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TOPICAL REVIEW — Topological electronic states
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The recent discovery of topological insulators (TIs) offers new opportunities for the development of thermoelectrics,
because many TIs (like BiyTes) are excellent thermoelectric (TE) materials. In this review, we will first describe the
general TE properties of TIs and show that the coexistence of the bulk and boundary states in TIs introduces unusual
TE properties, including strong size effects and an anomalous Seebeck effect. Importantly, the TE figure of merit zT
of TIs is no longer an intrinsic property, but depends strongly on the geometric size. The geometric parameters of two-
dimensional TIs can be tuned to enhance zT to be significantly greater than 1. Then a few proof-of-principle experiments
on three-dimensional TIs will be discussed, which observed unconventional TE phenomena that are closely related to the
topological nature of the materials. However, current experiments indicate that the metallic surface states, if their advantage
of high mobility is not fully utilized, would be detrimental to TE performance. Finally, we provide an outlook for future
work on topological materials, which offers great possibilities to discover exotic TE effects and may lead to significant

breakthroughs in improving z7'.
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1. Introduction

The thermoelectric effect is a challenging research topic
that has been studied for nearly two hundred years. The recent
discovery of topological insulators, on the other hand, is one
of the most important progresses in condensed matter physics
and materials science. The intersection of these two research
topics would open doors for novel phenomena and new oppor-
tunities that are not available in conventional systems. In this
review, we will first present a general introduction on thermo-
electrics, including the research background, main challenges
and important progresses of the field. Then, we will discuss
unique/novel thermoelectric properties of topological insula-
tors mainly from theoretical predictions, like the strong size
effect and anomalous Seebeck effect. After that we will show
some recent proof-of-principle experiments on thin films of
three-dimensional topological insulators. Finally, we will give
an outlook for future thermoelectric research.

1.1. Research background of thermoelectrics

Future energy use must be sustainable so as to increase
economic prosperity with no environmental sacrifice. One of
the promising solutions is to use thermoelectric (TE) materials
for power generation and refrigeration. Currently, about 90%
of the world’s power (~ 10 TW) is generated by heat engines
based on fossil fuel combustion. The corresponding energy
conversion efficiency is typically 30%—40%, leading to ~ 15
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TW waste heat into environment. '] The huge amount of waste
heat, if being recycled, would greatly ease the growing energy
and environmental crisis nowadays. This stimulates intensive
research interest on TE effects that are interconversion of heat
and electricity. The TE effects include two types of effects:
the Seebeck effect and Peltier effect. The former effect con-
verts a temperature gradient into an electric voltage, useful for
waste heat recovery. The latter effect generates a heat current
by applying an electric current, useful for cooling and heating.

Distinguished from conventional heat engines (e.g., gas
turbines), TE devices are solid state energy convertors us-
ing electrons as working liquid.!””) They have no moving
parts, thus are very silent and reliable. Their energy effi-
ciency does not decrease with device miniaturization, advan-
tageous for power supply of nanodevices. Also, TE power is
highly scalable, covering from a few milliwatts to hundreds
of megawatts. Benefiting from these advantages, TE devices
have been widely used in various applications, including space
exploration (e.g., radioisotope TE generator of Mars Rover),
military use (e.g., infrared night vision with TE cooling), ev-
eryday life use (e.g., heat-electricity cogeneration, portable re-
frigerator and thermally-controlled car seat) and waste heat re-
covery. However, the currently used TE devices, though hav-
ing attractive features, are limited by their low efficiency. Fur-
ther performance improvement, even if slight, would greatly
promote large-scale applications.
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The energy conversion efficiency of TE devices is deter-
mined by the figure of merit z7 of TE materials. zT is a di-
mensionless quantity defined as

cS2T

T = 1
Z P (D

where o is the electrical conductivity, S is the Seebeck co-
efficient, T is the temperature, and the thermal conductivity
K = K + Kj includes contributions from electrons (x;) and lat-
tice vibrations (kj). For a high-performance TE material, it
should have large S so as to effectively convert temperature
differences into electric voltages. It is also required to have
large o and small k so that the energy loss induced by Joule
heating and heat diffusion is minimized. The larger zT is, the
higher the TE efficiency is.

1.2. Main challenges and important progresses of thermo-
electrics

However, improving zT is quite challenging, because zT
is a combination of conflicting physical quantities. Generally,
introducing defects/disorders into the materials would scat-
ter phonons and decrease k, which would also scatter elec-
trons and suppress O; increasing charge carrier concentration
would enhance o but lower S, as illustrated in Fig. 1(a).l*!
A compromise between k, o, and S, realized by tuning de-
fect/disorder scatterings and charge carrier concentration, is
usually required to optimize z7 .
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Fig. 1. (color online) (a) A schematic diagram showing the dependence
of thermoelectric properties on carrier concentration. (b) The skutteru-
dite CoSbs structure with a large void space shown in blue color. (c)
Atomic structure of Na,CoO, containing ordered layers (polyhedra)
separated by disordered cation monolayers. Adapted from Ref. [3].

The study of new materials could greatly promote
If looking back to the history of
thermoelectrics,*°! one will soon find that previously signif-

TE developments.

icant progresses of TE research were always related to the ap-
plication of new materials. At the very beginning, TE effects
were discovered in metals. However, the Seebeck effect in
metals is very weak. TE effects were thought to be nearly use-
less, which were only applied for thermocouples. After the
discovery and wide application of semiconductor materials,

people started to explore thermoelectric properties of semicon-
ductors, and soon found that TE performance of semiconduc-
tors is much better than that of metals. For metallic systems,
the electronic states below the Fermi level Er have a positive
contribution to S; while the electronic states above Er have an
opposite contribution to S. The two contributions compensate
with each other, leading to small S. For semiconductors, the
materials can be either N-type or P-type controlled by dop-
ing, with either electrons or holes as the main charge carri-
ers. Since the compensation between electrons and holes is
avoided, a strong Seebeck effect is obtained in semiconduc-
tors. TE properties of semiconductors thus attracted intensive
research interest.

The fundamental theory of thermoelectrics matured grad-
ually till 1950-1960. For semiconducting materials, there are
various guiding principles of improving z7,[*-! through tun-
ing charge carrier concentration, band gap, the type of chem-
ical bonding and chemical composition, which are briefly de-
scribed here. (I) Low doping concentration gives large S but
small 0. Increasing doping concentration enhances ¢ but sup-
presses S. For most semiconductors, z7T' is optimized at a
charge carrier concentration of around 10'°-10%° ¢cm™3, as il-
lustrated in Fig. 1(a).[*! (IT) Previous studies indicated that the
power factor 6.S? gets maximized when the band gap is around
6-10kgT, where kg is the Boltzmann constant. This corre-
sponds to a band gap of 0.1-0.3 eV for the room temperature.
(IIT) Tonic compounds usually have strong electron—phonon in-
teractions and thus small charge carrier mobility . In com-
parison, covalent compounds typically give relatively larger u,
advantageous for high z7'. (IV) Materials composed of heavy
elements give a low phonon frequency, a small group velocity,
and thus low thermal conductivity of lattice vibrations, favored
by thermoelectrics. Based on these guiding principles, peo-
ple found the state-of-the-art room-temperature thermoelec-
tric materials, ] including BiyTes, SbyTes, BirSes, etc. From
metals to semiconductors, z7" has been increased considerably
from zT < 1 to zT ~ 1. Further enhancement of zT', however,
is quite difficult mainly caused by the entanglement between
materials’ thermal and electronic transport properties. An ef-
fective decoupling between thermal and electronic transport is
crucial to realize high zT.

One of the most important concepts of TE research is
phonon-glass-electron-crystal (PGEC).’! In PGEC systems,
the transport of phonons is strongly scattered like in a disor-
dered glass, while the transport of electrons experiences lit-
tle scattering like in a perfect crystal. This kind of system is
promising for thermoelectrics. New material structures and
physical mechanisms are required to design PGEC systems.
One widely used strategy is through alloying (or site substitu-
tion) with isoelectronic elements (like Bi; Tes with Sb,Tes or
Bi,Ses).[! In such kinds of alloys, a crystalline electron struc-
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ture is preserved for electrons, but a disordered phonon struc-
ture is induced by the large mass contrast. As an example, P-
type Bi,Sb,_,Tes and N-type Bi;Se,Tes,, belong to the best
room-temperature TE materials. Another strategy is to intro-
duce disorders into complex lattice structures.!® For instance,
as shown in Fig. 1(b), PGEC systems can be effectively con-
structed in the skutterudite CoSbs structure by adding defect
atoms into the blue void space. The disorder strongly scatters
phonons, but has little influence on electrons, whose transport
path is outside the void space. Based on the feature that the
transport paths of electrons and phonons are separated in real
space, one can selectively scatter phonons and keep electrons
little affected by controlling the distribution of defect atoms.
The kind of “modulation doping” or substructure approach can
also be applied to layered materials, like Na,CoO,. As shown
in Fig. 1(c), the interlayer region is filled with randomly dis-
tributed sodium atoms, i.e., “phonon glass”; the intralayer re-
gion as the transport path of electrons (shaded red) is ordered,
i.e., “electron crystal”.

After the discovery of Bi,Tes-series alloy materials with
room-temperature z7' ~ 1, intensive research attempted to find
better TE materials, but very few breakthroughs were achieved
for a long time. During 1960-1990, TE research of semicon-
ductors had faced a bottleneck. People gradually realized that
it is extremely difficult to realize z7° > 1 in traditional ma-
terials. In the 1990s, nanoscience and nanotechnology were
born and rose very quickly. TE research started to study nano-
materials, which support characteristics significantly distinct
from their bulk counterparts, caused by the profound quantum
confinement effects. The concept of improving z7' by nanos-
tructuring was first proposed by Hicks and Dresselhaus in
1993.1891 They proposed that in low-dimensional systems, in-
cluding two-dimensional quantum wells and one-dimensional
nanowires, the quantum confinement effects could largely
modify the electronic band structure and thus improve the
power factor. Nanostructuring materials could also help lower
thermal conductivity of lattice vibrations. Therefore, zT' could
be considerably enhanced in nanomaterials.

Although quantum confinement effects were predicted to
enhance zT majorly by increasing the power factor,®°! in ex-
periment the improvement of z7" in nanostructures mainly ben-
efits from the decrease of lattice thermal conductivity. One
representative example is silicon nanowire. Bulk silicon has
a very low zT of about 0.01 at room temperature. In 2008,
two experiments discovered that z7 can be dramatically en-
hanced in silicon nanowires to ~ 1, about 100 times higher
than their bulk counterpart.!’-?] The underlying mechanism is
that electrons and phonons have distinctly different character-
istic lengths (i.e., wavelength and mean free path). The charac-
teristic length of phonons is much longer than that of electrons.
As a result, in thin silicon nanowires of diameters around

tens of nanometers, the rough boundary strongly scatters long-
wavelength phonons and decreases the lattice thermal conduc-
tivity considerably by 100 times; while charge carriers that are
mainly distributed within the nanowire are almost unaffected
by the rough boundary. Therefore, the decrease of thermal
conductivity together with the preservation of power factor in-
creases zT' by 100 times in thin silicon nanowires. In fact, it
is a very active research field to develop silicon-based thermo-
electric materials with nanostructures, due to the technology
importance of silicon and the compatibility with the current
semiconductor industry. The reduction of lattice thermal con-
ductivity, which is the main reason for the enhanced z7, is in-
duced by two typical mechanisms: (i) incoherent mechanisms
that reduce thermal conductivity by scatterings, for instance
via interface/surface!!%!!1 or defect/impurity,['>!3! and (ii) co-
herent mechanisms that modulate the phonon band structure

and group velocity, for instance via nanomesh structure!'* 13!

or core-shell structure, 16181

There is another class of materials that are promising for
thermoelectrics, which have unusually low intrinsic thermal
conductivity. Typically, the lattice thermal conductivity de-
creases with an increase of the temperature in the form of 7!,
due to the increased phonon—phonon scattering and decreased
phonon mean free path. However, an experiment in 2008 ob-
served that the intrinsic lattice thermal conductivity of the cu-
bic I-V-VI; semiconductors (such as AgSbTe; and AgBiSe;)
is essentially temperature independent from 80 K to 300 K,
keeping at an extraordinarily low value of < 1.0 W-m~!1.K~!,
close to the lower amorphous limit of solids (Fig. 2).1"”) In
such kind of materials, the anharmonic interactions and the
associated phonon—phonon scattering are extremely strong, in-
ducing a very short phonon mean free path at low tempera-
tures, as short as the atomic distance. The increase of tem-
perature cannot further decrease the phonon mean free path
any more. Therefore, the thermal conductivity is very low and
nearly temperature independent. Such kinds of materials can
simultaneously have a crystalline electronic structure together
with an ultralow intrinsic thermal conductivity, which behave
naturally like PGEC systems. The recently investigated mate-
rial SnSe belongs to this material class. An experiment in 2014
found a record high z7T" value of ~ 2.6 at 923 K in the high-
temperature phase of single crystal SnSe.?°! Later in 2016 the
same experimental group tuned the charge carrier concentra-
tion by controlling dopants and observed z7T values of 0.7-2.0
from 300 K to 773 K in the low-temperature phase of SnSe.?!!
We expect more high-performance TE material candidates to

be found in this material class in the near future.
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Fig. 2. (color online) The lattice thermal conductivity x as a function
of temperature 7. The black curve denotes the calculated minimum
thermal conductivity for AgSbTe,. Data points are from experimental
measurements. Adapted from Ref. [19].

1.3. Topological insulators as thermoelectric materials

)[22-24]

The discovery of topological insulators (TIs is one

of the most important progresses in condensed matter physics

25-27] TIg are new states

and material science in recent years.|
of quantum matter, characterized by insulating bulk states
and metallic boundary states. The gapless boundary states
are helical with spin-momentum locking and topologically
protected against backscattering by time reversal symmetry.
TIs can be classified into three-dimensional (3D) TIs (e.g.,
Bi,Te;, SbyTes, BiySes;) with two-dimensional (2D) metal-
lic surface states!*-3% and 2D TIs (e.g., HgTe/CdTe quantum
well) with one-dimensional (1D) metallic edge states.!?32*]
The nontrivial surface or edge states are featured by the unique
Dirac-like linear dispersion, spin polarization and topological
protection, which can find important applications in various
fields, including electronics, spintronics, quantum informa-
tion, and so on.[?>2’I Moreover, TIs provide an ideal platform
to explore emerging new physics, like Majorana Fermion,
magnetic monopole, and quantum anomalous Hall (QAH)
effect, [25-27.31-34]

The recent discovery of TIs also offers new op-
portunities for the development of thermoelectrics. In
fact, many TIs are excellent TE materials, which in-
clude the second generation TI Bi,Sbi_,, the third gen-
eration TI BirTes, SbpTe; and BipSe;, and some other
TIs like Bi;Te,Se, BixTe, S, T1(Bi,Sb)(Te,Se,S),, GelBisTe7,
GezBi2T65, GeBigTe4, PbBigSe4, PbszTe4, ZrTes, HfTe5,
ternary Heusler compounds, filled skutterudite, and so on. Al-
though these TE materials have been intensively studied, their
nontrivial boundary states have not been considered in early
TE research, which may play an important role in improv-
ing TE performance. What is the underlying relation between
topology and TE effects? Is there any fundamentally new con-

cept for using TIs as TE materials? How to use the novel TI

states for TE effects? These are important problems to be ex-
plored.

2. Thermoelectric effects in topological insula-
tors

2.1. Essential features of topological insulators

In fact, TIs and TE materials share similar material traits
including heavy elements and narrow band gap. So that for
TIs, they have strong spin—orbit coupling (SOC) to induce a
band inversion; for TE materials they have low thermal con-
ductivity and large power factor. This could partially explain
the fact that many TIs are excellent TE materials.

In contrast to conventional insulators or semiconductors,
TIs are unique in their electronic properties. They have insu-
lating bulk states as well as metallic boundary states that are
topologically protected to appear within the bulk band gap.
The bulk and boundary states are different on various aspects.
(D) The bulk states distribute homogeneously within the mate-
rial interior, while the boundary states distribute mainly on the
material surfaces/edges. (II) The bulk states have a band gap
and are occupied by massive Fermions, while the boundary
states are gapless with Dirac-like linear dispersions and occu-
pied by massless Fermions. (III) The bulk states are easily
scattered by disorders and defects, while the boundary states
are immune to backscattering of nonmagnetic defects as pro-
tected by time reversal symmetry, and thus have much bet-
ter transport ability than the bulk states. The two distinctly
different kinds of states coexist and jointly contribute to TE
transport. Therefore, if tuning their relative contribution to TE
transport, the overall TE properties would change. This new
degree of freedom that can be controlled by varying geometric
size, applying external field, inducing topological phase tran-
sition, etc, makes TE properties of TIs interesting.

2.2. Size dependent thermoelectric properties in topologi-
cal insulators

The key challenge of TE research is to improve z7. How-
ever, we find that the typical definition of z7 has to be changed
fundamentally in TIs.!3%! The conductivity quantities ¢ and k
are used in the typical definition of z7', which implicitly as-
sumes that z7 is an intrinsic material property, independent of
the geometric size. This basic assumption is not true for TIs,
due to the coexistence of two types of states with different ge-
ometric size dependence.

To describe the size dependence of TE properties, we de-
rive a general definition of z7 from thermodynamics

GS*T
i (2)

where G is the electrical conductance and K is the thermal

T =

conductance. Different from in the typical definition, conduc-
tance quantities G and K that vary with geometric sizes (i.e.,
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the cross sectional area A and transport length L) are used
instead of conductivity quantities. The two types of defini-
tions are equivalent to each other, providing the following two
conditions are satisfied: (i) the electrical conductance satisfies
Ohm’s scaling law (i.e., G o< A/L) and the thermal conduc-
tance satisfies the Fourier’s scaling law (i.e., K o< A/L). This
condition implies G/K = o /x. (ii) S is independent of the ge-
ometric size, or S does not change with A/L. zT would be size
independent if and only if both conditions are satisfied.

The above derivation tells us that in general there are two
mechanisms inducing the size dependence of z7'. One is the
failure of the Ohm’s or Fourier’s scaling law. The other is the
dependence of S on the geometric size. In TIs both mecha-
nisms take effect. (i) When A is decreasing, the contribution
of the bulk states to TE transport gets smaller, while the con-
tribution of the boundary states remains unchanged. The rela-
tive contribution of the boundary states thus increases. On the
other hand, the transport of the boundary states, if not diffu-
sive, would decay with L much slower than that of the bulk
states. When L is increasing, the relative contribution of the
boundary states to TE transport would get enhanced. The dif-
ferent dependence on A and L between the boundary and bulk
states results in a feature that G is not proportional to A /L, sug-
gesting that the Ohm scaling never works for TIs (especially in
nanostructures). (ii) The Seebeck effect is contributed by the

boundary and bulk states (denoted by subscripts “1”” and “2”,
respectively), S = (G151 + G252)/(G1 + G2). Even if S; and
S, are both independent of the geometric size. Their relative
contribution to the total S, determined by the ratio of electrical
conductance G1/G,, varies with the geometric size. The total
S thus changes with the geometric size. Therefore, zT" of TIs
are expected to be size dependent, which suggests a simple
way of improving zT by optimizing the geometry size.”!

Here, we will mainly discuss TE properties of 2D TIs. A
similar discussion can be made for 3D TIs. 2D TIs support
the intriguing quantum spin Hall (QSH) effect, characterized
by the gapless edge states with Dirac-like linear dispersions
[Fig. 3(a)]. The nontrival edge states are helical, whose spin
and momentum are locked, with the up and down spins mov-
ing in the opposite directions. The edge states are immune to
nonmagnetic defects, leading to dissipationless transport that
is advantageous for enhancing TE performance. However, due
to the gapless feature, the nontrivial edge states are thought to
have very small S, disadvantageous for thermoelectrics. For
enhancing S, early work proposed to open a hybridization band
gap between boundary states,*®! which unfortunately would
degrade the transport ability of the boundary states. Instead,
we are trying to use the intrinsic properties of the boundary
states to get a strong Seebeck effect with their excellent trans-
port ability preserved.
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Fig. 3. (color online) (a) Schematic band structure of 2D TIs. Here, 7; and 7, denote the scattering times within and outside the
bulk-gap region, respectively. 7; /7, > 1. Red (blue) colored lines represent the edge states of up (down) spins. (b) The Fermi level
Er dependence of TE properties for the edge states. Ef is referenced to the bottom of the bulk conduction band. (c) The dependence
of room-temperature z7" on the geometric parameters of nanorribon structures for the 2D TI material, fluorinated stanene. Adapted

from Ref. [35].

TE quantities of electrons and phonons can be described
by their transmission functions.!*”#*! When the electronic
transmission function 7 (E) is a smooth function and the tem-

perature is low, the Sommerfield expansion of § gives!*]

kT dIn[T (E)]
3e 0E E—Ep

S= 3)

where T(E) = M(E)T(E). The distribution of conduc-
tion channel M(E) corresponds to the number of conduc-
tion channels at a given energy E, which is proportional to
the group velocity (along the transport direction) times the

density of states; 7 (E) is the transmission probability deter-
mined by the mean free path A (E) or the scattering time 7(E);
T(E) = A(E)/[A(E) + L] is satisfied for ballistic-diffusive
transport when the coherent effect of successive scatterings
is not important.[*>4”1 M(E) is determined by the electronic
band structure and 7 (E) is related to scattering. To get a large
S, T (E) is required to have a large slope around Eg. This can
be realized by two mechanisms: (i) increase the energy depen-
dence of M(E) through, for instance, opening an energy gap
or inducing a peak in the density of states; and (ii) increase the
energy dependence of A(E) or T(E). The second mechanism
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is usually neglected in most theoretical research that assumes
constant mean free path or constant scattering time for sim-
plicity. As we will show, the latter mechanism plays a crucial
role in TIs.

To describe T(E) of the nontrivial edge states, two impor-
tant facts have to be considered: (i) when EF is located within
the bulk-gap region, the edge states are protected against
backscattering by time reversal symmetry, giving rise to a very
large 7; and (ii) when Ef is located outside the bulk-gap re-
gion, the edge-bulk interactions make backscattering possi-
ble, which largely decreases 7. Transport calculations usu-
ally use the constant scattering time approximation. The ap-
proximation would be well suitable for 1D linear bands and
2D parabolic bands that have constant density of states, if as-
suming the scattering rate 1/ is proportional to the density of
states (like for electron—phonon scattering). For the nontrivial
edge states, we proposed a dual scattering time (DST) model
that assumes two different constant scattering times 7; and 7
for the edge states within and outside the bulk-gap region, with
T > T as illustrated in Fig. 3(a).133! When Eg is close to the
bulk band edge, T(E) of edge states shows a strong energy de-
pendence, which is able to induce a large S as demonstrated
in Fig. 3(b). In addition, S of the edge states shows an un-
usual sign. When Er = 0 (referenced to the bottom of the bulk
conduction band), the Fermi level is slightly above the Dirac
point [Fig. 3(a)], the type of carrier of the edge states is N-
type as determined from the Hall effect. While the calculated
S is positive [Fig. 3(b)], showing a P-type Seebeck effect. This
can be understood as follows. It is well known that the elec-
tronic states below and above Er have oppositive contributions
to S. When the states above Er have a dominated contribution,
an N-type Seebeck effect will be obtained with § < 0; other-
wise, a P-type Seebeck effect is obtained with S > 0. In the
present system with Er ~ 0, the edge states above Ef can be
strongly scattered by defects/disorders due to the edge-bulk
interactions. Thus the Seebeck effect is mainly contributed by
the edge states below EF, giving S > 0. Therefore, the anoma-
lous sign of the Seebeck effect (opposite to the sign of the Hall
effect) for the nontrivial edge states is induced by the unique
energy dependence of T(E) caused by the edge-bulk interac-
tions.

A general discussion on TE properties of TIs has

135] and some related discussions can be found

been made
elsewhere. 344831 Next we show an example study of a spe-
cific material, fluorinated stanene.®?! Stanene is an atomic
layer of tin atoms arranged in a buckled honeycomb lattice,
which is a 2D TI similar to graphene. However, in con-
trast to graphene, stanene is composed of a heavy element
and has a buckled structure, thus its effective spin-orbit cou-
pling is much stronger, leading to a bulk band gap five orders

of magnitude larger (~ 0.1 eV of stanene versus ~ ueV of

graphene). Interestingly, the decorated stanenes (e.g. fluo-
rinated stanene), constructed by chemically saturating the p,
orbitals of tin atoms, are also 2D TIs, and their nontrivial
band gap can be even larger (~ 0.3 eV), supporting the room-
temperature QSH effect.[?] For nanoribbon structures of flu-
orinated stanene, we calculated the room-temperature z7 as a
function of the nanoribbon width W and the transport length
L [see Fig. 3(c)]. The results indicate that zT is strongly size
dependent. When decreasing W and increasing L, the con-
tribution of edge states to TE transport gradually increases,
leading to an enhanced z7. There exists a sizable region of
geometric parameters, where z7° > 3. The TE performance of
TIs can be significantly improved by controlling the geometric
size for maximizing the contribution of the edge states to TE
transport. This approach is quite simple and effective. As evi-
dence, a recent first-principles study reported very high z7 ~ 3
at T =40 K in nanoribbon structures of graphene-based 2D
TLBY

People may wonder why such a high z7 can be re-
alized in 2D TIs.
nanoribbon structures of 2D TIs, when decreasing the width

The underlying reason is simple. For

of nanoribbons, the thermal conductance of lattice vibrations
(or phonons) gets smaller, while the contribution of edge states
does not change. In addition, when introducing defects and
disorders into the material, phonons will be strongly scattered,
while the transport of the edge states will be little affected.
Therefore, due to the existence of the nontrivial edge states,
the contribution of electrons and phonons can be effectively
decoupled. In this sense, 2D TIs can be viewed as PGEC sys-
tems that support high z7". Note that our discussion mainly
focuses on 2D TIs. TE properties of 3D TIs have been studied

36.53-63] which will not be elaborated here.

extensively,|

Based on the unique electron properties of TIs, in partic-
ular the coexistence of the boundary and bulk states together
with the boundary-bulk interactions, a few theoretical predic-

e:331 (i) thermoelectric properties of TIs

tions have been mad
can show strong size effects; and (ii) TIs can give anomalous
Seebeck effect, whose sign is opposite to that of the Hall ef-
fect. Similar features are expected to appear in other topolog-
ical materials, like topological crystalline insulators and QAH

insulators.

2.3. Proof-of-principle experiments

Next, we briefly review some recent proof-of-principle
experiments. In collaboration with Prof. Yayu Wang, Prof.
Ke He and Prof. Qi-Kun Xue, we experimentally investigated
thermoelectric properties of 3D TIs and found a few unusual
TE phenomena, including the opposite signs between the See-
beck and Hall effects at all the measured temperatures (up
to 300 K)!°®! and the strong size effects of TE quantities. 7]
These novel TE phenomena are closely related to the topo-
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logical features of the materials, which directly or indirectly
proves the above theoretical predictions.>]

In the study of semiconductors, people usually apply ei-
ther the Hall effect or the Seebeck effect to measure the type
of charge carriers. N-type charge carriers give negative Hall
coefficient Ry and negative S. P-type charge carriers give pos-
itive Ry and S. The sign of Ry and S is typically the same,
implying that the Hall and Seebeck measurements give con-

(a)

300 + 1 160+

(b)

0 100 200 0T 00 200
T/K T/K

200 + 1 T 1 000000000

120+ b S R

—_,

sistent results on the type of charge carriers. However, re-
cently we observed opposite signs between Ry and S in 3D
TIs (Bij_xSby)2Tes (x = 0.9) thin films of thickness 5 quin-
tuple layers (QLs) (~ 5 nm).[] The material exhibits an N-
type Hall effect and a P-type Seebeck effect, and the feature
remains unchanged when varying the temperature [Fig. 4(a)].
Such kind of unconventional phenomenon, as far as we know,
has never been reported before.

o,
~

300
250

Temperature/K

-

R =
|
Seebeck coefficient /pV-K—1

05 0.6 0.7 08

Ml >>1 Sb content x

Fig. 4. (color online) TE properties of 3D TI (Bi;_,Sby),Tes thin films. (a) The measured Hall (left) and Seebeck coefficients (right)
as a function of temperature 7' for the 5-quintuple-layer thin film with x = 0.9. (b) Schematic drawing shows the coexistence of
N-type surface states and P-type bulk states in a TI thin film. (c) A theoretical phase diagram for TI thin films with N-type surface and
P-type bulk charge carriers. (d) The experimental phase diagram of (Bij_,Sby),Tes thin films summarizing the Seebeck coefficient as
a function of x and 7. Three different regions (I, II, III) are defined according to the signs of S and Ry in panels (c) and (d). For TIs,
there is a sizable region II that gives opposite signs between S and Ry. Adapted from Ref. [66].

To understand the observed effects, we measured the elec-
tronic band structure of the TI thin films by angular resolved
photoemission spectroscopy (ARPES). The measurement in-
dicates that Ef of the material sample with (x = 0.9) is slightly
above the top of the bulk valence band and above the Dirac
point of the surface bands, suggesting that the bulk states
are P-type and the surface states are N-type, as illustrated in
Fig. 4(b). The Seebeck effect and the Hall effect are con-
tributed by two types of charge carriers

§— _Gs|Ss| + bSh
Os + Op

_ —Os Us + Ob Ub
(Gs + Gb)2

) “)

)

where the subscripts “s” and “b” denote surface and bulk
states, respectively, i is the mobility of charge carriers, S; < 0
and Sp > 0. The key parameter is the conductivity ratio
between the bulk and surface states, oy/0s. As shown in
Fig. 4(c), when o}/ 0; is very small, the surface states dom-
inate both the Seebeck and Hall effects, and thus S and Ry
are N-type, showing negative signs (Region I). In the opposite
limit of very large o}/ 05, both S and Ry are dominated by the
bulk states and thus are P-type, showing positive signs (Re-
gion III). In the intermediate region, when |Ss/Sp| < 0y /05 <
Us/ b, S and Ry have opposite signs (Region II). For 3D TlIs,
Ss of the metallic surface states is much smaller than S, of
Ss/Sp| < 1); us of the
surface states that are topologically protected is much higher

the semiconducting bulk states (i.e.,

than u, of the bulk states(i.e., Us/tp > 1). Therefore, there
exists a sizable Region II, where experiments are able to ob-
serve opposite signs between S and Ry. In this region, the
sign of S is determined by the states with a stronger Seebeck
effect, that are the bulk states with the P-type Seebeck effect;
the sign of Ry is determined by the states with higher mobil-
ity, that are the surface states with the N-type Hall effect. In
fact, the parameter o,/0; can be tuned by varying the chem-
ical composition x of the compound (Bi;_,Sb,),Tes; and the
temperature. When the temperature and/or x increase, oy /0
gradually increases. A transition from Region I to Region III
would happen as predicted by theory [see Fig. 4(c)], which
agrees well with the experimental observation [see Fig. 4(d)].

In the other experiment, we measured TE properties of
3D TI BiySes thin films from 5 QLs to 30 QLs, and observed
strong size effects of TE quantities.”) When decreasing the
film thickness, the electrical resistance increases and the See-
beck coefficient decreases, resulting in decreased power fac-
tors. This is because for the thinner films, the relative contri-
bution of the surface states gets more and more important. As
the metallic surface states give a weak Seebeck effect, the to-
tal S gets suppressed by decreasing the film thickness. In this
sense, the metallic surface states, if their advantage of high
mobility is not fully utilized, would be detrimental to TE per-
formance. In present experiments, Er is well within the bulk
bands (caused by the large concentration of intrinsic dopants),
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which might lead to a low mobility of the surface states due
to the strong surface-bulk interactions. Tuning the position of
Er may significantly improve TE properties. Furthermore, the
influence of the surface states can be studied by introducing a
topological phase transition, for instance, by alloying, apply-

ing strain or tuning orbital levels.[68:6%]

3. Outlook

Most previous experiments on 3D TIs observed that the
metallic surface states do not help improve TE performance
due to their weak Seebeck effect. However, the great advan-
tage of topological protection that ensures much weaker de-
fect/disorder scattering on electrons of the surface states than
on phonons has not been fully employed. Very recently, a TE
experiment reported a record high z7° ~ 1.86 for the P-type
3D TI material BigsSb; sTes at 320 K. This is a signif-
icant breakthrough of TE research, considering that the z7T
value is much improved over the previous record of z7 ~ 1
for the same kind of materials. Topological states might play
an important role in the enhancement of z7'. Instead of us-
ing usual material samples, this work milled the bulk ingots of
Bi(.sSb 5Tes into nanoparticles and then applied a new way
The treat-
ment generates a lot of low-energy grain boundaries and dense

of liquid-phase compaction to treat the sample.

dislocation arrays in the material. As a result, phonons are
significantly scattered by the grain boundary and dislocation,
especially the middle-frequency phonons that have a major
contribution to thermal conductivity. The lattice thermal con-
ductivity is thus strongly suppressed. On the other hand, the
power factor of the material remains almost unchanged. 7T is
greatly improved by this unusual feature that the grain bound-
ary and dislocation induce strong scattering on phonons but
not on electrons. However, the underlying mechanism is still
unclear. What is the role of the topological states in improv-
ing zT'? Can we apply the technique to enhance z7T' of other
materials? These are important open questions that need to be
studied.

Current TE experiments mainly study 3D TI materials. In
contrast, little experimental work has been done on TE prop-
erties of 2D TIs that are proposed to have enhanced z7'.!%!
Unfortunately, the existing 2D TIs (like HgTe/CdTe quantum
well) have very low working temperatures (lower than 10 K).
Large-gap 2D TI materials are still lacking for room temper-
ature applications. In 2013 new 2D materials, stanene and
its derivatives, were predicted by the first-principles calcula-
tions to be 2D TIs with sizeable band gaps up to 0.3 eV.5>71]
So were the germanium counterparts, germanene and its
derivatives.[”?] These materials as well as graphene systems
with enhanced SOC!7374] are interesting due to the low dimen-
sionality and the nontrivial band topology, which provide op-
portunities to explore new emerging physics and applications,

like novel topological superconductivity!”>! and near room
temperature QAH effect.’®! As a very recent progress, the
monolayer stanene structure has been successfully fabricated
for the first time by molecular beam epitaxy and confirmed
by scanning tunneling microscopy, ARPES together with first-
principles calculations.””! Unfortunately, the obtained stanene
is metallic due to the influence of the substrate. If choosing
a suitable substrate, like SrTe(111)-Te, it is possible to get
large-gap QSH states in decorated stanene.!’®! Many of the
following experiments are ongoing to grow the large-gap 2D
TI materials and use them for TE research. Moreover, it is
interesting to investigate the TE properties of other topologi-
cal materials (like topological crystalline insulators and QAH
insulators). These preliminary works may stimulate more TE
research on topological materials. The continued work in this
direction hopefully will discover more and more exotic TE ef-
fects and lead to significant breakthroughs in the improvement
of TE efficiency.
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