3, we have
elaborated the modulation of pressure on electrical properties,
which is applicable for guiding the optimization of pressure-
induced xele. Furthermore, the experimental i is estimated
indirectly by subtracting the #ele from the . TO investigate
the contribution of different scattering processes, the
Callaway model is generally employed to fit the curve of
lattice thermal conductivity, revealing the roles of various
scattering mechanisms. Combined with the relationship of ;
= Xw’ and w ~ 1 ~ [, the i is identified as a response from
entire scattering processes, which suggests that the . could
be manipulated by pressure introducing multiscale defects and
increasing defect density. However, the issue faced is that the
kot IS difficult to be characterized during the process of in-situ
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high pressure, let alone the xi. We therefore concentrate on
the it Of thermoelectric materials prepared under high
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Figure 6. (A) Schematic diagram of the scattering mechanisms for the influence of multitype defects with different scales on high-, medium-
, and low-frequency phonons. (B) The relationship between lattice thermal conductivity and synthetic pressure in Co4Shi1.7xTexSno.3 at room
temperature [57]. (C) Temperature-dependent thermal conductivity of polycrystalline SnSe under different pressures [122]. (D) The lattice

thermal conductivity of GeSe along the a-, b4, and CUax

pressure (~GPa) rather than that of samples/sing jin-situ high
pressure. The HPHT method is exactly a preferred pathway to
realize an investigation in the madulation of high pressure on
the xia. Using HPHT to fabricate,a series' of CoSbs-based
alloys, the xiar Of reaction products exhibits a monotonous
reduction with increasing®synthesis pressure, as shown in
Figure 6B [57], which.is attributed.to the enhancements in
pressure-induced grain boundaries, lattice distortions, and
dislocations strengthening the/ phonon scattering. Such
behavior is observed as wellsin other thermoelectric species
prepared by HPHT [86, 127, 152, 153]. Besides, Zhang et al.
demonstrated that the magnitudes of pressure with ~MPa level
was still available foridecreasing it (k1ar) in polycrystalline
SnSe (Figure 6C) [122]. It is essential to note that the xjat
possesses a characteristic of the anisotropy (Figure 6D) [151],
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is.directions at two representative pressures from 300 to 700 K [151].

which could be strengthened gradually with exerting pressure,
particularly in materials with layered structure. In contrast to
the abovementioned behavior of xia Vs. pressure, the xia; may
increase in response to pressure rise in specific axial (or
pressure) directions. With regard to anisotropic xiat
corresponding to pressure, the desired xix should be
considered in a specific direction, which is to follow a
decreased behavior with increasing pressure. In addition, the
results of theoretical calculation suggest that an increased
pressure could motivate a higher phonon frequency, a
decrease in group velocity of phonons, and low heat capacities
in materials [145], these optimizations in parameters
correlated with pressure are favorable for a reduction in xjaas
well. To sum up, the xix can be manipulated by pressure to
realize a desired decrease, which primarily originates from the
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synergistic modulation of pressure on the electrical transport
properties, multiscale defects, and thermodynamic
parameters.

6. Summary and outlook

In the review, we summarize recent progress that is the
influence of pressure on crystal structure, electrical transport
properties, microstructure, and thermal conductivity in
thermoelectric materials, and elaborate the manipulation of
pressure on physical variables and its influences on transport
properties. Besides, the remarkable advantages of pressure
have been proposed including pressure-induced phase
transition, band/electronic structure, defects, and low xja, in
which high-pressure phase transition is a fascinating subject
for exploring potentially high-performance thermoelectric
materials and deeply understanding the structure and transport
properties of materials under high pressure. Moreover, as for
existing thermoelectric systems, the layered structures, phase
change materials (PCMs), and liquid-like compounds may be
more suitable for high-pressure preparation and optimization
due to their tuneable structures. Therefore, applying pressure
as a unique tool to investigate and design thermoelectric
materials gives an extreme possibility for driving a giant
development in thermoelectrics.

Sustained efforts in high-pressure techniques make it
possible for preparing large-volume thermoelectric materials
under high pressure (from ~MPa to ~GPa level), which
provides a prior condition for an improvement in
thermoelectric performance. However, the preparation of
large-scale samples under ultrahigh pressure (>10,,.GPa)
remains a colossal challenge due to the limitation of ahigh-
pressure equipment, in the meantime, the case also restrictsthe
investigation of thermoelectric transport properties of samples
prepared under ultrahigh pressure. By contrast, despite the
experiment of in-situ high pressure (diamondanvil cell; DAC)
can achieve higher pressure compared with the former, the
approach is difficult to capture«ultrahigh-pressure
performance of samples and synthesize large-scale samples
for further characterization and application at ambient
conditions. In addition to the challenge abovejthere is another
issue to be further resolved, that'is; the theoretical data
calculated cannot precisely< corresponds’ to that of the
experimental measurements.. The case is primarily attributed
to ideal physical models embedded in the software programs,
which overlook somedreal” conditions in the experiments,
leading to a difficulty’ in{ describing high-pressure
experimental processes:’ In summary, the high-pressure
application faces new opportunities and great challenges in
thermoelectrics: To figure out these issues, but not limited to
those, it would,be beneficial to the understanding of physical
mechanisms in the modulation of pressure on structure and
performance, ultimately increasing the zT values of existing
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thermoelectric materials or
thermoelectric materials.

creating high-performance
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