Chapter

Electron and Phonon Transport
Mechanisms in Thermoelectric
Materials

Hong Liu and Xinli Cheng

Abstract

Thermoelectric materials can directly convert thermal energy into electrical
energy. Although the low efficiency of thermoelectric devices limits their use in the
professional market, the development and improvement of condensed matter physics
theory, as well as the emergence of various new material synthesis processes, have
brought new research and development momentum to the utilization of thermoelec-
tric materials. This chapter first starts from the basic theory of thermoelectricity,
introduces the thermoelectric transport equation and the Boltzmann transport equa-
tion that controls phonon and electron transport, and then reviews the strategies to
further improve the thermoelectric properties of materials in the past two decades.
and evaluated the effectiveness and universality of existing strategies, pointing out
their limitations. Subsequently, based on the superconducting Bardeen-Cooper-
Schrieffer (BCS) theory and phonon drag effect, this chapter proposes a new physical
paradigm different from the phonon-glass-electron-crystal method. The core of the
new paradigm is to shift from decoupling the electron-phonon transport process to
optimizing the electron-phonon coupling mechanism and provides a theoretical
mechanism for improving the performance of thermoelectric materials by optimizing
the electron-phonon coupling. Identified the material design concepts and challenges
for implementing the new paradigm.

Keywords: thermoelectricity, Boltzmann transport equation, physical paradigm,
electron-phonon coupling, phonon drag effect

1. Introduction

Thermoelectric technology, characterized by direct thermoelectric conversion, is
increasingly recognized as a key component of emerging green energy technologies. In
order to make thermoelectric equipment more economical and efficient, we must
improve the energy conversion efficiency, which is evaluated by the material quality
factor (ZT). ZT = S* 6T /x [1] depends on conductivity (o), Seebeck coefficient (S),
and thermal conductivity (x, sum of phonon x; and electron x, components). ZT
enhancement is typically achieved by increasing the power factor (S* 5) and decreas-
ing x;, which correspond to charge carrier transport and phonon propagation,
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respectively, and which is challenging as these requirements are often contradictory to
each other in conventional materials [2].

High-performance thermoelectric materials rely on innovative thermoelectric
transport mechanisms. Related strategies include the quantum confinement effect [3],
resonant energy levels [4], band convergence [5], liquid ions [6], entropy engineering
[7], anharmonicity [8], modulation doping [9], spin orbit coupling (SOC) [10], and
Rashba effect [11], which enhance ZT in many thermoelectric material systems.
However, the research progress on enhancing thermoelectric material ZT seems to
have only partial and minor success. In order to further promote the development of
thermoelectric materials, exploring the paradigm shift mechanism is crucial. This
chapter will start from the basic theory of thermoelectricity and explore new thermo-
electric transport mechanisms, highlighting the main physical parameters and related
description methods that affect electron and phonon transport processes, providing
new prospects for manipulating thermoelectric properties. Firstly, briefly introduce
the basic principles of thermoelectric devices and materials (Section 2), and then
summarize the current status of the optimization mechanism of thermoelectric trans-
port in thermoelectric materials (Section 3). Then, we will discuss the thermoelectric
transport mechanism in bulk materials, as well as the physical paradigm for synergis-
tically reducing the thermal conductivity and improving the power factor of bulk
materials (Section 4), and finally present the conclusions of this chapter (Section 5).

2. Thermoelectric transport
2.1 Transport equation in thermoelectric materials

The electrical and thermal transport processes in thermoelectric materials are not
independent but interact with each other. Essentially, the charges in semiconductors
and conductors carry away heat during their movement. The interrelated current
density ], and heat flux density J, can be expressed as [12, 13]

dd daT
Je=Ln <— E) +Lp (— E) 1)

Jg=Ln (— fl_i)> + Lo (- j-:) ()

Consider one-dimensional transport, where Lq; is the conductivity and @ is the
potential, which is the electrochemical potential per unit charge. In an isothermal
conductor, heat flux can be expressed as

J, =ty g, 3)

1 Ln
Proportional to the current, the proportionality constant is the Peltier coefficient
I1. Although the Peltier coefficient is an inherent material property, as shown in
Figure 1, due to the imbalance of Peltier heat between the inflow and outflow junc-
tions, Peltier cooling and heating occur when two materials with different Peltier
coefficients are connected together. Control volume analysis shows that the cooling or
heating Q occurring at the junction is equal to
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Figure 1.
Cooling or heating at the junctions of two materials occur because of the different Peltier coefficients of the two
materials, which can be used as thermoelectric refrigerators or heat pumps.

Q = (I — Iy)I 4)

In Eq. (4), I is the current, and I1; and I, represent the Peltier coefficients of the
two materials. According to the definition of the Seebeck coefficient, taking J, = 0 in
Eq. (1), the Seebeck coefficient can be obtained as

S:—dQ/dx:_l:lﬁ )
dT/dX AT L11

As shown in Eq. (5), the Seebeck voltage V between two points on a uniform
material is independent of temperature distribution. Thermocouples measure tem-
perature based on this material characteristic.

The Seebeck coefficient and the Peltier coefficient are not independent but inter-
related and are expressed as IT = TS, this is also a generalized Onsager reciprocity
relationship Ly; = TL1,.

Furthermore, one can eliminate the electrochemical potential in Eq. (1) and
express the heat current as

ar
]q :H]e_KeE (6)
where the electronic contribution to thermal conductivity is
L)L
Ke = L22 - 22 21 (7)
1

The transport coefficient can be further correlated with the electronic band struc-
ture of the material. Based on the Linearized Boltzmann Transport Equation (LBTE)
formalism under the relaxation time approximation, the transport coefficient of iso-
tropic materials with a single energy band can be expressed as [14].

2 0
Ly = —%JUZT‘Z—EN(E)dE (8)
_ e afo
L= Jv (B ) L N(E)E ©)
0
Ly=— 3iTJ1)2T(E — Ep)? @a[—EN(E)dE (10)

Among them, 7 is the relaxation time, N (E) is the density of electronic states per unit
volume per unit energy interval, f° is the Fermi Dirac distribution in equilibrium
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state, and Ey is the electrochemical potential based on doping modulation. According
to Egs. (5), (8), and (9), the Seebeck coefficient can be expressed as

0
v’r(E — Ey) iN(E)dE
3 ity o

oT 7
2 —_—
Jv v g N(EE

According to Egs. (1) and (2), considering a virtual process that does not generate

. . T . ..
temperature gradients, we can obtain: J q]/ = S, this means that the Seebeck coefficient

is the entropy current carried by a unit current density. Moreover, temperature
gradient (phonon non-equilibrium distribution) can generate non-uniform distribu-
tion of charge carriers and form potential gradient, and similarly, potential gradient
(charge carrier non-equilibrium distribution) can lead to non-uniform distribution of
phonons and form temperature gradient. Explanation of the evolutionary mechanisms
for phonon non-equilibrium distribution and charge carrier non-equilibrium distri-
bution in sections 2.2 and 2.3.

2.2 Boltzmann transport equation for phonon

The non-zero heat flux J can be generated by a temperature gradient of VT. Within
the linear range, the component of thermal conductivity « is determined by the follow-

ing equation J* = —3~ k¥ (VT)”. J can be obtained through the following methods
T dq
= how, —— 12
J . Jfg W; 1(27[)3 (12)

Among them, 4 is the phonon mode identifier, including phonon branching index
p and wave vector ¢, @, and v; are the angular frequency and group velocity of
phonon mode 4, respectively, and f, is the corresponding phonon distribution func-
tion. In the state of thermal equilibrium without thermodynamic forces, the distribu-
tion of phonons is determined by the Bose-Einstein statistical distribution function
fo(@,). When a temperature gradient of VT occurs, the distribution function f devi-
ates from f ;, and the deviation can be obtained by iteratively solving the Boltzmann
transport equation. The variation of the phonon distribution function comes from
diffusion caused by VT and scattering caused by related mechanisms. When reaching
steady state, the time rate of change of the distribution function is 0; The
corresponding relationship can be expressed as [15]:

4 _ 9 4

dr @C |dz usion + @C |smt[ermg ( 3)

where,

7,

@c |dz' usion — _VT.U/I% (14)

oT

and % |scattering depending on the relevant scattering process, analyze and solve using

perturbation theory. The phonon scattering in single crystal materials mainly comes
from phonon-phonon scattering and impurity scattering such as isotopes. In addition,
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the size of actual block samples is always limited to the extent that boundary scatter-
ing dominates at very low temperatures.

In most cases, the norm of VT is small enough that f, can be expanded to the
first-order term of VT, thatisf, = f(w;) +g,, where g, depends on VT linearly.
We can choose to express this dependence asg, = —F,VT df ,/dT . When the
scattering process is two phonons and three phonons, the linearized Boltzmann
equation is [16]:

Fy=1) (0, +4)) (15)

In Eq. (15), rff is the relaxation time of the mode A obtained from perturbation
theory, which is commonly used in relaxation time approximation (RTA). Setting all
A; to zero in Eq. (15) is equivalent to working in RTA. Therefore, the dimension of A,
with velocity is a measure of the degree to which a population of specific phonon
modes (and associated heat flux) deviates from RTA predictions. The calculation
formula for A; and 79 is

1
Zr v CurEr — SFy) + Z L Fy — EuFy) NZT wSanFy
A/

ﬂ./ ya ﬂ./ 2//

(16)

%: . <Z T Z Doy + ZFM’> (17)

A A l”

We discretize the Brillouin zone (BZ) into a regular grid of N=N1 x N2 x N3 g-
points centered on I" and use the abbreviation &, = wy /w;,. In Zi summation, the
conservation of quasi-momentum requires q" = q + q' + Q, which maps q” to the
first Brillouin zone through translational reciprocal-lattice vector Q. The symbols
used here are slightly different from those used by some authors [17] in previous
publications, where group velocity was not included in A;.

The quantity 'y, in Eq. (17) is the scattering rate in the three-phonon process,
which can be expressed as

hr fo—fo
+ JO JO |y+
FM”V/ - T W,y @y V/l/l’/l” (w}L toy — wl’/) (18)
~ hrfo+fo+1,, 2
Fﬂj’/{” = _M }Vﬂ.ﬂ/ﬂ// 5((0/1 —_ a)ﬂ., _ 0)/1”) (19)

4 wywywy

To simplify the representation, f}, refers to table f (@), and so on. I'};,,, corre-
sponds to the absorption process, where two phonons combine into one phonon,
corresponding to energy (w, + w; = w;). The conservation of energy during absorp-
tion and emission is limited by the Dirac delta distribution in Egs. (18) and (19). In
order to calculate the value of I';;,,, it is necessary to provide the scattering matrix

element V3, ,,, which is given by [16].

'
V}i’,{” _ Z E az}’ ,iq (]) " —q" (k) (20)
1
T Yy A /M,]V[]Mk

icucik



Advanced Thermoelectric Materials — Theory, Development, and Applications

these in turn depend on the normalized eigenfunctions e, ; of the three phonons

. . 3
involved and on the anharmonic IFCs @/ = —E
ik or ot 0

atomic indices, while «a, f, and y represent Cartesian coordinates. The summation
index 7 only traverses the atoms in the central unit cell, while j and k cover the entire
system. #¥ and M; represent the alpha component of the displacement from the
equilibrium position and the mass of the i-th atom, respectively. ¢} (i) is the alpha
component of the mode /1 eigenfunction at the i-th atom.

The above analysis process is based on particle models to calculate the diffusion
and scattering mechanisms of phonons, without involving the wave characteristics of
interface adaptation. The phonon transport mechanism in nanostructures is of great
significance for the precise customization of thermal properties. By combining pho-
non particles and wave effects through different strategies, the study aims to achieve
ultra-low or ultra-high thermal conductivity in various nanostructures. However,
phonon particles and wave effects are coupled together, so their respective contribu-
tions to phonon transport have not yet been calculated clearly. It is generally believed
that the wave effect is the main modulator that blocks phonon transport, and the
particle effect is so weak that it can be ignored, but this may not be the case in reality.

In addition, the interaction between electrons and phonons can also affect the
transport properties of phonons. The above analytical process only used the potential
energy surface of electrons when calculating the interaction force constant using
density functional perturbation theory (DFPT). The influence of electron-phonon
interaction on phonon transport will be introduced in Section 4.3.2.

.In Eq. (20), 7,5, and k represent

2.3 Boltzmann transport equation for electron

Assuming a solid with a temperature gradient, it can be inferred that the chemical
potential at the hot end is lower than that at the cold end. Adding an electron requires
less energy, and the electron naturally migrates toward the hot end. This provides
another explanation for the thermoelectric phenomenon, where a thermal gradient
can generate voltage without a net current. Because electrons are governed by two
equilibrium forces: one is the so-called “thermal” force that pushes electrons from the
cold end to the hot end, and the other is the opposite so-called “electric” force.
Therefore, the thermoelectric phenomenon can be considered as a result of the tem-
perature dependence of chemical potential, which is itself a result of the Fermi-Dirac
distribution thermal broadening. Figure 2 depicts the semiclassical picture of the
thermoelectric effect.

The Boltzmann equation, a method historically used to calculate the transport
coefficients of bulk materials in the Drude model [13, 15, 18].

The core concept in Boltzmann transport theory is the non-equilibrium distribu-
tion function f, (r), defined as the number of electrons per unit volume near the (7, k)
phase space (in fact, the time, energy band, and spin are also specified, which have
been omitted for simplicity). In the case of thermal equilibrium, where the tempera-
ture is uniform and there is no external field effect, the distribution function and
equilibrium distribution function f° agrees.

When there is an external field, the distribution function will change due to the
acceleration of electrons by the field (the wave vector distribution is no longer sym-
metrical); In addition, the distribution function may depend on location (non-
uniformity in spatial distribution, such as temperature gradients, density gradients,
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Figure 2.
The semi classical picture of thermoelectric effect.

etc.), which can occur when electrons have a tendency to diffuse; The third effect that
causes changes in the distribution function is scattering—electrons interact with pho-
nons, other electrons, impurities, defects, and surfaces. Therefore, the transport pro-
cess can be attributed to the influence of external fields (electric fields, magnetic
fields, etc.), diffusion, and collision scattering on the electron distribution function,
leading to deviations from its relative Fermi-Dirac distribution, and the overall results
of these three effects should cancel each other out.

Electron group velocity vy, as

Current can be written as

J. = Jvkef o(1)dk (22)
Energy flow can be written as

Ju = |oxef () 23)

The heat flow (the amount of heat carried by electrons) is

Ty =Tu —Wx = Jvk(e — )f () dk (24)
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Consider the near-equilibrium state (local equilibrium assumption and the time
scale of interest At satisfy 7j,.y < At < Tyysem ). Based on relaxation time approximation:

df ,(v)

dr |scaﬂering

ffk (V) 7f0 (25)

N T
The diffusion term caused by the temperature gradient is

df ,(r) _dr.@fk(”)_ o . (r) ,afo
dt |Tempgmd - % or = U or RV ﬁVT (26)

The approximation in the above equation assumes that the influence of the tem-
perature gradient on the distribution function is mainly due to the thermal broadening
of the Fermi-Dirac distribution. Between two scattering events, electrons drift under
the influence of thermal gradients.

Similarly, the influence of the external electric field on the distribution function

can be expressed as
0
af,(r) %.@Ck(r) :fE,@Ck(”) zevk-(y{ E 27)

g |Becfiaa = 0T~ = By 0},

Therefore, the linear Boltzmann equation can be written as

of° LI L) —f°
aTVT+evk angJr .

_ =0 (28)

The deviation of the local distribution function from the steady state comes from
two disturbances, which are called drift terms. As shown in Figure 3, small changes in
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Figure 3.
The distribution function in the presence of an electric field and temperatuve gradient (the gray line represents the
equilibvium distribution,).
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energy will shift the distribution function, while an increase in temperature will widen
the distribution. Therefore, applying an electric field will cause electrons moving in
one direction to have greater energy than electrons moving in the opposite direction.
On the other hand, in the presence of a thermal gradient, the distribution on the cold
side is steeper, and due to the difference in distribution width at both ends of the
sample, there is a so-called “heat” that pushes electrons from the cold end to the hot
end, which has a significant impact on the physical properties of the system.

According to Egs. (22) and (28), the conductivity of the system without a thermal
gradient is

0
J,(VT = 0) = J vref° — ool iE dk (29)
0&s,
There is no current in thermal equilibrium, so the first term on the right-hand side
of the Eq. (29) is integrated to zero, so the conductivity is expressed as

0
o= Je%(k)u,g (;%dk (30)

Similarly, in the absence of an electric field, the current density generated by the
temperature gradient is

0
J(E=0)=— Jew,ﬁ Zf—TVTdk (31)

The electrical conductivity generated by heat is derived as follows:
0
_ 2
o= J”(k)”k T dk (32)

Egs. (30) and (32) clearly demonstrate the k-dependence of relaxation time. How
do these two equations tell us the relationship between conductivity generated by
electric fields and heat? How are the two related to the Fermi-Dirac distribution? How
are the two related to electron velocity and relaxation time? The latter two quantities
vary depending on the material and have strong anisotropy.

As can be seen from the above, the conductivity is always positive, while the
. iy . o
conductivity generated by heat can be positive or negative. Because 5z =

—gr (f°)2 exp (ZB;T’f) is always negative, ‘z—; = -5 % depends on (& — ).

Based on the above discussion, the carriers that play the main role in the two
transport processes are different, as shown in Figure 4. In the case of charge transport
(conductivity), electrons with energy exactly at the chemical potential contribute the
most to conductivity (i.e., conductivity mainly depends on the contribution of elec-
trons near the Fermi level); in the case of thermoelectric transport, these carriers do
not contribute at all to the thermal conductivity, and the entire signal is determined by
electrons with energy slightly higher or lower than the chemical potential, and the
contributions of these two parts have opposite signs.

Similar to the above discussion and utilizing the properties of the Fermi-Dirac
distribution function, the expression for heat flux can be derived as
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Figure 4.
Two types of derivatives of Fermi distribution, temperature T, is less than T .

0 0
E=m I or I gl (33)

]q = Jvl((e _ﬂ)TVk. T 0 0

According to the above, the transport coefficients corresponding to Egs. (8), (9),
and (10) can be derived.

The Boltzmann equation is a product of the classical particle Newtonian
mechanics model and the quantum mechanics model of energy state transitions. If all
coherence effects are ignored and simplified, the Boltzmann equation can be
derived from the quantum transport model. The classical transport theory is
based on the Boltzmann transport theory, and the basic assumptions of Boltzmann
theory include: (i) Electrons and holes are both tiny particles; (ii) The particles are
independent of each other, without coherence, and interact with each other through
scattering; (iii) Particles can be described using Bloch theory; (iv) Scattering is a
transient behavior without temporal and spatial persistence; (v) Only consider the
scattering between two particles, without taking into account the combined effects
between multiple particles. The Boltzmann transport equation is an equation used in
the distribution function method, which is an equation satisfied by the non-
equilibrium distribution function f(k, r,t). Solving this equation can obtain f (k, , t)
under different conditions, and then various transport parameters of electrons can
be obtained.

The Boltzmann transport equation takes into account the velocity distribution of
charge carriers and the directionality of scattering, making it relatively accurate. In
the presence of external fields such as electric fields or temperature gradients, the
Boltzmann equation can be established based on the drift changes caused by the
distribution function due to external fields such as electric fields, magnetic fields, and
temperature gradients, as well as the changes caused by scattering. Since the scatter-
ing term should be an integral of the scattering probability, the Boltaman equation is a
differential integral equation. The solution of this equation is very complex, and
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approximation methods are usually used. One commonly used approximation method
is the relaxation time approximation.

The Boltzmann equation is a high-dimensional equation with three-dimensional
wave vector space (k), three-dimensional real space (), and one-dimensional time
(¢), which is difficult to solve and is commonly simulated using Monte Carlo methods.

The difference in the description of heat-carrying phonons and conducting electrons
by the Boltzmann transport equation is only reflected in the difference in statistical laws
and the dynamic forces of distribution functions deviating from the equilibrium state.
Both recover to equilibrium through scattering mechanisms, while phonons and elec-
trons always have mutual influence through the correlation of material structure and
environment. Therefore, co-modulating the transport process of both is the fundamen-
tal strategy to improve the performance of thermoelectric materials. The fourth section
of this chapter will discuss in detail the relevant modulation paradigms.

3. The current status of the optimization mechanism of thermoelectric
transport in thermoelectric materials

3.1 Strategy for enhancing Seebeck coefficient
3.1.1 Energy band engineering

Based on the quantum confinement effect of low-dimensional materials on band
structure [19, 20], the band structure of materials can be modulated by alloying or
chemically doping bulk materials (such as forming resonance energy levels and gen-
erating band convergence), thereby improving thermoelectric performance.

3.1.1.1 Resonance energy levels

Mahan and Sofo [21] believe that electronic systems with narrow energy distribu-
tions during transport can maximize thermoelectric performance. The so-called reso-
nant energy level is called the “virtual bound state” [22-24], similar to the required
delta-shaped energy level proposed by Mahan and Sofo [21]. Unlike doping in the
bandgap to form electronic energy levels, resonant dopants will generate electronic
energy levels located above the conduction band edge or below the valence band edge
as shown in Figure 5 [25], which will significantly alter the electronic density of states
of the host material. The state of a resonant energy level is characterized by the energy
of the resonant energy level (Ep) and the width of the resonant state (I').

The Bethe-Sommerfeld expansion for the Seebeck coefficient can be
expressed as [25].

2 kg 1 dn(E) 1 du(E)

§=73 7 e n(E) E @ uE) dE (34)

e
Clearly, the Seebeck coefficient depends on the density of states and the carrier scattering
mechanism. Resonance energy levels can provide additional energy states to the main
band and increase the effective band mass (1), thereby increasing the density-of-states
effective mass (m ) [4], wherem] = N %,/3mb and Ny is the band degeneracy. Addition-
ally, carrier scattering can generate a carrier filtering effect [26, 27].
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Figure 5.
Schematic view of the resonant level. Reproduced with permission from reference [25]. Copyright of The Royal
Society of Chemistry 2012.

3.1.1.2 Energy band convergence

According to the relationship between the band degeneracy and density-of-states

effective mass (m; = N%,me), enhancement in density-of-states effective mass can
also be realized by improving the band degeneracy. In principle, when there is no
band extremum or the energy difference can be ignored in multiple bands, band
degeneracy will increase. In addition, when multiple carrier pockets in the Brillouin
zone degenerate, high band degeneracy can be obtained because they are symmetri-
cally equivalent due to the symmetry of the crystal.

3.1.2 Carrier filtering effect

According to the Mott relation, the Seebeck coefficient can be expressed as [27].

_—lfe—p —9f°(e)
s_;J - 0(8)[ n ] (35)

In Eq. (35), ¢ is the energy of the carrier, u is the chemical potential, o(¢) is
the differential conductivity, and f°(e) is the Fermi distribution function.
Furthermore, as can be seen from the equation, the contribution signs of charge
carriers with energy less than the chemical potential and charge carriers with
energy greater than the chemical potential to the Seebeck coefficient are opposite. As
shown in Figure 6, low-energy electrons in n-type SiGe alloys have a negative
impact on the Seebeck coefficient (green area). Therefore, the absolute value of the
Seebeck coefficient decreases due to this negative effect [27]. Here, if preferential
scattering on low-energy carriers (i.e., carrier filtering effect) can be achieved, the
Seebeck coefficient can be improved [28]. Due to the fact that the carrier filtering
effect essentially manipulates the carrier scattering mechanism, the scattering term in
Eq. (34) indicates the enhancement of the Seebeck coefficient caused by the carrier
filtering effect.
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Figure 6.
Relationship between the energy of electrons and the normalized Seebeck distribution for heavily doped n-type SiGe
alloy. Reproduced with permission from reference [28]. Copyright of The Royal Society of Chemistry 2009.

3.2 Mobility enhancement

In the case of elastic scattering, the carrier mobility of semiconductors with simple
parabolic energy bands is [29].

p= elr) (36)

m*

where (7) is the average relaxation time and m* is the effective mass. In simple terms,
relaxation time can be regarded as a power function of carrier energy E, temperature
T, and effective mass m*, as shown below

t<E T'm*" (37)

From Egs. (36) and (37), it can be seen that the mobility depends on the band
structure (i.e., m*) and the carrier scattering mechanism (i.e., (z)). Therefore, an
effective strategy to improve carrier mobility is to regulate the effective mass and
carrier scattering mechanism.

3.2.1 Effective mass engineering

Because the charge carriers are mainly scattered by acoustic phonons, Snyder
pointed out that the nondegenerate mobility in multi-valley conduction can be
expressed as [30].

- 23/27F1/2fl4€C1 (38)
3my (mkaT)3/ZEZ

where m; is the inertial effective mass, C; is the composite elastic constant, and E is
the deformation potential coefficient. Hence, higher carrier mobility requires smaller
band effective mass and inertial effective mass [30].
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3.2.2 Manipulation of carrier scattering mechanism

When acoustic phonon waves propagate in a crystal, they cause compression and
expansion of the local lattice. Therefore, it can cause disturbances in the band poten-
tial energy, leading to the scattering of charge carriers, known as acoustic phonon
scattering [31]. Due to the constant existence of acoustic phonon scattering,

It can determine the upper limit of carrier mobility. Generally speaking, acoustic
phonon scattering is one of the largest intrinsic scattering mechanisms in semiconductors,
especially at high doping levels and high temperatures. According to Eq. (38), the defor-
mation potential coefficient is a measure of the strength of electron-phonon interactions
and a key parameter for evaluating thermoelectric performance. Low deformation
potential coefficient of weak electron-phonon coupling leads to high carrier mobility [32-
34]. However, the physical source of low deformation forces in materials is still unclear.
The latest research indicates that the physical essence of low-strain materials is non-
bonding orbitals that make significant contributions to electron transport [35].

3.2.3 Selecting doping sites

Based on the rigid band approximation, it is generally believed that dopants only
change the Fermi level and carrier concentration. In the case of complete ionization of
impurities, different dopants achieve the same effect. However, experiments have
found that differences in dopants and doping sites may lead to variations in carrier
mobility at high carrier concentrations.

The dopant does not alter the band structure to maintain the effectiveness of the
rigid band approximation, which can be represented by the carrier concentration
dependence of the Seebeck coefficient. Therefore, the difference in mobility should
correspond to different measurements of scattering. Of course, there must be scattering
of charge carriers by ionized impurities that generate charge carriers. However, when
different dopants have the same valence, complete ionization, and random distribution,
the ionization impurity scattering theory equivalently treats them. Therefore, different
degrees of scattering should not be attributed to ionizing impurity scattering.

3.3 Carrier concentration optimization

The main thermoelectric parameters that determine the quality factor of thermo-
electric materials are all related to carrier concentration and therefore heavily coupled
with each other. It can be seen that the most effective strategy to improve thermo-
electric performance is to optimize the carrier concentration. From a historical per-
spective, tuning of carrier concentration has been achieved through intentional
introduction of exogenous impurities through chemical doping. In this way, the car-
rier concentration remains a constant value before bipolar conduction occurs, almost
independent of temperature. However, the optimal carrier concentration () is
highly dependent on temperature, so thermoelectric performance is only optimized
within a limited temperature range.

3.4 Phonon engineering

Given the relative independence of lattice thermal conductivity from other ther-
moelectric parameters, reducing lattice thermal conductivity is considered the most
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direct means of improving thermoelectric performance. The dynamic theoretical
expression for the thermal conductivity of three-dimensional materials is [36].

1 A]e,;</\1

k(A) = JTk ; gvkkl\kﬂcvkﬂ (39)
where v, A, C, are the phonon group velocity, phonon mean free path, and specific
heat, respectively; A labels a phonon band index (or branch), k refers to a point in the
first Brillouin zone (with a k-point mesh), and N, is the number of points. The mean
free path of phonons is determined by multiple scattering mechanisms. Assuming that
different scattering mechanisms are independent of each other, the Matthiessen’s rule
can be used to estimate the phonon mean free path.

A=A (40)

The latest progress in simulating phonon transport from scratch has greatly deep-
ened our understanding of the thermal conduction mechanism of thermoelectric
materials [37]. At the same time, the relationship between lattice thermal conductivity
and material parameters was clarified. The low lattice thermal conductivity is attrib-
uted to the low sound velocity, large cell volume, long bond length (i.e., weak bond-
ing), and large Griineisen parameters (i.e., strong anharmonic).

3.4.1 Phonon-phonon scattering

The phonon-phonon interaction mechanism is that the first phonon causes peri-
odic elastic strain (through anharmonic interaction), which adjusts the elastic con-
stant of the crystal in space and time. The second phonon perceives the modulated
elastic constant and scatters it, producing a third phonon, known as the three-phonon
process [38].

3.4.1.1 Umklapp scattering

When the total momentum (K) of the phononic gas remains constant
(K1 + K2 = K3), the three-phonon collision process is a normal process (or N-process).
The phonon energy during the N process is only redistributed from the incident
phonon to the excited phonon, without generating any thermal resistance. Figure 7
(a) and (c) indicate the presence of phonon net flow between the phonon source and
phonon sink during the N process.

There is another case of three-phonon collision, which requires an additional
reciprocal lattice vector (G) to maintain total momentum conservation
(K1 + K, = K3+ G). This collision process is called the Umklapp process (or U pro-
cess). Due to the fact that the wave vector K describing the phonon state can only be
located in the first Brillouin zone, any wave vector K generated outside the first
Brillouin zone during a collision must be moved to the first Brillouin zone by adding G
(Figure 7(d)). This leads to net phonon backscattering during the U-process,
resulting in thermal resistance (Figure 7(b)). Based on the physical mechanism of the
U-process, the lattice thermal conductivity of materials can be limited at high tem-
peratures, with a temperature dependence of xj,; ~ T .
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Figure 7.

N process (a) and U process (b) for the phonon gas. Phonon collision in a two-dimensional square lattice for (c) N
process and (d) U process. Reproduced with permission from reference [38]. Copyright of 1976 by John Wiley ¢
Sons, Inc.

3.4.1.2 Anharmonic effect

The theory of harmonic approximation may lead to some conclusions that are not
consistent with reality: there is no thermal expansion (the equilibrium position of
atoms does not depend on temperature), the force constant and elastic constant do not
depend on temperature and pressure, the heat capacity at high temperatures is con-
stant (Dulong Petit law), the isochoric heat capacity and isobaric heat capacity are
equal (Cy = C,), there is no interaction between phonons, the average free path and
lifetime of phonons are infinite, and the thermal conductivity of harmonic crystals
without impurities and defects is infinite; In the expansion of the potential energy of
crystal atom interactions, terms of the third power and above are called non-harmonic
terms. Many physical effects are caused by nonharmonic terms, such as vibration
softening due to a decrease in the restoring force constant and scattering between
phonons due to no longer independent vibration modes (phonons). Therefore,
increasing the nonharmonic effect can be a beneficial strategy for limiting lattice
thermal conductivity.

3.4.1.3 Acoustic and optical phonon coupling

Acoustic phonons: Low-frequency phonons formed by stimulated Brillouin
scattering during the interaction between a light field and a medium. In acoustic
mode, the crystal undergoes overall motion at a low frequency and can be
regarded as a continuous medium elastic wave. Optical phonons: In crystals, atoms or
ions vibrate around equilibrium positions, forming optical phonons. The frequency of
optical mode is close to that of electromagnetic waves, making it easy to couple
with electromagnetic fields. Acoustic phonons mainly contribute to lattice thermal
conductivity due to their high group velocity. Based on the physical nature of the two
types of phonons, significant thermal resistance can also be generated by mediating
the coupling between optical phonons and acoustic phonons through relevant
strategies.
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3.4.1.4 Rattling modes

Phonon softening is an effective method to reduce lattice thermal conductivity.
Designing lattice void structures filled with weakly bonded heavy atoms can signifi-
cantly reduce lattice thermal conductivity, known as rattling modes. Slack and
Tsoukala proposed the concept of phonon scattering for this type of rattling [39].

3.4.2 Phonon scattering by electrons

Acoustic phonon scattering is one of the important mechanisms of electron scattering.
Due to the possible interaction between electrons and phonons, electron-phonon scatter-
ing is possible. Ziman was the first to study electron-phonon scattering [18]. Charge
carriers are usually achieved through doping. As the impurity concentration increases, the
wave functions of charge carriers overlap. When the overlap reaches a certain degree, it
can be considered that the carriers are in a quasi-free state, forming an unfilled impurity
band. The carriers in the band can collide with phonons and scatter phonons [40].

3.4.3 Scattering of phonons by microstructural defects

Figure 8 [41] shows that when the microstructure of solid materials contains point
defects, dislocations, stacking faults, twin boundaries, grain boundaries, and
nanostructures, it can distort the perfect crystal structure and hinder the propagation of
phonons. The success of phonon engineering largely relies on shortening the phonon
mean free path by introducing microstructural defects [41]. Based on different lattice
environments and system temperatures, the average free path distribution of phonons
ranges from a few angstroms to several hundred nanometers. The effective scattering of
phonons of different wavelengths requires the design of defects with corresponding
characteristic sizes [42-44]. Phonon scattering based on manipulating microstructural
defects has been extensively studied and proven to be highly effective in minimizing
lattice thermal conductivity and improving thermoelectric performance.

3.4.3.1 Phonon scattering by point defects

Point defects such as dopants, alloy atoms, isotopes, vacancies, and gaps can effec-
tively scatter high-frequency phonons due to their smaller characteristic sizes. When the
phonon wavelength is greater than the size of the point defect, the point defect will
strongly scatter phonons. Without considering resonance or multiple scattering effects,
the phonon relaxation time (r) is related to the phonon frequency o [45, 46].

1 hctw? (41)
7PD

Where ¢ is the fractional concentration of point defects, and ¢ is a contrast
parameter such as mass or strain.

Atomic defects contribute to perturbation energy in three ways: (a) changes in
kinetic energy due to differences in mass; (b) Potential energy generated by changes
in the elastic constants of atomic bonds; (c) Potential energy caused by an elastic
strain field that changes the elastic constants of atomic bonds [47, 48]. Callaway
[49, 50], Klemens [51], and Abeles [48, 52] reported a theoretical study on the effect
of point defects on lattice thermal conductivity.
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Figure 8.

Schematic views for (a) point defects, (b) dislocation, (c) stacking fault, (g) grain boundary, (h) twin boundary,
and (i) nanoprecipitates. The rest of panels ave the corresponding TEM images for the microstructural defect.
Reproduced with permission from reference [41]. Copyright of 2018 Materials Research Society.

3.4.3.2 Phonon scattering by grain boundaries

For infinite lattices, the thermal resistance of insulating crystals rapidly decreases
with decreasing temperature [53]. When the temperature of a given crystal with a
finite size is below its corresponding critical temperature, its phonon free path is the
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size of the crystal. Once this situation occurs, the scattering of phonons by crystal
boundaries will generate additional resistance [54]. The Casimir theory [54] provides
the diffuse reflection of phonons from sample boundaries as the primary mechanism
for achieving phonon equilibrium at very low temperatures. The relaxation time of
boundary scattering can be expressed as

(42)
where L is the average dimension of the sample.

3.4.3.3 Phonon scattering by dislocations

Dislocations are composed of dislocation lines and dislocation nuclei, and the
crystal structure near the dislocation line is a finite strain, so phonons will be scattered
when passing near the dislocation. The scattering degree of phonons by dislocation
cores is much higher than that of phonons by dislocation stress fields. Dislocations can
also move under the influence of phonons, and when dislocation oscillations occur,
phonons will be re-emitted [55]. Klemens pointed out that both the type of dislocation
and the dislocation line scatter phonons in the direction of the temperature gradient.
The relaxation time of scattered phonons from dislocation lines perpendicular to the
temperature gradient is [47].

1 b*

TD,line

In Eq. (43), C; is a constant, b is the magnitude of the Burgers vector, and 4 is the
lattice parameter. The relaxation time of phonon scattering by dislocation nuclei is
expressed as

2
LECRE (%) (44)

TD,core

where C, is a constant, M is the atomic mass of the unit cell, and AM is the mass
difference.

3.4.3.4 Scattering of phonons by nanoparticles

In the synthesis process of bulk materials, nanoparticles and nanoprecipitate-
embedded structures can be obtained through synergistic modulation of processes and
components to reduce the thermal conductivity of the material. A. Shakouri provided
the relaxation of phonon scattering by nanoparticles as [56].

1 _
—=v(o; o) (45)
TNP

6, = 27R? (46)
4 (AD\*/wR\*
_ 27 =27 -
617[R9<D><v) (47)
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Where p and R are the density and radius of nanoparticles, respectively, and D and
AD are the density of the matrix material and the density difference between
nanoparticles and matrix material, respectively.

In summary, various modulations of material microstructures can be obtained by
modulating atomic and molecular structures, creating nanostructures and multi-scale
structures in TE materials to optimize electron and phonon transport. Various modu-
lation methods can improve material properties, but the performance improvement is
limited, and all methods also lack universality. In addition, all the material perfor-
mance optimization strategies mentioned above are independently applied to phonon
and electron transport. The actual situation is that the transport of electrons and
phonons in materials is inseparable and permanently coupled. Therefore, exploring
the optimized coupling of electrons and phonons to significantly improve the perfor-
mance of thermoelectric materials may be an effective strategy and a good paradigm
to break through the upper limit of the coefficient of merit of thermoelectric
materials.

4. Physical paradigm for synergistically reducing the thermal
conductivity and improving the power factor

According to the definition of the TE quality factor, high ZT values originate from
material systems with high conductivity, a large Seebeck coefficient, and low thermal
conductivity. In the past few decades, traditional methods for optimizing TE perfor-
mance have relied on electron-phonon transport separation, electronic band engi-
neering, and phonon scattering mechanism modulation. However, even at various
optimization levels, only moderate ZT values can usually be obtained. This section
explores the physical paradigm of synergistic electro/phonon transport based on the
mechanism of electron-phonon interaction, starting from the phonon drag effect and
superconducting BCS theory.

4.1 BCS theory overview

Experimental measurements of the electromagnetic properties of superconductors
tell us that the charge of charge carriers in superconductors is twice that of electrons,
implying that electrons always pair up. Secondly, superconductors can theoretically be
effectively described by a “macroscopic wave function,” which is a characteristic of
boson systems at low temperatures. A composite particle composed of two fermions
(spin half integer) has an integer spin, while a boson has an integer spin. It seems that
a composite particle composed of two fermions is a boson. But in fact, this under-
standing is naive: the analysis under the second quantization system denies this point;
however, the paired two fermions are somewhat similar to bosons, and superconduc-
tors do indeed exhibit Cooper pair condensation (BEC) at low temperatures, similar to
boson condensation.

The measurement of the specific heat of superconductors at low temperatures tells
us that superconductivity has an energy gap—to restore the superconducting state to
normal through heating, a certain energy gap needs to be overcome, just like the
existence of an energy gap in a semiconductor/insulator; the latter is non-conductive
and does not match the conductivity of superconductors. Therefore, based on the
above situation, a mechanism is needed to change the electronic system originally
distributed to the Fermi surface at low temperatures so that some electrons pair up to
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form approximate bosons and form macroscopic condensation. At the same time,
there should be an energy gap between the condensed paired electrons and the normal
electron states to maintain this state and prevent it from being easily destroyed by
external energy such as heating.

Bardeen, Cooper, and Schrieffer, three physicists, presented their superconducting
theory: based on the interaction between electrons and phonons, they reasonably
explained the above phenomenon.

Electron-phonon interaction can lead to effective attraction between electrons.
Phonons indicate that the atomic nucleus has deviated from its equilibrium position,
and the displacement can be represented by the phonon generation/annihilation
operator:

1/2
h . N i—
“=2 (2M605> (a5 +a 4)eaR: “8)

Where q represents the momentum of phonons in momentum space.
The change in potential energy generated by a small deviation of the atomic
nucleus is

SV, — Z M.W (49)
tot — i aRZ 1

The Hamiltonian of electron-phonon interaction is

Hel—ph = Vtot + 5Vtat (50)

In order to obtain an effective theory of the interaction between electrons, the path
integral/partition function of the electron field and phonon field (coupling) can be
considered, and the phonon field can be directly integrated to obtain the part where
only electrons remain; it is also possible to simply consider the scattering of electrons
and phonons—represented by Feynman diagrams (Figure 9). Just as exchanging
photons between electrons creates an effective interaction potential—Coulomb

ki+q,0, k,—q,0,

kl,o'l k2,0'2

Figure 9.
Interaction of fermions via exchange of a boson.

21



Advanced Thermoelectric Materials — Theory, Development, and Applications

potential—exchanging phonons between electrons also creates an effective potential
energy.

Obtain the indirect interaction potential between electrons caused by phonons,
which in momentum space is

Vir(3.8) = ol 4 2

(6; - em)z - (an)z

< g, the sign of V¢ (5, E) is negative, which means an

When

€~ — €~ _
k k+q

attractive force.

4.2 Phonon drag effect

Phonon drag effect refers to the fluctuation of crystal atomic density caused by the
propagation of sound waves (longitudinal waves) in a crystal, forming additional
potential field waves with the same period as the sound waves. In semiconductors,
this potential field wave manifests as a small distorted periodic potential field; in
piezoelectric semiconductors, it manifests as a large periodic piezoelectric potential
field. Sound waves are essentially long acoustic waves of lattice vibration quantized
into phonons, and the resulting potential field waves can be seen as the effect of
phonons—phonon potential field waves.

When the average free path of an electron is less than the wavelength of the
acoustic wave, the electron will be frequently scattered by phonons and captured by
the valley of the phonon potential field wave. At this point, as the sound wave valley,
electrons are dragged by the phonon potential field wave, resulting in the phonon drag
effect, as shown in Figure 10. The phonon potential field in piezoelectric semicon-
ductors has a larger amplitude, leading to a more significant traction effect. Ultrasonic
waves can also generate a larger amplitude periodic potential field, thereby enhancing
the drag effect on electrons.

The phonon drag effect causes an uneven distribution of electrons in semiconduc-
tors, where electrons are pulled forward by phonons, which inevitably leads to a greater
concentration of electrons to one side, resulting in the generation of an electromotive

Temperature gradient

phoron drag

Electron

Figure 10.
Schematic diagram of phonon drag effect.
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force. When an electric field acts on electrons, causing them to accelerate, the phonon
drag effect should affect the propagation of sound waves. When the electron drift
velocity is greater than the sound wave velocity, the electron pushes the phonon poten-
tial field wave, which enhances the sound wave energy and forms the basis of the
ultrasonic amplifier. On the contrary, when the drift velocity of electrons is lower than
that of sound waves, the energy of sound waves is transferred to electrons, resulting in a
decrease in the amplitude of sound waves, that is, sound wave attenuation.

4.2.1 Non-diffusive thermoelectric transport caused by phonons (similar effects can also
occur with magnons/spin waves)

Consider testing the Seebeck coefficient: apply a temperature gradient to the solid
and measure the potential difference under an open circuit. The lattice waves gener-
ated by lattice vibrations have a certain frequency spectrum and propagate at a certain
speed in the crystal. During the propagation process, thermal energy can be carried
from the hot end to the cold end, resulting in a non-uniform distribution of phonons.
This means that the scattering rate of charge carriers traveling along the temperature
gradient is not equal to the scattering rate of charge carriers traveling in the opposite
direction, resulting in a net current in the direction of the temperature gradient.
However, the actual open circuit state cannot maintain charge flow, so the system has
to establish a finite electric field to compensate for the excess scattering experienced
by charge carriers traveling in one of the two directions. The additional electric field
generated is the contribution of phonon drag to the Seebeck coefficient, in addition to
the electron diffusion response.

Consider the Peltier test: measure the ratio of energy flow to current along the
sample without any temperature gradient. There is a net current along the sample,
which causes the scattering rates of electrons and phonons moving in each other’
direction to be different from those in the opposite direction. As a result, the phonon
distribution is no longer balanced, ultimately producing an additional energy flow in
addition to the energy flow purely brought by electrons, which is the contribution of
phonon drag to the Peltier coefficient.

4.2.2 Phonon drag theory in semiconductors (Herring theory)

For semiconductors, phonon drag is quantitatively described from the perspective
of phonons. Herring equates the rate at which a phonon system gains crystal momen-
tum from electrons with the rate at which it loses crystal momentum through U-
processes and boundary scattering [57].

dpP
% :fez‘neE (52)

Here, P is the crystal momentum per unit volume, f*" is the proportion of electron
momentum loss (with a value of 1 in the absence of impurity scattering), and neE is the
force per unit volume, where E is the electric field and # is the carrier concentration.

Assuming the relaxation time of electron-phonon scattering is z,;_., we have

dP P
P R (53)
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The energy flux density j, caused by crystal momentum is
J, =P (54)

Where 7; is the average speed of sound, so

el.]_e

Jq = Efrph_Jel'neE = Ijjoph—qf P (55)

Based on Eq. (6), the contribution of phonon drag to the Peltier coefficient is

. 1737 e
M, = £ —z” (56)

By using the Kelvin relationship, the thermoelectric potential generated by phonon
drag can be obtained as

=2
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The Herring scene discussed above has many simplifications. Electron-phonon
coupling is viewed from the perspective of phonons, and their flow carries energy as a
simple reaction to their collision with electrons.

(57)

4.3 A new paradigm for enhancing thermoelectric quality factors

4.3.1 Discussion on the mechanism of electron-phonon interaction for improving the
performance of thermoelectric materials

In recent decades, the improvement of thermoelectric material performance in the
scientific community has been based on the strategy of electron crystal-phonon glass.
The specific implementation strategy is mostly to design various methods to decouple
the correlation between electron and phonon transport. However, the actual perfor-
mance improvement is limited. Although some material systems are based on modu-
lation mechanisms that can greatly improve material performance, the stability of
materials during thermoelectric operation has not been fully verified.

The most concerned thermoelectric semiconductor material in the industry at
present is undoubtedly bismuth telluride polar semiconductor. Frohlich interaction is
an interaction between electrons and longitudinal optical phonons (LO phonons) in
polar semiconductor materials. This interaction generates a macroscopic electric field,
leading to long-range coupling between electrons and phonons, forming a quasiparti-
cle called a polaron. The strength of Frohlich interaction is measured by a dimension-
less Frohlich coupling constant. In polarized semiconductors, due to the coupling
between polarons and LO phonons, charge carriers transfer their initial kinetic energy
to the lattice through a highly efficient relaxation mechanism.

According to Egs. (1, 2), the thermal conductivity (open circuit), x, under zero
current conditions and the thermal conductivity (short circuit) under zero potential
gradient can be obtained as follows:

1 Lq1Ly — LipLy
b= o
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1
Klpoo = FLZZ (59)

By using Egs. (8-10) and defining thermal inducing electric conductivity as a =

& L1, we can obtain
2
K = K<1+ﬂ> (60)
oK

Where ";—KT is the thermoelectric figure of merit. Increasing thermal-induced elec-
tric conductivity can improve thermoelectric figure of merit (constructing an optimi-
zation strategy based on Eq. (32)). This also provides a new perspective for the design
of high-performance thermoelectric materials.

Based on BCS theory and the phonon drag effect, we can design a multi-element
thermoelectric structure material with uniformly distributed nanocrystals. However,
one should always keep in mind that the presence of nanoinclusions might adversely
affect the conducting carriers. To achieve this, we must face the following issues:

Firstly, the design of nanostructures is based on the preferential scattering of
phonons carrying heat while maintaining the integrity of the charge carrier transport
path. In order to match the band structure of carrier transport, nanoinclusions or
nanoscale defects must have only a small band edge offset relative to the band edge of
the matrix [58]. In n-type nanocomposites, the conduction band edges of the
nanoinclusions and matrix should be closely matched, with an energy difference
generally not exceeding a few kT, to minimize electron scattering at the interface
potential barrier. Experimental and theoretical studies have shown that the interface
and boundary morphology in nanostructured materials should meet the requirement
of atomic coherence or alignment at very small angles to maintain high carrier
mobility [59].

Secondly, based on Eq. (51) in BCS theory, phonon exchange can achieve the
attractive potential energy of electrons, thereby optimizing carrier transport. The
open questions are how to modulate the electron distribution near the Fermi surface
and ensure that the energy change of electrons after exchanging phonons is less than
the corresponding phonon energy.

Thirdly, design material structures based on the phonon drag effect to achieve
efficient coupling between long wave acoustic phonons and electrons. The open
questions are how to achieve effective transfer of electron-phonon momentum and
large electron-phonon interaction relaxation time.

Fourthly, the calculation of interface phonon modes and the revelation of the
interaction mechanism between interface phonons and electrons. Nano-embedded
materials or bulk materials containing nano-inclusions inevitably contain a large
number of grain boundaries, and interface phonon modes will inevitably affect elec-
tron transport and energy exchange. A deep understanding of the interaction mecha-
nism between interface phonon modes and electrons is the basis for constructing
high-performance thermoelectric materials.

Fifthly, constructing nanostructured phononic metamaterials and exploring the
quantitative relationship between phonon fluctuations and particle effects on thermal
conductivity in phononic metamaterials. Research on the modulation mechanism of
thermal conductivity by local resonance hybridization based on phonon fluctuation,
and obtain the physical basis for synergistic regulation of phonon fluctuation and
particle transport.
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4.3.2 Electron-phonon coupling mechanism and its strategy in optimizing the properties of
thermoelectric materials

Nanostructured materials have achieved great success. The basic strategy
is to decouple the correlation between electrons and phonons and introduce
clusters or microstructures that generate multiple scattering to phonons to
reduce material thermal conductivity, but they are gradually running out of
power in further reducing thermal conductivity, and the lattice deformation
potential caused by lattice vibration always interacts with electrons. It is becoming
increasingly evident that any further benefits of ZT must now come from improve-
ments in power factor. The current research on improving power factor aims to
identify materials with good band structure characteristics, such as resonance states
and low-dimensional “class” features in bulk materials, or band structure engineering,
such as band convergence strategies. In fact, most promising TE materials have com-
plex band structures with multiple energy valleys and bands that extend throughout
the entire Brillouin zone (BZ). In summary, instead of forcibly decoupling the
electron-phonon correlation, it is more advantageous to use a new paradigm of
electron-phonon correlation to optimize the key properties of thermoelectric mate-
rials. Of course, it is computationally challenging to utilize the entire phonon and
electron dispersions for full transport calculations; thus, it is common to employ
reasonable approximations.

In periodic solids, the electron-phonon coupling effect is usually discussed in terms
of the Hamiltonian [60].

H= I:Ig + th + He,ph (61)

Based on the Fock space, the generation annihilation operator can be established, and
the Hamiltonian of fermions can be obtained as

H, =) enllylnn (62)
nk

describes noninteracting quasiparticles with crystalline momentum k, band index n,
and dispersion &, while

- ot 1
th = Za)ql, (ﬂgyﬂqy + E) (63)
qv

is the Hamiltonian associated with noninteracting phonons with wave vector g,
mode index v, and frequency qu'élk and ¢y, (d;u and a,4,) are fermionic (bosonic)
creation and annihilation operators. Finally,

__1 s (s st
Ao = Zk: Lol Q)b ook (g + 1, ) (64)

Described the first-order coupling of atomic displacement, where N, is the num-
ber of unit cells in the Born von Karman supercell, and g,  (k,q) is the element of the
e-ph coupling matrix. In principle, Eq. (61) should include the so-called Debye Waller
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(DW) Hamiltonian, which gives the second-order coupling of atomic displacement
[60]. This term makes a significant contribution to the real part of self-energy (SE)
and therefore must be included when calculating quasi-particle correction and
temperature-dependent band structures. However, we will mainly focus on the imag-
inary part of e-ph SE, so the DW term will be ignored [60].

The relationship between the multibody Hamiltonian in Eq. (61) and
density functional theory (DFT) was established by using the Kohn Sham (KS) band
structure in Eq. (62) and the phonons in density functional perturbation theory
(DFPT) in Eq. (63) [60]. Finally, the e-ph matrix element, g, (k,q), is
computed using

Znno (k’ q) =< Yink+q |AqI/VKS|l//nk > (65)

where v, is the KS Bloch state and 4, V*® is the first-order variation of the self-
consistent KS potential,

1 VS e (q)

eiq %Ry (66)
\/ 2a)ql/ pKka aI_'K(l VMK'

KS
A,V =

where ¢,,,(q) is the a-th Cartesian component of the phonon eigenvector for the
atom « in the unit cell, M, its atomic mass, R, are lattice vectors identifying the unit
cell p,and 7;, the ion position in the unit cell. Following the convention of Ref. [60],
VXS consists of contributions from the Hartree part (V7), the exchange-correlation
(XC) potential (V*), and the bare pseudopotential term that, in turn, consists of the
local (V*¢) and nonlocal (V™) parts. We can write Eq. (66) in terms of a lattice-
periodic function Aq,,VKS defined as:

AquI(S _ eiqrAquKS (67)
where,
1 erar(q)
KS > KS
quv = \/m \/]\/I_K am,qv (68)
and,
' VS
axa,qUKS = Ze_lq(r_Rp) F (69)
2 Ka (l‘*RP)

It is the first derivative of the KS potential (Kohn Sham single electron interaction
potential), which can be obtained by self-consistently solving the Sternheimer equa-
tion system using DFPT under a given (xa, q) perturbation [61].

According to the theoretical description of e-ph interactions mentioned above,
e-ph interactions can modulate the transport characteristics of electrons. The
electron lifetime due to the e-ph interactions is related to the inverse of the imaginary
part of the e-ph Fan-Migdal SE (energy level correction under the interaction of
electrons and phonons) [60]; the diagonal matrix elements of the SE in the KS basis
set are given by
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FM dq ,
>l =3[ g,k q)
nk 7 8z 8282 70)
5 [nqu(T) + fmkiq(er, T) N ngy(T) +1 — friiq(er, T)
® — Emkiq + Ogy + 1 O — €mkiq — Ogy + 1N

where fii4(er, T) and ng, (T) correspond to the Fermi-Dirac and Bose-Einstein occu-
pation functions at temperature T and e is the Fermi level. For simplicity, the
temperature and Fermi level are directly considered as parameters. The integral in Eq.
(70) is performed over the q points in the BZ of volume 257, and 1 is a positive real
infinitesimal.

In the 7 — 0" limit, the imaginary part of the SE (Eq. (70)) is evaluated at the KS
energy given by [60].

Gy dq 2
lim7J ” = J — k,
VILISIA ;(E k) ﬂ'm’y . -QBZ Lgmmz( Q)| (71)

X [(nqv + fmk+q)6(8nk — €mk+q + wqu)
+(nqv +1-— fm1<+q)6(8nk — €mktq — qu}

and corresponds to the linewidth of the electron state nk due to the scattering with
phonons. Finally, the electron lifetime 7, is inversely proportional to the linewidth of
the SE evaluated at the KS energy [62]:

2L lim J{ZFkM (enk)} (72)

Tk n—0%

Based on the relaxation time approximation of the linear Boltzmann equation, the
generalized transport coefficient can be expressed as:

dk

m Of
X (e —€p)" —

oe 73)

Enk

where v, o is the a — th component of the matrix element v, of the electron velocity
operator. Using the commutator of the Hamiltonian with the position operator, we
can take v, as: [63].

08,, e

Unke = ok < Wnklp +i [an: V] |l//nk > (74)

Among them, p is the momentum operator, as done in the DFPT calculation of
the response to external electric fields [64]. The group velocity can be used to
calculate the transport lifetime within the so-called momentum relaxation time
approximation [65].

According to Eq. (70), the effective k and q points that determine the electron-
phonon interaction can be obtained as shown in Figure 11 (a) k and (b) q points for
the computation of the SE in the case of a single parabolic conduction band at the I
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(a) (b)

X O(&nk — Emk+q £ qu)

e

Figure 11.
(a) k and (b) q points for the computation of the SE in the case of a single parabolic conduction band at the T
point.

point. (a) States represented by green dots (red crosses) are included (excluded) in
(from) the transport computation according to the input variable Ae.. (b) For initial
and final electron states k; and kg, the wave vector q = k¢ — k; requires a phonon
mode with frequency w,, = & — &;. If this condition is not fulfilled, the q point is
ignored.

In the case of a determined composition, the thermal conductivity of a material is
mainly determined by its thermal diffusivity and essentially by its bonding state.
Based on the long-range coupling effect of electron-phonon, on the one hand, it can
reduce short-range forces to soften phonon modes, and on the other hand, it can
smooth out the lattice potential energy field that determines the electronic state and
promote electron transport, simultaneously achieving energy filtering of electrons.
Based on the hierarchical nanostructure design strategy, the electron-phonon coupling
probability that is conducive to enhancing the thermoelectric effect is selected.
Directed high-momentum electronic states are obtained by absorbing phonons, while
small-momentum electronic states are filtered by emitting phonons. In addition, the
phonon softening mechanism of the nanostructure is used to reduce the directional
thermal conductivity of phonons and the adverse scattering of diffused electrons.
Abnormal changes in the Debye-Waller factor can reflect the lattice softening phe-
nomenon. In a normal electronic system, the electron-phonon interaction weakens the
persistent current through the Debye-Waller factor, indicating that this factor can
serve as an indirect indicator of the coupling strength between electrons and lattice
vibrations. Finally, in a quantum well, an external electromagnetic field regulates the
electron-phonon interaction, further affecting the polaron correction energy, which is
also related to the correction of the Debye Waller factor.

5. Conclusion

This chapter starts from the basic theory of thermoelectricity and introduces the
thermoelectric transport equation and the Boltzmann transport equation that controls
phonon and electron transport. Subsequently, various innovative strategies for opti-
mizing thermoelectric materials in recent decades were reviewed, and the related
progress was evaluated. Finally, based on the superconducting BCS theory and pho-
non drag effect, this chapter proposes a new physical paradigm different from the
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phonon-glass-electron-crystal method. The core of the new paradigm is to shift from
decoupling the electron-phonon transport process to optimizing the electron-phonon
coupling mechanism and provides a theoretical mechanism for improving the perfor-
mance of thermoelectric materials by optimizing the electron-phonon coupling. Iden-
tified the material design concepts and challenges for implementing the new
paradigm.
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