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Manipulation of charge transport in thermoelectrics

Xinyue Zhang' and Yanzhong Pei’

While numerous improvements have been achieved in thermoelectric materials by reducing the lattice thermal conductivity (x),
electronic approaches for enhancement can be as effective, or even more. A key challenge is decoupling Seebeck coefficient (S)
from electrical conductivity (o). The first order approximation - a single parabolic band assumption with acoustic scattering - leads
the thermoelectric power factor (5%0) to be maximized at a constant reduced Fermi level (n ~0.67) and therefore at a given S of
~167 puV/K. This simplifies the challenge of maximization of o at a constant n, leading to a large number of degenerate transport
channels (band degeneracy, N,) and a fast transportation of charges (carrier mobility, u). In this paper, existing efforts on this issue

are summarized and future prospectives are given.
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INTRODUCTION

Thermoelectricity

Thermoelectric (TE) technique, which directly converts heat into
electricity and vise-versa, has attracted increasing attention for
power generation and refrigeration. The efficiency is largely
determined by materials’ TE figure of merit, zT=S5%0T/ (Kg+Ky),
where S, o, T, kg, and k_ represent the Seebeck coefficient,
electrical conductivity, absolute temperature, and electronic and
lattice contributions to the total thermal conductivity k,
respectively.’

Proven thermal strategy for enhancing zT is to minimize k_
through microstructure engineering for enhancement of the
scattering of phonons®® and through intrinsically low lattice
thermal conductivity due to various mechanisms.””'" While the
remaining three electronic parameters S, p, and kg are strongly
coupled with each other through the carrier concentration (n),
band structure and scattering, leaving a key challenge to decouple
these parameters for increasing power factor.

In order to decouple these parameters effectively, the essence
of Seebeck coefficient is important to re-emphasize. Considering
the charge transport in a parabolic band with acoustic scattering,
as which most of thermoelectrics can be approximated,'? Seebeck
coefficient only depends on the reduced Fermi level (n) and power
factor (5%0) maximized at a constant n~0.67.">'* This means a
maximal power factor can only be realized at such a constant n,
leading the Seebeck coefficient to be fixed at ~167 uv/K.
Therefore, the decouple between S and o, for an increase in
maximal power factor can actually be simplified as the increase of
o at the optimal n~0.67. It should be noted that a constant n
actually requires a strong temperature and density of states (DOS)
mass (my)-dependent carrier concentration [nop ~ (Mg 1'°1."°

Both large number of transporting bands and fast transporta-
tion of carriers contribute to increasing o, at a given n. A large
band degeneracy N, offers multiple transporting channels thus
benefit 0. And the fast transportation of carriers, meaning a high
carrier mobility u, requires a small effective mass as well as a weak
scattering of carriers.

Essence of seebeck coefficient

Based on Boltzmann transport theory, the Seebeck coefficient for
conduction by a single type of carriers (either electrons or holes) is
given by:"

1o 9(E)TeE(E — Er) dE g

o0 dfy(E) < M
T el g(E)TESS dE
Here, — and + stands for conduction and valence band,

respectively. Eg, f,, e and 1. represent the Fermi level, the Fermi
distribution function, the electron charge and the relaxation time
for charge carriers, respectively. Only carriers with an energy in the
vicinity of the Fermi level effectively contribute to the charge
transport, determined by dfy(E)/dE. Since the denominator of Eq. 1
stands for the electrical conductivity, the sign and quantity of
Seebeck coefficient largely depend on the numerator of Eq. 1.

Schematic plots of the integrand function [g(E)TEE(E — E) df(’(E)}

dE
in the numerator of Eq. 1 versus Fermi energy are shown in Fig. 1.
It is seen that partial contributions (S; and S,, shaded areas) to
the net Seebeck coefficient, respectively due to the carriers with
energy above or below the Fermi level, have opposite signs.

S = OOg(E)TsE(E — EF) d):(;(EE) dE>0 )
Er
Er

5= / g(E)TeE(E — Er) dgf_f) dE<0 3)

Using the reduced Fermi energy n=E/kgT, Eq. 1 can be
simplified as Eq. 4 in terms of Fermi-Dirac integrals for charge
transport by a parabolic band."'

o E (r+5/2)F;13/2)(n)
Sn) = * e |:(r+3/2)F(r+1/2)(’7)

The scattering parameter r in this equation is the exponent of 7,
versus energy via ToE', where 1 is the relaxation time for non-
degenerate carriers. This clearly reveals that S depends only on n,
at a given type of scattering. Since the scattering of carriers is

-n (4
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Fig. 1 Essence of Seebeck Coefficient. Schematic plots of the
integrand function in the numerator of Eq. 1 versus reduced Fermi
energy. Carriers with energy above or below the Fermi level
oppositely (S; and S, shaded areas) contribute to net Seebeck
coefficient
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Fig. 2 Band convergence and nestification. a Schematic diagram of
temperature-induced band convergence in PbTe; b Inherent band
nestification in elemental tellurium, enabling a large number of
effective band valley degeneracy

dominated by acoustic phonons in most of known good thermo-
electrics when zT is high,'® this ensures an observation in
thermoelectrics a decrease in S when carrier concentration
increases (high n) at a given temperature, while an increase in S
as temperature rises (low n) at a given carrier concentration.

PROVEN STRATEGIES

Large band degeneracy

Due to the monotonous dependence between S and n, the
challenge to decouple S and o can be simplified to a maximization
of o at the optimal n peaking power factor. A large N, is clearly
beneficial because large N, offers multiple conducting channels
for high electrical conductivity, while equivalently overlapped
bands for a large N, induce no effects on S as n is given. N,
increases effectively when multiple bands have the same or
comparable energy within a few kgT, including orbital degeneracy
and valley degeneracy.'?

Converging different bands, which locate at different positions
in the reciprocal space, is proven to be successful for increasing
N,, therefore zT, in compounds with multiple bands, such as
PbTe (Fig. 2a),'” SnTe,'®2' CoSbs,*? SnSe,* half-Heusler (HH)**
and Mg;Sb,.%® It is worth noting that the convergence tempera-
ture for PbTe used to be believed to be around 450 K.'”2%%7
However, recent investigation and data interpretation have
indicated that the convergence temperature should be higher.®%
Nevertheless, all existing studies consistently show that the
valence bands in PbTe tend to converge at high temperatures,
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which helps understand the high zT observed in this material at
high temperatures.

Convergence of split bands can be realized through crystal
structure design as well. When chalcopyrite compounds are
engineered to have a pseudo-cubic structure, a realization of high
band degeneracy thus high TE performance was reported.*®
Extend this concept of converging split bands to layered Zintl
phase TE materials, high orbital degeneracy is realized by a design
of chemical composition.? In addition, structure transition has also
been utilized for band convergence, this is typified by the recent
Bi,_,Sb,Se; alloys,®' where the location of conduction bands can
be engineered for a large N,.

Alternative to converging bands having different energies,
many semiconductors offer an inherent band nestification,*
equally enabling a large number of effective band degeneracy.
Guided by this concept, a zT as high as unity is achieved in
elemental Tellurium (Fig. 2b),* filling the gap of high performance
elemental thermoelectrics at 300-700 K.

Low effective mass

Under an approximation of single parabolic band conduction with
acoustic scattering, it is known that maximal power factor can be
characterized by the weighted mobility (mg**'?uo),"*>** where the
density-of-states effective mass mg*=N,”’my* and the nonde-
generate mobility o o« 1/(m*(my*)*2=2T>2) with my* as the band
effective mass.> This leads the maximal power factor to be
proportional to N, but inversely proportional to inertial mass (m¥)
and deformation potential coefficient (3) via %0 & (My**°y)
Nvml*f1:—2.36

A successful demonstration of a low effective mass for a high zT
is typified by n-type PbTe.?” A lower m* in I-doped samples leads
to a higher mobility thus higher zT, as compared to that of La-
doped ones. As for HH compounds (mgq* of 2m.~10m,) having
bands much heavier than traditional thermoelectrics (mg* of
0.1me~1.0m,),** reduction of effective mass for increasing the
mobility offers great opportunities for zZT enhancements. This is
realized in FeNbSb,*® where a significant decrease of my* can be
found from 2.5m, for p-type FeVeNbg4Sb to 1.6m. for FeNbSb,
leading to a higher carrier mobility and a higher zT. More recently,
excellent TE performance is predicted in novel materials CusMCh,
(M=V, Nb, Ta; Ch=Se, Te), and higher zT predicted for p-type is
mainly due to a smaller effective mass of holes (0.3m.~0.5m,) than
that of electrons (2me~3m,).*°

More recently, the decrease of the chemical bond iconicity
(increase of the bond covalency) has been reported to be effective
on decreasing the carrier effective mass, which leads to a high
carrier mobility and thereby a high power factor in BiCuSeO.*° This
approach has been demonstrated in CdSb as well, in which the
anisotropic multicenter bonds lead to a low overall ionicity and
thus a high carrier mobility.*'

Low deformation potential coefficient

Besides the low inertial effective mass, a low deformation
potential coefficient (Z) is also expected for high mobility. A low
= corresponds to a weak scattering of carriers by acoustic
phonons. A successful demonstration on the importance of low
Z is achieved in n-type PbSe.*? Despite a low N, of 4 for the
conduction band as compared to a total N, of >12 at high
temperatures for the valence bands, the zT of n-type PbSe is
actually comparable to that of p-type.*> According to the detailed
measurements on carrier transport properties and modeling by a
single Kane band (SKB) model, the band effective mass (my*) and
N, are about the same for both conduction and valence bands at L
point, and their nearly the same sound velocities confirm the
unchanged elastic modulus. However, the SKB model shows
different deformation potential coefficients () for p-type and n-
type PbSe (35 eV for p-type PbSe and 25 eV for n-type PbSe),
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which means a weaker scattering of electrons as compared with
that of holes under the same degree of vibrational deformation,
leading to a higher mobility and thereby a high zT in n-type as
well.*? The benefit of weak scattering by acoustic phonons (low =)
for high mobility and thus zT, has also been observed in
MgAgSb.** Unfortunately, factors directly affect deformation
potential coefficient remain not fully clear, and can be a future
direction.

Modulation doping

Many TE materials require a heavy doping to locate the optimal
carrier concentration maximizing zT.**™*® Largely resulting from
the required high N,, such an optimal carrier concentration can be
as high as 102" cm, therefore the correspondingly required high
concentration chemical dopants can act as coulombic scattering
centers for carriers. This is important for thermoelectrics since the
effective mass is usually small, leading to a strong scattering by
ionized impurities. lonized impurity scattering has been consid-
ered as an effective way to enhance the Seebeck coefficient.*’*
However, this enhancement is realized at an expense of reducing
the carrier mobility. The resultant tradeoff between the reduction
in electrical conductivity and the enhancement in Seebeck
coefficient, leads a net increase in power factor to be achieved
in materials with a careful design of doping for manipulating the
degree of ionized impurity scattering incorporating with the
inherent acoustic scattering.

Concept of modulation doping*® was proposed to weaken the
ionized impurity scattering for a high mobility, while fulfills the
requirement of sufficient carriers in the material. A typical
demonstration is undoped Si-Ge TE alloys with nano-inclusions
of heavily doped Si, where charge carriers can be separated from
nanoparticles into matrix, leaving ionized nanoparticles instead of
randomly distributed ionized point defects. Therefore, the charge
carriers only experience scattering by ionized nanoparticles
distributed much further apart in composites as compared to
that by random ionized point defects in alloys, leading to a
reduction of scatter rate for a high mobility in nano-composites.*

PERSPECTIVES

Directional lattice distortion

Many materials having a large N, due to the existence of multiple
bands locating at different low symmetry points in the Brillouin
zone. Since different locations in reciprocal space correspond to
different directions in the real space, the required strain for tuning
the band energy individually is highly directional. This is
unfortunately impossible in cubic compounds, because an
isotropic strain is only allowed through lattice expansion or
contraction. Therefore, this leads to a strategy of directional lattice
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distortion to manipulate the energy of a certain band (bands) for a
larger band degeneracy.

Taking GeTe as an example, which crystalizes in a rhombohedral
structure, its lattice can be approximated as a slight distorted NaCl
structure along the [111] direction. Since this direction corre-
sponds to the L band, such a directional lattice distortion leads to
a switch in energy between L and X valence bands, enabling the
first valence band (%) of a higher band degeneracy than that of
cubic analog compounds.®® This strategy would open new
possibilities for a large N, in low-symmetry materials.

Dielectric engineering

When the dielectric constant is large, a strong dielectric screening
will be obtained, therefore the scattering of charge carriers due to
ionized impurities would be significantly weak. This motivates a
strategy of dielectric engineering®' for a high mobility even in a
material with high concentration of ionized impurities. Such an
effect has been realized for increasing the mobility of 1D and 2D
semiconductors. It is found that a creation of dielectric environ-
ments surrounding the low dimensional semiconductors, through
such as coating with high-k dielectrics, strongly weakens the
scattering of carriers due to charged impurities and thus leads to
an improvement in mobility.>' This strategy is not widely used in
bulk TE materials to date, but it in principle offers inspirations for
future mobility engineering in bulk TE materials and semiconduc-
tors in general.

Carrier injection

Since most of known thermoelectrics are narrow-gap semicon-
ductors, the broadening of Fermi distribution at high tempera-
tures as well as insufficient doping would lead to a coexistence of
both electrons and holes. When the both exist in a material, the
flow directions of these two types of carriers are the same and
both follow the direction of heat flow, leading to a strong
compensation to thermopower (Fig. 3a) and an increase in
electronic thermal conductivity. Therefore, not only the solubility
of dopants but also the resulting ionized impurity scattering limit
the realization of full potential of a material for TE applications.
Instead of chemical doping, an electric field enables injection/
removal of carriers (Fig. 3b) and thus a continuous control of
carrier concentration. Such an electrostatic doping effect does not
introduce additional scattering due to ionized impurities and
validates materials that are difficult to be doped as effective
thermoelectrics, both of which are beneficial for improving both
existing and new thermoelectrics. It is revealed that an optimiza-
tion of carrier concentration through electrostatic doping leads to
a power factor in ultrathin WSe, single crystals as high as 40 pw/
cm-K2>2 It is worth pointing out that electrostatic doping may
have drawbacks on the possible leakage of heat/current, the
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Fig. 3 Electrostatic doping. a When electrons and holes coexist, the flow directions of these two types of carriers are the same and both follow
the direction of heat flow, which would lead to a strong compensation to thermopower; b injection/removal of carriers through electric field

enables a continuous control of carrier concentration
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Fig. 4 Quantum confinement effect on electronic density of states.
Electronic density of states for a a 3D semiconductor, b a 2D
quantum well, ¢ a 1D nanowire or nanotube and d a 0D quantum
dot. (Adapted from ref. 56)

complexity of device structure as well as the energy consumption
of external electric field.

In addition, utilizing the ferromagnetic—paramagnetic phase
transition of the impurity phase in a TE composite, charge carriers
localized in ferromagnetic impurity phase due to magnetoelectric
interactions can be injected into the matrix phase at temperatures
higher than the Curie temperature of the magnetic impurity
phase.>® This would enable a control on the effective carrier
concentration of thermoelectrics. The above concepts can expand
the category of TE materials and offers additional degree of
freedom for performance manipulation.

Quantum confinement and other strategies

In addition to the strategies of enhancing electrical conductivity at
given n, other strategies alternatively focus on the enhancement
of Seebeck coefficient, many of which takes the advantages of the
low dimensional features. About 20 years ago, the concept of
quantum confinement was proposed by Hicks and Dresselhaus,
offering additional degrees of freedom for enhancing the TE
performance because of the strong dependence between
electronic DOS and dimensionality>*>® (Fig. 4). For example,
when the dimensionality of a 3D material is decreased to 2D
quantum wells, the new variable of layer thickness becomes
available for the control of material properties.>® This concept
opens new possibility for manipulating charge transport in low
dimensional materials.

Since the low dimensionality opens new possibilities for
obtaining a high power factor, theoretical studies suggest
topological insulators as promising thermoelectrics.>” It is shown
that the unique electronic structure of the boundary (surface or
edge) states together with bulk states in two-dimensional
topological insulators leads to strong size dependence of
transport properties,®” especially the Seebeck coefficient. Inter-
estingly, some of the features of transport property that usually be
observable in low-dimensional materials can even be realized in
3D materials. For an example, a very high Seebeck coefficient is
obtained in a 3D material BiTel,*® due to the 2D-like electron DOS
resulting from the strong band splitting. Theoretical calculation
further reveals that the existence of Rashba spin-split bands leads
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to an enhancement in the power factor as compared to that of
with spin-degenerate bands.

Another concept, energy filtering, has further advanced the
potential for low-dimensional structures to obtain a high power
factor.>® For bulk materials with nanoparticles®® or grain-boundary
interfaces,®’ the observed high power factor is usually ascribed to
the energy filtering effect. However, it's worth noting that a full
realization of energy filtering effect is still a challenge, due to the
leakage of technique for a direct observation/characterization as
well as an accurate design of energy potential barriers.®? These
strategies relying on low dimensionality provide new insights for
future research directions for thermoelectrics.

SUMMARY

Since Seebeck coefficient depends only on the reduced Fermi
level n and the power factor maximized at a constant n, this
simplifies the challenge, of decoupling Seebeck coefficient and
electrical conductivity for an enhanced power factor, to the
maximization of electrical conductivity at optimal n. Existing
strategies demonstrated including large band degeneracy, low
effective mass, low deformation potential coefficient and modula-
tion doping are summarized. Available room for further improve-
ments is discussed as well, with perspective strategies proposed,
including directional lattice distortion, dielectric engineering,
carrier injection, quantum confinement and other relative
strategies. Although these are not widely adopted yet, initial
efforts indeed lead to effective improvements on TE performance.
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