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High pressure has a strong impact on materials. In regards to thermoelectrics, pressure is able to
significantly improve their thermoelectric (TE) performance (i.e., power factor and figure of merit),
and for this reason, pressure is a powerful tool for energy conversion technologies. This paper reviews
studies on thermoelectric properties of relevant materials (PbTe, PbSe, Bi,Te;, Sb,Tes, and others)
under pressure. Itis figured out that enhanced thermoelectric properties of lead telluride and bismuth
telluride appear beyond a range of energy gaps proposed for a “conventional” thermoelectricity in
narrow-gap semiconductors. An example given for SmTe hints that pressure effects on the thermo-
electric performance may be tremendous. This review also attends studies on high-pressure thermo-
electric properties in the presence of a nonzero magnetic field. Influence of magnetic-field-related
effects, such as magnetoresistance, magnetothermopower (Nernst—Ettingshausen effects), and
Maggi—Reghi—Leduc effect is analyzed on examples of PbTe, PbSe, and Te. Problems related to
both in situ measurements of transport properties under pressure, and practical realization of high-
pressure (magneto-)thermoelectric devices are discussed. In summary, this review reports the-state-
of-the-art of pressure influence on thermoelectric materials and shows alternative poorly explored

routes in the thermoelectricity.

1. Introduction

A search for alternative sources of energy remains an
important task. Thermoelectric (TE) materials have the
following uses: (i) heat-electricity conversion (thermo-
generators), (i) thermoelectric cooling, and (iii) measure-
ment of temperature. The first two applications crucially
depend on an efficiency of an element, which may be
mathematically determined by the power factor (&) and
the dimensionless figure of merit (ZT):

S? 7 T x S?

B p X (}*e +/lph) (1)

where S is the thermopower, p is the electrical resistivity,
A = A + Apn is the thermal conductivity consisting of
contributions of, respectively, electrons/holes (4.) and
phonons (4,), and T 'is the temperature.

The “classical” set of promising TE materials covering a
range of temperatures from ~100 to 1000 Ks includes Bi—Sb,
Bi,Te;, Sb,Tes, PbTe, Si—Ge, and some others.! The main
obstacle preventing their commercialization is low ZT
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parameters. By estimations,' > a discovery of a TE material
with ZT > 4 would drastically increase the attractiveness of
the TE cooling, and would result in a revolution in, for
example, the refrigerator market. A reason why this task
remained unsolved for several decades is a strong interrela-
tionship between S, p, and A, parameters which are bound to
an electron band structure; so, optimizing one of them we lose
in other. Furthermore, the electronic part of the thermal
conductivity (4,) is related to the electrical conductivity (o)
according to the Weidemann—Franz law as follows:**

e = L x T x o, (2)

where L is the Lorentz number. For metals the Lorentz
number is close to Lo=2.44 x 10~® W?/K*.*> Whereas for
semiconductors, it may depend on many factors, and
therefore, L is a function of temperature and pressure.
For instance, for a nondegenerate electron gas L = 1.55 x
108 W?/K?*? that is, appreciably lower than L,. Usually,
the Weidemann—Franz law for semiconductors is utilized
for determination of L by comparison of A and 0.°

A traditional way to reach a maximal ZT is an “opti-
mization” under variation in the concentration of charge
carriers. This method is based on the fact that S, p, and 4,
depend on a carrier concentration in different ways, so a
tuning of it can change ZT (in fact, more than one order).
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Such a circumstance hints that a search for an “influence
parameter” that could “separate” S, p, and A is probably
a way to success. Measurements of S, p, and A, under
alteration in 7 are also optimization-directed. Recent
advances in improvement of ZT concerned ways of
worsening of the thermal conductivity (eq 1), for example,
in systems with (i) heavy elements (high atomic masses
reduce the atomic vibration frequencies and hence ﬂ.ph),3
and (ii) “introduced nanosize objects” which reduce 4 but
do not noticeably influence both S and p.” In summary, a
solution of the “thermoelectric problem” is being looked
for in a technological plane, with a usage of doping,®’
chemical substitution,''® variation in an interior geo-
metry of TE element (nanostructures, superlattices, quan-
tum dots, and wires),w*25 and variation in synthesis
conditions.?*?” Some of recent intriguing achievements
on the traditional TE telluride systems (Bi,Tes, PbTe) are
as follows: in Bi,Te;—Sb,Te; nanostructures, ZT ~
1.2—1.47 at 300 K*® 3! and superlattices, ZT = 2.4 at
300 K;* in PbSeTe/PbTe superlattices, ZT = 1.6 at
300 K** and ZT = 3 at 550 K;** in AgPb,,SbTe,.,, (m =
10,18) ZT =1.5—2.2at 700—800 K;' ¥ 37 2T =1.3-1.7
at 650 K in nanostructured Na11,,\.sz()SbyTezz;38 and in
PbTe:TI ZT = 1.5 at 773 K.* Motivated by theoretical
grounds, a search for new high-performance TE materials
also resulted in some discoveries. Modern thermoelectrics
are already not limited to “telluride” systems (besides
those above-mentioned, there are other promising repre-
sentatives, for example, AgoTITes,*® HfTes,*! ZrTeS,42
thallium-rich tellurides,**** etc.), but they are related to com-
pletely different families. Some of them are Na,C00,,% %
filled skutterudites ((Ce,La)Fe4—,Co0,Sbj,, 0 < x < 4),2
clathrates with a general formula Ag By C30 ((4) Eu, Ba,
Sr, (B) Ga, Al, (C) Ge, Si, Sn),”*>* half-Heusler alloys
(e.g., (Ti,Zr,HfNiSn,> (Hf,Zr, Ti)NiSn,® (Zr,Hf)Co(Sb,
Sn),*® etc.), Zintl compounds (e.g., ZnsSbs,”>* Yb,,Mn-
Sby,,>? bulk and low-dimensional transition metal oxides
(e.g., SrTiO;),°*%! and many others. High thermoelectric
properties can manifest even in materials which were
never considered as potential thermoelectrics. The bright-
est example of this is silicon, nanowires of which exhibit
ZT ~ 0.6—1 at 200—300 K.*>*

Since thermoelectrics should simultaneously possess
both high thermoelectric and electrical properties (eq 1),
one can surmise that some compromise ratio between
them may be reached in a semiconducting material.**
Figure 1 schematically shows a behavior of the thermo-
power, the electrical resistivity, and the thermal conduc-
tivity on the energy gap. One can find that the maxima of
the thermoelectric power factor (efficiency) and the figure
of merit (eq 1) are achieved at certain magnitudes of a
forbidden gap. Notice, that in a general case the maxima
locations of @ and ZT do not coincide (Figure 1). In
several studies, the optimal band gaps were calculated for
two abstract systems, such as a “direct-gap” semiconduc-
tor (a prototype for PbTe)®® and an “indirect-gap” semi-
conductor (a prototype for Bi,Te3).°*®” For indirect-gap
semiconductors, the optimal band gap was found as
6 kpT® or 10 kT,%” where kg is the Boltzmann’s constant

Ovsyannikov and Shchennikov

i S
P
zZT
S%/p
/ \
Eg
—
metal insulator

Figure 1. Schematic dependencies of the thermopower (S), the electrical
resisitivity (p), the thermal conductivity (1), and the calculated by eq 1
thermoelectric power factor (& = S%/p) and figure of merit (ZT) on an

energy gap.

and T'is the temperature; for ambient 7" this gives £, ~0.15—
0.25 eV.%¢7 For direct-gap semiconductors the optimal
gap was found to be higher than 6 k7.5 It was also claimed
that the nonparabolicity of conduction and valence bands
together with an ionized impurity scattering mechanism of
carriers could significantly increase the optimal E, in a
direct-gap semiconductor and enhance ZT.%

However, there are also examples of “unconventional”
thermoelectricity, for example, InN®*~7! with a controver-
sial E, ~ 0.6—1 eV’* and wide-gap In,Ga,_N solid solu-
tions,”” Cu,ZnSn;_,In,Sey alloys with E, = 1.44 eV,’+7
silicon nanowires.®>® Thus, while an energy gap is a very
important parameter of thermoelectrics, but either the
interval of 6—10 kg7 % is not universal and therefore
does not cover all states promising for TE applications, or
other parameters of electron band structure can overplay a
band gap influence. Further, in a section reviewing the data
of high-pressure effects on a thermoelectric performance, it
is shown that even “conventional” thermoelectrics deviate
from the “6—10 kg7 law”.05~¢

There are some physical impacts which can signifi-
cantly influence on a performance of thermoelectrics,
for example, external pressure and magnetic field. Mean-
while, their effects on the thermoeclectric parameters
@ and ZT are rarely investigated. Application of high
pressure varies the density of materials and thus changes
the intensity configuration of different electronic and
magnetic interactions, resulting in different states. For
instance, besides the conventional phonon mediated
superconductivity, an unconventional magnetically
mediated one has been revealed in “heavy fermion sys-
tems” under pressure;76 further pressurization was re-
ported to be able to reveal even more exotic forms of it.”’
Fragile metalloorganic crystals which were supposed not
to be stable under pressure, in fact exhibit some chemical
reactions or transitions to new dense forms.”®*® Uniaxial
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pressure components can modify electron band struc-
ture, e.g., it was predicted that a tension along (111) in
germanium is able to transmute it from indirect into a
direct-gap semiconductor.® An enormous potential of
high pressure is also seen from the fact that its application
to oxygen leads to a metal state which becomes super-
conducting below 7. ~ 0.6 K at ~ 100 GigaPascals
(GPa).®* Another remarkable outcome of a high-pressure
application is a transformation of elemental metallic
sodium (Na) above 200 GPa to a transparent insulator
with an energy gap of ~5 eV.%

Like temperature, pressure also strongly influences on
an electron band structure and in particular on an energy
gap of a material. For this reason, an applied variable
pressure is a very effective tool for thermoelectric techno-
logies. Since conventional thermoelectrics are narrow-
gap semiconductors with a tendency to metallization at
relatively low pressures (e.g., ~5—7 GPa in Bi,Te;** and
~13—16 GPa in PbTe and PbSe),*® a variation in such a
narrow pressure interval permits modulation of E, and
hence searching for optimized TE states. An effect of
pressure on the TE parameters may be “technical”, that
is, variations in & and ZT arise owing to a disproportion
in high-pressure alterations in S, p, and 4 without quali-
tative changes in physicals characteristics of a material. A
more interesting case when pressure permits achievement
of new electronic or structural states with the enhanced
properties. These relatively low pressures may be in situ
generated in plenty of various high-pressure chambers.
Alternatively, they may be simulated in thin stressed films
in which a film and a substrate have “misfit” lattice para-
meters that leads to stresses,**®” or in high-pressure—
high-temperature synthesis (HP—HT) which can either
trap a high-pressure polymorph or partially keep high-
pressure properties.”®®® The main reason why a promis-
ing method like pressure application is restrictedly used
for TE goals is a lack of universal techniques which could
permit simultaneous in situ measurements of all the three
parameters needed (S, p, and 4) on a microsample under
variation in pressure. Nowadays, simultancous high-
pressure electrical and thermoelectric measurements on
the same sample are available,** but integrating them
with the thermal conductivity remains challenging. One
can combine electrical and thermoelectric data obtained
in one experiment with those of thermal conductivity
obtained in a different experiment. But in such a case,
the ZT values that are achieved in a material may be only
approximately estimated, as a modification in an electro-
nic band structure is influenced by both all-round and
uniaxial pressures, and it is difficult to reach exactly
the same conditions in different transport techniques.
The existing methods for measurement of thermal con-
ductivity variation under pressure and temperature
changes were applied basically for insulators and geo-
logical objects.** ¢ Hopefully, the introduction of nano-
technologies to high-pressure field will assist in resolving
these technical problems in the near future.

Magnetic field influences on thermoelectric, electrical
and thermal properties in a different way and hence it is
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also a powerful tool for TE technologies. Changes in the
thermopower, the electrical resistivity, and the thermal
conductivity in magnetic field are known respectively as
Nernst—Ettingshausen effects, magnetoresistance, and
the effect of Maggi—Reghi—Leduc.*® So, in a weak
magnetic field,* the values in eq | are transformed as
follows:

S— (So + AS) + AS1),p = p(1 + MR),
and A — Ao + A(B), (3)

where S is the thermopower in the absence of magnetic
field (B=0), AS| and AS| are, respectively, the contribu-
tions of the longitudinal and the transverse Nernst—
Ettingshausen effects, and MR is the magnetoresistance.
The magnetoresistance and Maggi—Reghi—Leduc effects
are usually relatively small (about several percents), while
a variation in the thermopower may be appreciable, basi-
cally owing to the presence of the transverse Nernst—
Ettingshausen effect. Furthermore, this transverse effect is
very sensitive to a sample’s geometry,”” that gives one more
possibility for optimization of the TE parameters. Positive
effect of magnetic field on the TE performances of some
materials was found in several works.”’ %3

The above physical methods permit alternative viewing
the central task of the energy conversion technologies.
They suggest that taking promising thermoelectrics as a
basis, one can perform a “multidimensional optimiza-
tion” search under variation in doping, mesostructure,
pressure, magnetic field, and in other parameters, and
eventually one can achieve much higher thermoelectric
performance that the starting one.

2. High-Pressure Effects on Thermoelectric Properties
of Materials

To the moment an effect of applied pressure on the TE
performance was investigated in a few materials. Among
them a special attention was paid to classical telluride
thermoelectrics based on Bi,Te; and PbTe which are of
the most interest because the maxima of their TE para-
meters are achieved around room temperature. These two
systems were also intensively investigated by other high-
pressure techniques, and so they are the most studied to
the date. We will review works devoted to these two
systems as well as some others. There is a set of different
techniques for measurement of the thermopower under
high pressure.'® An interested reader can learn experi-
mental details in cited papers.

2.1. Bismuth Telluride (Bi,Te;). Bismuth telluride
(Bi,Tes) is one of the oldest among the basic materials for
high-performance thermoelectric elements.**'°>1% Both
n- and p-type Bi,Tes—based TE solid solutions present a
strong technological interest.”®>' At ambient conditions
Bi,Te; adopts a rhombohedral lattice of the R3m space
group; the cell parameters in terms of hexagonal axes are as
follows: a; =4.383 A and cy = 30.487 A0 A geenario
of room-temperature pressure-driven phase transitions in
Bi,Te; remains obscure until the present. Originally, two
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Figure 2. Qualitative pressure dependence of the energy gap in Bi,Te; at
ambient temperature. A proposed interval of optimized for the thermo-
electricity energy gaps (6—10 kgT) is shown.®> ¢ I the generalized data
from ref 117, 2 the experimental data from ref 116. Usually, metallization
is reached near 5—8 GPa 5107114

transitions were found, first at ~6.7 GPa to another semi-
conductor phase and then at ~8.3 GPa to a metal.'” The
former remains an issue, whereas the latter has been con-
firmed in several studies.3*'"'"""'* A very recent work
claimed one more transition near 14 GPa;''* this correlates
with found earlier jumps in the electrical resistivity near
15—17 GPa.'"> A similarity in the pressure-driven phase
transitions of Bi,Te; and Sb,Te; was recently shown.''?
An indirect forbidden energy gap of Bi,Tes is equal to £, ~
0.17 eV.M1OM6IT 1t wag established to decrease with pres-
sure with a coefficient dE,/dP ~ —20 (—60) meV/GPa
before (after) 3 GPa. Hence, the gap closes near 5 GPa
(Figure 2)."'""7 It should be mentioned that the electron
band structure of this material was investigated for several
decades,'"® > and to date, it still remains not properly under-
stood.'?>!%¢ Thus, for example, it was recently found that an
appropriate hole doping can significantly tune topology of
Fermi surface toward to a 3D topological insulator.'?
“The-state-of-the-art” values of the figure of merit in
(Bi1,Sb),Tes-based bulk thermoelectrics are somewhat
above ZT = 1, and in some cases can reach 1.4.'2” This
suggests that Bi,Te; is a good candidate promising for
achievement of tremendous values of the figure of merit
(as high as 3 or 4) under different influences, such as
applied pressure, magnetic field etc. Meanwhile, effects of
pressure and magnetic field on TE properties of Bi,Tes
were investigated in only a few works 3%111:112.128.129
Figure 3 summarizes some literature data on pressure
behavior of the thermopower and the electrical resistivity
in Bi,Tes-based materials 3+ !11112128.130.131 power fac-
tors, calculated in eq 1, are shown in Figure 4. It is
apparently seen that pressure does a remarkable impact
on the TE parameters of this family of thermoelectrics.
Meanwhile, because of lacking data on pressure behavior
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Figure 3. Pressure dependencies of the thermoelectric power («) and the
electrical resistivit%/ (b) of Bi,Tes-based materials at ambient 7. I Bi,Tes
(p=3x10%ecm ™ at4.2K),* 2In,BiryTe; (x = 0.04) (p = 3 x 10" cm
at4.2XK),** 3and 3 BiTes (p = 1.2 x 10 em 3, n = 1.1 x 10" cm™3),'!
4 and 4 BaBiTe;,'* 5 Sb, sBigsTes,''? 6 SboTes (p ~ 8 x 10" cm™3),'%°
7 Bi,yTes.'?!

of the thermal conductivity, it remains unclear how much
one can enhance ZT this way. There are possibilities for
rough estimation of the thermal conductivity change with
pressure. Thus, a variation in the lattice contribution (4,p)
may be found with assistance of a model offered by
Manga and Jeanloz.'*? For elevated temperatures Aph
comes as follows:'?

Apn ~ (a/T)(1 + @P/Bo) 4)

where o is the thermal expansion coefficient, By is the
bulk modulus, and ¢ is the experimental factor (usually
close to 7).'*? The electronic part of the thermal conduc-
tivity (A.) may be estimated from the Weidemann—Franz
law (eq 2) as it was mentioned in the introduction. Since, a
pressure effect on L is unknown, it seems obscure how
close one can approximate to the truth. For instance, the
calculations for Sb; sBigsTe; performed in a typical



Review

100 ¢

normalized power factor, SZ/p (arb. units)

Pressure (GPa)

Figure 4. Pressure dependencies of the normalized power factor of the
Bi,Tes-based thermoelectrics calculated by eq 1 by the data from Figure 3.
The numbers of the curves are the same as at Figure 3.

semiconductor approximation (L = 1.55 x 107°% W?/
K?)''? strongly suggest only moderate increase in A, and
hence a possibility of multifold improvement in ZT. Thus,
they found ZT = 2.2 at 1.7 GPa (Figure 4)."'> The only
available experimental data on A(P) for Sb,Tes; shows
very weak pressure effect on the thermal conductivity
(a rise by ~13% to 1.6 GPa)."**

One can discern a qualitative difference in pressure
dependencies of the thermopower of p- and n-type mate-
rials (Figure 3). Thus, the materials of p-type exhibit one
or two maxima, which are absent in those of n-type
(Figure 3). This leads to a higher pressure impact in the
former (Figure 4). It is interesting to note that the enhanced
TE properties are kept in Bi;Te;—based materials (Figure 4)
below the threshold of 6 kgT (Figure 2). At the moment
there is no generally recognized explanation of the maxima
in the thermopower of p-type Bi,Tes, Sby sBij sTes, Sb,Tes,
and BaBiTe; (Figure 3). Likewise, there is no complete
understanding how pressure changes the band structure of
(Bi,Sb),Te;."** Thus, a maximum of ZT in Sb; sBiysTe;
near 1.7 GPa (Figure 4, curve 5) was addressed to one of
electronic ‘Lifshitz transitions’ consisting in a drastic change
of Fermi surface topology;''*'?° these transitions were in
fact found in Bi,Te; at helium temperatures.136 At room
temperature the Fermi surface is supposed to be strongly
smeared. Nevertheless, changes in topology of electronic
bands can modify effective masses and density of electron
states, 212913136 and hence, can tune TE properties. Band
structure calculations of Sb,Te; showed that a hydrostatic
pressure results in only minor effects on the TE parameters,
whereas uniaxial stress could lead to a strong enhancement
of TE properties.'** On the contrary, an experimental
hydrostatic-pressure study found a 2-fold enhancement of
the power factor in Sb,Tes."*" In ref 84 a pressure effect on a
band structure of Bi,Te; was proposed to issue from a
competition between the contributions of the basic hole
and the electron bands under narrowing in the forbidden
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gap E, on the one hand, and a contribution of an additional
hole band which is rising owing to widening in AE, (AE, is
an energy gap between the basic and additional hole bands)
on the other hand (eq 5). Thus, while E, is decreasing with
pressure (Figure 2),''%"%!""" AE was found to extend with
a rate dE,/dP ~ +30 meV/GPa."*” This suggests their
competition and a strong dependence of a pressure effect
on a starting holes concentration. Thus, a formula for the
thermopower for Bi,Te; was proposed as follows:**

=T

*

(O‘pi — Opi) E, 3 my AE, op
Wpi " %ni) o T8 2 Ip2
+Z o x2kT+4>< nmn* kT "o (0

(5)

where, 0 =2(0y; + 0) is the total conductivity, m,*(m,*) is
the effective mass of holes (electrons), and r is the scattering
parameter of carriers. The index “/” corresponds to the
electron and the hole bands, and the index “2” corresponds
to the additional holes band.

It was shown that the additional band begin filling
up when a holes concentration is higher than p ~ 5 x
10" em™3.'"7 Qualitatively, an effect of the holes con-
centration on the maxima of Bi,Te;—Sb,Te; thermo-
electrics one can see through the curves 1, 2, 3, and 6 in
Figure 3. Thus, the “pure” single crystals of Bi,Te; (p =
3 x 10" cm ) and IngguBijo¢Tes (p =3 x 10'7 cm ™)
distinctly show two maxima (Figure 3a, curves 1 and 2,
Figure 4, curve 1).3% In a heavily doped p-Bi,Te; (p ~
1.2 x 10" cm ) only the first one is kept (Figure 3, curve
3).""" At very heavy doping (SboTes, p ~ 8 x 10'? cm ™)
the first maximum disappears too (Figure 3, curve 6).'*°
Pressure-induced changes in the effective masses in eq 5
and corresponding variations in filling of the hole bands
and their topology may also contribute to a thermopower
value. The above consideration hints that a simultaneous
optimization of the TE performance of Bi,Tes-based
elements under variation in both the holes concentration
and pressure will be more effective than independent
“tuning” of these parameters.

The existence of some distorted rhombohedral phase
(with a modified band structure) in Bi,Te; which was
proposed to appear before the metallization around 4—8
GPa (Figures 2 and 3)'%7'% could explain the second
hump in the thermopower (Figure 3). In very recent X-ray
diffraction studies®*''* some anomalies in pressure de-
pendences of the lattice parameters of the rhombohedral
lattice were in fact registered. However, at the moment
there is not sufficient evidence to claim it. Earlier, it was
predicted that contraction of this layered structure bound
by weak van der Waals forces may have different re-
gimes;'*® first, the ¢ axis (perpendicular to the layers)
rapidly shrinks, and when the interatomic distances inside
the layers become close to the distance between neigh-
boring layers, a compression regime is expected to be
changed.'* Moreover, a very recent thorough study on a
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family (Bi1,Sb),(Te,Se); revealed a tendency to form nat-
ural nanostructures which modulate structural proper-
ties.'* This suggests that a method of synthesis of a
sample plays a significant role.'* Thus, this problem of
possible pressure-driven structural distortion in the
rhombohedral lattice of Bi,Te; remains unresolved.

It is worthy to mention pressure studies on other
bismuth chalcogenides, namely Bi>Se; and Bi,S;. Thus,
in several Bi,Ses-based thermoelectrics a significant posi-
tive pressure effect on the TE performance was found
(e.g., in ﬁ—KzBiSSeB).MO Bulk Bi»S; has much lower TE
parameters that those in Bi,Te;. However, recently it was
demonstrated that in nanorods of Bi,S3 one can achieve
very high values of the power factor,'*' and hence this
material may be also of interest for the thermoelectricity.
So far, the only work that probed the TE properties of
bulk Bi,S; up to 2.5 GPa found no appreciable effects.'*?

2.2. Lead Telluride (PbTe). Lead telluride (PbTe) is the
second important thermoelectrics of which maximum of
ZT lies around ambient temperatures (in fact, shifted to
elevated ones while still appreciable high at ambient).'*?
Both n- and p-type PbTe-based TE elements are uti-
lized.'** At ambient conditions, PbTe adopts a NaCl
structure with a lattice parameter a = 6.462 A.'* The
ambient semiconductor gap of PbTe is direct and equal to
E, ~ 0.29 eV.'"* In many studies, it was established
that pressure application leads to its narrowing with a
coefficient dEy/dP ~ —(70—90) meV/GPa.'* A kindred
semiconductor, PbSe is also a promising thermoelectric,
though it trails PbTe in TE performance.'*’ It is char-
acterized by E, ~ 0.26 eV and dE,/dP ~ —(60—86) meV/
GPa.'*~'%7 A gapless state was found in the both com-
pounds near 3 GPa.* The pressure behavior of E, in PbTe
and PbSe constructed by the literature data is compared at
Figure 5. Under pressure NaCl phases normally transform to
denser metallic CsCI ones. In PbTe one intermediate phase
was found to be stable between ~6—7 and ~13 GPa.'#~1%
Only recently has this phase been reliably refined in the
orthorhombic symmetry (Pnma space group, no. 62).'°"-15
A behavior of PbSe is more complicated as it may have more
than one phase in an intermediate region from 4—5 up to
15—16 GPa.'> The intermediate phases in both PbTe and
PbSe were experimentally found to be indirect gap semicon-
ductors® with E,~0.1eVand ~0.4eV, respectively.'>* After
the refinement of the orthorhombic phase of PbTe in the
Prma symmetry,'>"!% the band structure calculations repro-
duced the indirect character of its gap and found
E, = 0.166 eV at 6.5 GPa;">® notice that for Pnma-PbSe,
recent calculations found an indirect gap of £, = 0.27 eV at
9.5 GPa."*

“The-state-of-the-art” ambient ZT values of PbTe and
PbSe bulk crystals are normally around ~0.4 and ~0.3,
respec‘[ively,143 i.e., lower than the one in BiyTe;.'>” While,
because of a stronger pressure-driven narrowing in £,
(Figure 2 and Figure 5), a pressure impact on the TE
performance may be higher. Investigations of pressure effect
on transport properties of PbTe were started several decades
ago but they were limited to ~1 GPa.">""'*® To the moment
in situ measurements of the TE properties of PbTe under
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Figure 5. Qualitative pressure dependencies of the energy gap in PbTe
and PbSe at ambient temperature. A proposed interval of optimized for
the thermoelectricity energy gaps (6—10 ki T) is shown.® "7 The ambient
E, values and their pressure coefficients (dE,/dP ~ —(60—86) and
—(70—90) meV/GPa respectively for PbSe and PbTe) were taken from
ref 145. A gapless state in both PbTe and PbSe was found near 3 GPa.®
The E, values at the high-pressure phases were taken, respectively, for
PbSe and PbTe to be ~0.4 and ~0.1 eV.">* Band structure calculations for
Pnma-PbTe at 6.5 GPa found E, ~ 0.166 eV.'> Finally, above ~13—16
GPa PbTe and PbSe transform to a metal CsCl-structured phases.®.

high pressure were carried out in only a few works.'>*!77162

A series of works was devoted to HP—HT synthesis of PbTe-
based thermoelectrics.***'®* Notice, that nowadays PbTe
and PbSe may be grown in different shapes (e.g., nanoboxes,
dendrites flower-like nanocrystals, etc),'®'® and therefore
there are more possibilities for their applications.

It was expected that both the electrical resistivity and
the thermopower will dramatically diminish with pres-
sure owing to a closing of the energy gap, and a possible
improvement of the power factor could result from the
difference in the decrease rates. In fact, it has been
established that HP—HT synthesis (which partly keeps
high-pressure properties) results in a considerable drop in
the electrical resistivity under a moderate decrease in the
thermopower;**%® as a sequence a significant enhance-
ment of @ and ZT is achieved.?®%® However, in situ
measurements on single crystals revealed a more compli-
cated behavior (Figure 6).">*!%°71! Thus, in p-type PbTe
samples an inversion of the thermopower was found at
the initial NaCl-structured phase (Figure 6). This results
in a nonmonotonic dependence of the power factor on
pressure (Figure 7). A new promising for the thermoelec-
tricity state is revealed near 1.5—3 GPa: the thermopower
value is as high as the ambient one but has the opposite
sign, and the electrical resistivity is one or two orders
lower (Figures 6,7).'°! A magnitude of this falling of the
resistivity likely depends on a starting value. It is worthy
to mention one work which found a small jump in the
resistivity of Pbg 9>,Geg osTe:Ga near 2 GPa,'”’ in agree-
ment with the thermopower enhancement around this
pressure value (Figure 6).
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The colossal improvement of the power factor in PbTe
is achieved beyond the proposed belt of optimized for the
thermoelectricity energy gaps (6—10 kg T) (Figure 5).4°¢
The origin of this improvement could be related to not
properly understood pressure effects on the edge of the
valence band which includes the bands of light and heavy
holes; the former is basic, while the latter normally lies
below and does not contribute much to conductivity. It
was found that a rise in temperature leads to the opposite
shift effects for these two bands.® The microhardness of
PbTe-based materials of p-type was established to depend
on the carrier concentration above p ~ 5 x 10" cm™2.!"!
This puzzling fact was explained by a contribution of this
heavy holes band which begins to fill up when the con-
centration exceeds the above-mentioned.'”!

One more maximum in the power factor appears near
6.5 GPa (Figure 7). Apparently, this feature originates
from the high-pressure Pnma polymorph of PbTe.!!!1>2
The pressure-driven transition from the NaCl to the
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Figure 7. Pressure dependencies of the normalized power factor of some
of the PbTe-based thermoelectrics calculated by eq 1 by the data from
Figure 6. The numbers of the curves are the same as at Figure 3. Curve 8
was normalized by the power factor value at 1.8 GPa.'®

Prnma structure is accompanied by an opening of the
indirect energy gap (Figure 5),*>'>° and hence both the
thermopower and electrical resistivity are expected to
exhibit jump-like anomalies on the transition. Experi-
mentally, it has been established that a growth in the
resistivity is much less than the one in the thermo-
power,'> and therefore a win in the power factor is
achieved (Figure 7). Band structure calculations also
suggest that Pnma-PbTe is an excellent thermoelectric
with ZT = 0.9 (1.59) at 300 (600 K) at 6.5 GPa.'’

It is interesting to estimate the values of the figure of
merit in PbTe which potentially may be achieved near
1.5—3 GPa (Figure 7). Since the starting values of the
electrical resistivity of the PbTe single crystals were about
several mQ x cm,'>'®! to 2—3 GPa they are expected to
be equal to ~ 0.1 mQ x cm. The absolute thermopower
values for these pressures are about 200—250 uV/K
(Figure 6). A pressure effect on the thermal conductivity
may be roughly estimated by the Weidemann-Franz law
(eq 2) and the above-discussed Manga—Jeanloz model
(eq 4)."*? The former permits rough estimation of 1. as
follows: Ae=L x T x 0~ 1.55 x 10~ ¥ W?/K? x 300 K x
10°(Q x m)~ ' =4.65 W/(K x m). The latter suggests that
Aph (P=3 GPa) ~ 4, (P=0) x (1 + @P/By). Taking B, as
39.8 GPa,"**!%> ambient Apnas 1.7 W/(K x m)," 14> and
@ =17,"3% it comes as follows: Aph (P =3 GPa) ~ 1.7 W/
(K xm) x (I +7 x 3GPa/39.8 GPa) ~ 2.6 W/(K x m).
Thus, A (P =3 GPa) = A, + Apn = 2.6 + 4.65 =725 W/
(K x m); this suggests more than 4-fold rise in A, whereas
available experimental data up to 1.6 GPa evidence an
increase in the total thermal conductivity only by ~40 and
~70% for two samples of PbTe."**> Hence, ZT = T x S/
(p x A) =300 K x (200—250 #V/K)*/(0.1 (mQ x cm) x
7.25 W/(K x m)) ~ 1.7 and ~ 2.6 for S=200 and 250 uV/K,
respectively. Normally, increase in temperature enhances the
TE performance of PbTe-based compounds,'®* so at elevated
temperatures, higher S*/(p x A) values are expected.
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Thus, pressure appears to be an effective tool to
improve the TE performance of PbTe. One may propose
similar pressure effects in other lead chalcogenides,
namely, isostructural PbSe and PbS which are believed
to have kindred electron band structures.'*® However,
hitherto only very moderate positive pressure effects were
experimentally established up to 0.5 GPa, whereas their
high-pressure polymorphs were found to be poor thermo-
electrics.'®’ Under further pressure increase, both PbSe
and PDbS reach optimized energy gaps near ~9—12 and
11—14 GPa, respectively (Figure 5).'** Available litera-
ture data do not support a possibility of excellent TE
properties near these pressures.'>® The case of PbSe which
shows a resembling to PbTe E,(P) behavior at the NaCl
phase (Figure 5) hints that the colossal improvement in
PbTe under pressure near 1.5—3 GPa arises not only owing
to the narrowing of E,, but is related also to other modifica-
tions in the electron band structure (Figure 7). This circum-
stance evidence limitations of the approaches that directly
bind TE properties and value of energy gap.®> %’

2.3. Other Compounds. From time to time promising
new thermoelectrics for ambient temperatures are synthe-
sized. Some of them have been already mentioned in
the introduction. TE properties were examined under
pressure in only a limited number of them, and a posi-
tive (and often significant) pressure effect on the TE
performance was found, for example, in Nd,Ce;_,-
Pt;Sby,'*>!"? BiySr,C0,0,,'7 tin clathrates (CsgSnaa),'”™*
AngTe2,27 HgTe,”S’176 SmTe,'”” SnSe.!”® and in some
others. Thus, for instance, undoped SmTe with a negli-
gible ambient figure of merit ZT ~ 107’ demonstrates
a remarkable improvement of its TE properties under
compression to 4 GPa (Figure 8). Its ZT grows by a factor
of ~10° and becomes comparable with those of poor
thermoelectrics (Figure 8). This example apparently
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shows how much pressure can be effective in energy
conversion technologies.

3. Combined Effects of Pressure and Magnetic Field on
Thermoelectric Properties

Magnetic field (B) can influence on all the parameters
in eq 1 and for this reason it can change the TE perfor-
mance. The effects of magnetic field on the electrical
resistivity, the thermopower, and the thermal con-
ductivity are known, respectively, as the magnetoresis-
tance effect, the magnetothermopower (the Nernst—
Ettingshausen effects), and the Maggi—Reghi—Leduc
effect.*>'" The Nernst—Ettingshausen (N—E) effect
consists of (i) a longitudinal contribution (variation in
the thermopower along a temperature difference in a
transverse magnetic field) and of (ii) a transverse one
(an appearance of a thermoelectric voltage (U) in the
direction perpendicular to both a thermal flow and a
magnetic field (i.e., in the “Hall” direction)). In a simple
case of an intrinsic semiconductor with one-band con-
ductivity, the transverse magnetoresistance (MR), the
longitudinal N—E effect (ASj), and the coefficient of
the transverse N—E effect (Q) in weak magnetic fields

(uB < 1) come as follows:*'”

MREAPT(B):Alx(/,LxB)z, (6)
AS)/(B) = 4> x (’g) x (u x B)?, (7)
Q—A3xr><<l£>><u, (8)

where, e is the electron charge, k is the Boltzmann’s
constant, u = e x 7 /m is the mobility of charge carriers,
m is the effective mass, 7 is the impulse relaxation time of
charge carriers, and r is the scattering parameter describ-
ing a dependence of 7 on the electron energy &, 7(e) ~
¢ *17° The constants A, A», and As are the functions of
rand are determined by Fermi integrals.*'”® A sign of Q is
directly determined by a sign of the parameter r. AS
depends on r in a hidden manner (eq 7) but also changes
its sign if the one of the parameter r is changed; for example,
for two opposite cases of scattering by (i) acoustic phonons
(r=—"/,) and by (ii) charged centers (r = */,), the constant
A, respectively equals to A, ~ 9r/16(1—m/8) and A, &~ —30,
and so a value of the thermopower either increases (r=—"/,)
or decreases (r =>/,) with B.*!"

The main peculiarity of the N—E effects consists in
their direct dependence on carrier mobility (eqs 7 and 8).
Hence, conditions for optimization of thermoelectric and
magnetothermoelectric effects essentially distinguish.
For instance, the appearance of minority charge carriers
of opposite sign is expected to diminish the thermopower
value because of “annihilation” of electron and holes
contributions.®> Whereas magnetothermoelectric effects
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7

Figure 9. A standard scheme for measurement of the longitudinal and
the transverse Nernst—Ettingshausen effects under pressure P. A mag-
netic field Bis directed perpendicularly to the plot’s plane. I shows a high-
pressure working volume; 2 A pressure-transmitting medium (fluid);
3 An electrical heater for production of a temperature difference along
the longest size of a sample 4; 5 and 6 the probes and thermocouples for
transverse 5—35 and longitudinal 6—6 measurements, 7, the electrical
wires.

on the contrary are enhanced in a case of two-band con-
ductivity.®>'% Measurement of a set of electrical, thermo-
electric, galvanomagnetic, and magnetothermoelectric pro-
perties in a sample permit determination of basic parameters
of its electron band structure, such as concentration, mobi-
lity, effective mass, and scattering parameter of carriers.
Thus, a so-called “four coefficient method” which extracts
the above parameters from four properties (electrical con-
ductivity, thermopower, Hall, and N—E effects),'®! is acti-
vely applied nowadays.'>'*'82 However, its full high-pres-
sure realization is challenging.

Significant impacts of magnetic field on the TE per-
formance were experimentally observed in some com-
pounds.987100’102 For instance, in Bij 9;Sbg g9 @ magnetic
field of 0.5 T improved ZT by a factor higher than 2, and
so at 140—180 K ZT reached ~1.2—1.3.'%° A combined
effect of magnetic field and pressure on the TE para-
meters could be more significant than those are achieved
in separate studies. Because of experimental difficulties in
parts of measurement of the Nernst—Ettingshausen and
Maggi—Reghi—Leduc effects, such investigations were
carried out in only a few works. 8> 104180-1837187 pioyype 9
shows a classical scheme for measurement of the long-
itudinal and transverse N—E effects, which may be
realized for bulk samples up to 2—3 GPa.'®® Another
approach shown in Figure 10 makes it possible to mea-
sure the N—E effects at pressures as high as 30 GPa and
beyond.®® The latter approach (Figure 10) permits mana-
ging with only one pair of electrical probes, since the
longitudinal N—E effect is measured from the thickness
of a sample (Ay in Figure 10c) and a contribution of the
transverse one may be measured from the “Hall projec-
tion” of the distance between the electrical probes (Ax in
Figure 10c). In this approach, the electrical probes always
output the longitudinal effect, while the transverse one

Figure 10. A scheme for measurements of the longitudinal and the
transverse Nernst—Ettingshausen (N—E) effects under pressure P in flat
samples (after ref 104). 1, a sample; 2, the electrical probes; 3, the anvil
insets (made of sintered diamonds) in the high-pressure plungers; 4, a
container made of the lithographic stone; 5, the supporting hard-alloy
matrixes (plungers); and 6, the ends of the electrical probes. (a): A side
view of a high-pressure cell. The arrows show acting forces. (b): A
photograph of a container 4 of ~2 mm in diameter recovered from high
pressure. The black circle in the center is a sample of ~300 um in diameter
and ~20 um in the thickness. The electrical probes are shown schemati-
cally. (c): the block arrows W (perpendicular to the plane of a sample) and
B (parallel to the one) show the directions of a thermal flow and magnetic
field, respectively. The longitudinal N—E effect is output from the Ay
distance, while the transverse N—E one from the Hall projection of the Ax
distance. By turning a cell with a sample around its axis of symmetry
(parallel to 1) one can change the transverse N—E effect (eq 9).

may be modulated by a turning of a high-pressure cell
with a sample around its axis in a nonzero magnetic field
(Figure 10c). The N—E effects are simply separated as the
longitudinal is quadratic (eq 7), whereas the transverse
one is linear on B (eqs 8 and 9).*!” Notice that the full
transverse effect (AS)) strongly depends on geometrical

parameters as follows:'**
AU, (B) AT AU, (B)
Ax Ox B X T AT 51
Ax
= B x —. 9
0 % B x ©)

This means that by variation in the geometrical para-
meters (Ax/Ay ratio) one can additionally enhance the
magnetothermopower effects.”’

A direct measurement of Maggi—Reghi—Leduc effect
(a variation in the thermal conductivity in magnetic field)
under pressure remains a challenging task. For intrinsic
nondegenerate electron gas in weak magnetic fields
(uB < 1),adependence of the electron part of the thermal
conductivity comes as follows:'®®

2
(B) = m(r+3) S 0= anwB®). (0

where n; is the 7’s carrier concentration and «,; is a
multiplier depending on r. Notice, that for any scattering
mechanism (—'/, < r =< 3/,), A, diminishes with B.



644 Chem. Mater., Vol. 22, No. 3, 2010

20
1 S
g 02t
=
S
R%}
g o1}
I o
10 g
8 0.0 , . |
=
g %30, ag gy
Sl 8, e Ala . @mw O
~ 0 L |
w .....
< - Ty
-
L 4
¢
o
c
@
10 F 2
Eg 147t
ee
~§<1
qé 1.2 . ‘
2 2 1 o 1 .
-20
.2 -1 0 1 2

Magnetic field (Tesla)

Figure 11. Variation in the thermopower of PbTe in magnetic field at
pressure 2.6 GPa and ambient temperature.®® The curves were obtained
under turning of a high-pressure cell around its axis (see Figure 10c).
Position 7 exactly corresponds to the case shown in Figure 10c, that is, the
distance between the contacts Ax is perpendicular to the directions of
magnetic field Band a thermal flow . Thus, the curve 1 is a superposition
of the maximal transverse and the longitudinal Nernst—Ettingshausen
effects. The positions 2, 3, and 4 correspond to turning by, respectively,
~10°, 90°, and 110° from the position 1. The curve 3 corresponds to the
almost pure longitudinal N—E effect (eq 7). The insets show the magne-
toresistance effect and a variation in a temperature difference (A7) in
PbTe in magnetic field near 3 GPa from refs 85, 187.

In stationary thermal regime, a temperature difference
along a sample thickness AT is equal to AT =g x Ay/
(Aph + Z.), where ¢ is the density of the thermal flux and
Ay is the thickness of a sample. For a typical semicon-
ductor case (i.e., A,, > 4,) using eq 10 one can derive an
expression as follows:'®’

AT = g X Ay/(Aph + Ae(B)) ~q X Ay/Apn
X [1=2(B)/Aph]
q x Ay/Apn

X [1 = nu/Aph (r + %)HTT{l —an (uB)’}

AT(0) + B x (uB)’
(11)

where (3 is the coefficient depending on r, A, n, u, and T.

Figure 11 summarizes experimental data on magnetic
field effect on the resistivity, the thermopower and a
temperature difference along a sample (related to the
thermal conductivity) of PbTe near 3 GPa.’>'®” One
can see that a magnitude of a variation in the thermo-
power exceeds the one in the resistivity (Figure 11). A very
weak quadratic dependence of a temperature difference
(inset in Figure 11) suggests that a corresponding change
in the thermal conductivity is negligible. The variation in
the thermopower changes its sign in dependence on the
pole of magnetic field (Figure 11). Hence, both in n- and
p-type samples one can enhance | S|. Hitherto the maximal
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Figure 12. The pressure dependencies of magnetic field coefficients of the
thermopower (dS/dB) in PbSe, PbTe, and Te determined by data of the
transverse Nernst—Ettingshausen effect from refs 85, 186, 187. The inset
shows the inversion of the coefficient in PbSe in the high-pressure phase
above 5 GPa.%.

experimentally found effect in PbTe is a variation in the
thermopower by ~20 ©V/K in a field of ~1.9 T at 2.6 GPa
(Figure 11).%° Hence, using the data from section 2.2, one
can estimate ZT as follows: ZT ~ T x (S + AS)*/(p x )=
300 K x (220—270 xV/K)*/(0.1 (mQ x cm) x 7.25 W/
(K x m)) ~ 2 and ~ 3 for S = 200 and 250 uV/K,
respectively. Notice that both a further increase in mag-
netic field (Figure 11) and an increase in the Ax/Ay ratio
(Figure 10c and eq 9) are expected to result in a more
significant variation in the thermopower and hence in the
higher TE performance.

Literature data on magnetic field effect on the thermo-
power in dependence on external applied pressure are
reviewed for some semiconductors (PbTe, PbSe, Te) at
Figure 1285104186187 The enhancement of the dS/dB
coefficients (proportional to the coefficient of transverse
N—E effect, Q from eq 8) with pressure in PbTe, PbSe,
and Te (Figure 12) correlates with a narrowing of their
direct energy gaps E, that are related to mobility rising as
follows: u ~ 1/m ~ 1 /Eg.4 Elemental tellurium is known
not to be a thermoelectric, while the existence of the
giant magnetothermoelectric effects (up to ~60 uV/(K x
Tesla)) (Figure 12)'*” hints that this semiconductor
potentially could be good magnetothermoelectrics.

4. Comments on Practical Realization of High-Pressure
Thermoelectric Elements and Devices

In the introduction we mentioned that a high pressure
may be obtained not only in a variety of different chambers,
but also in situ simulated by different means. For instance, it
was demonstrated on examples of PbTe and PbSe films
deposited on a substrate with a misfit lattice parameter
(KCI, KBr, BaF,, etc.), that stresses inside the films can
stabilize both the orthorhombic and CsCl-structured high-
pressure phases,*®®” which usually appear above 4.5—6.5
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and 13—16 GPa."*~!3* A high-pressure treatment of ma-
terials can also trap and keep improved TE properties, e.g.,
Bi,Te; and BijsSb; sTes crystals subjected to a torsion
under pressure of 6 GPa demonstrated significantly en-
hanced TE parameters.'®'* If a sample is subjected to
high pressure cycling across a series of reconstructive phase
transitions, its mesostructure may be substantially changed,
and hence, TE parameters may be also changed, for in-
stance, owing to a worsening of thermal conductivity.’
Recently, it was demonstrated that temperature annealing
under pressure for bulk ZnO can stabilize its high-pressure
rock-salt-structured phase and keep it upon decompression
to ambient pressure.'”! Thus, there are different simulation
possibilities for practical realization of high-pressure effects
at ambient conditions, but in order to select an appropriate
method, the mechanisms of high-pressure enhancement of
the TE performance should be properly understood. At the
moment, even in two systems considered (Bi,Tes, PbTe) the
origins of the colossal improvement of their TE parameters
under pressure are still not yet fully understood. Some of the
high-pressure cells employed in experiments, for example
the one shown in Figure 10a, may be used as prototypes for
TE energy converters, in which a sample (or assembly of
samples) serves as a working TE element.

5. Conclusion

The present review briefly summarizes the state-of-the-
art achievements in high-pressure effects on the perfor-
mance of energy conversion materials. The review focuses
basically on two classical telluride systems, namely Bi, Te;
and PbTe, which a long time ago were proposed for
thermoelectric applications and for this reason appear
to be more studied than others. A detailed comparison of
structural, optical, and transport properties suggests that
these so-called conventional thermoelectrics under pres-
sure became unconventional ultranarrow gap thermo-
electrics. Therefore, pressure studies indicate that a
current understanding of the thermoelectricity in these
materials is not sufficient. The review also explains and
gives examples how relatively weak magnetic fields can
significantly improve the TE parameters. A possibility of
multicascade improvement of the performance of TE
elements is demonstrated on examples of combined ef-
fects of pressure and magnetic field. Applied pressure can
change energy gap and charge carrier parameters. While
the enhanced TE properties are usually achieved in a
narrow-gap one-band semiconductor with several closely
lying bands and high density of states in vicinity of
chemical potential level, the significant magnetothermo-
electric properties are expected in a direct-gap two-band
semiconductor with low effective mass and high mobility
of carriers. In summary, this review introduces high
pressure as a powerful tool for improvement of the
performance of thermoelectrics that opens new perspec-
tives in this field.
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