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The Thermoelectric Properties of Bismuth Telluride

lan T. Witting, Thomas C. Chasapis, Francesco Ricci, Matthew Peters, Nicholas A. Heinz,

Geoffroy Hautier, and G. Jeffrey Snyder*

Bismuth telluride is the working material for most Peltier cooling devices

and thermoelectric generators. This is because Bi,Te; (or more precisely its
alloys with Sb,Te; for p-type and Bi,Se; for n-type material) has the highest
thermoelectric figure of merit, zT, of any material around room temperature.
Since thermoelectric technology will be greatly enhanced by improving Bi,Te;
or finding a superior material, this review aims to identify and quantify the
key material properties that make Bi,Te; such a good thermoelectric. The
large zT can be traced to the high band degeneracy, low effective mass, high
carrier mobility, and relatively low lattice thermal conductivity, which all
contribute to its remarkably high thermoelectric quality factor. Using literature
data augmented with newer results, these material parameters are quantified,
giving clear insight into the tailoring of the electronic band structure of

Bi, Te; by alloying, or reducing thermal conductivity by nanostructuring.

For example, this analysis clearly shows that the minority carrier excitation
across the small bandgap significantly limits the thermoelectric performance
of Bi,Tes, even at room temperature, showing that larger bandgap alloys are
needed for higher temperature operation. Such effective material parameters
can also be used for benchmarking future improvements in Bi,Te; or new

made for efficient thermoelectric cooling
or temperature management uses Bi,Te;
alloys. Such solid-state devices dominate
the market for temperature control in
optoelectronics. As the need to eliminate
greenhouse-gas  refrigerants increases,
Peltier cooling is becoming more attrac-
tive particularly in small systems where
efficiencies are comparable to traditional
refrigerant based cooling. Such small
devices may enable distributive heating/
cooling (only where and when it is needed)
with higher system level energy efficiency,
for example in electric vehicles where
energy for heating/cooling competes with
vehicle range. Even for thermoelectric
power generation, e.g., recovery of waste
heat, Bi,Te; alloys are most used because
of superior efficiency up to 200 °C and the
technology to make devices with Bi,Te; is
most advanced.l'?]

While the material and production tech-

replacement materials.

1. Introduction

Bismuth telluride, Bi,Te; and its alloys with Sb,Te; and Bi,Se;
are the most important class of thermoelectric materials
because they have the highest known efficiency near room
temperature despite numerous attempts to discover better
materials. Being the best material, virtually every Peltier cooler
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nology for making Bi,Tes;-based devices

has remained essentially unchanged since

the 1960s, our understanding of these

materials has advanced considerably. Most
recently, the interest in topological insulators (TI) has led to
new insights into the complex electronic structurel*”! revealing
that with the accuracy in assessing the band structures avail-
able today, improvements in the electronic structure by band
engineering should not only be possible but predictable.l*]
Indeed, the p-type alloys chosen for use in commercial Peltier
coolers appear to have unintentionally arrived at a composition
close to a band convergence. The understanding of defects and
doping is also advancing rapidly that will lead to new strategies
for additional improvements in the electronic properties.

The thermal conductivity of Bi,Tes-based alloys can also be
engineered, where in particular there is much recent interest in
microstructure engineering or nanostructuring.'*22l Reduced
thermal conductivity has led to numerous reports of exception-
ally high efficiency (zT) that would be sufficient to revolutionize
the industry. However, between measurement and material
uncertainties, a revolutionary new Bi,Tes;-based material has
not made it to the market. Because even small but reliable
improvements could make significant impact, it is worthwhile
to better understand all the complex, interdependent effects of
band engineering and microstructure engineering. To demon-
strate and quantify improvements in thermoelectric properties,
it is necessary to have well characterized properties or reliable
benchmarks for comparison.
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It is the goal of this review to provide benchmark proper-
ties of Bi,Te; to serve as a basis of comparison when improving
Bi,Te; or finding a new material to replace it. While alloys con-
taining bismuth telluride are the state-of-the-art, we intention-
ally focus primarily on the properties of the binary compound.
By doing so, we aim to explain the fundamental properties
making this material such an outstanding thermoelectric near
room temperature, but also explore its weaknesses which
necessitate alloying and further engineering. Other recent
reviews have focused on the complex electronic structures and
relationship to topological insulating behavior. Here, after a
discussion of the atomic structure of Bi,Te; as it relates to the
complex electronic band structure beneficial to thermoelectrics,
we discuss the dominant charged defects, which determine
the electronic properties, and their relationship to synthesis
and processing conditions. We then compile and analyze the
most reliable thermoelectric data of oriented Bi,Te; from past
studies and reviews!!17134448] o extract the effective mate-
rial properties that can be altered by band and microstructure
engineering.

2. Structure and Chemistry

2.1. Crystal Structure

Bismuth telluride Bi,Te;, along with Sb,Te; and Bi,Se;,
crystallizes in the tetradymite crystal structure shown in
Figure 1. The coordination of Bi and Te is octahedral much
like Pb and Te in the lead chalcogenide IV-VI semiconduc-
tors having the rock salt structure. The slightly less electron-
egative Bi compared to more electronegative Te justifies the
association of valence as Bi*® (s?p®) and Te72. Like rock salt
PbTe, the large Te? anions of Bi,Te; form a close-packed
layer with cations (Bi*? in Bi,Te; or Pb*2 in PbTe) in octahe-
dral holes. While rock salt PbTe has an FCC cubic packing of
close-packed Te layers, Bi,Te; has a hexagonal HCP arrange-
ment of Te layers. Charge balance is maintained in the

Quintuple Layer

van der Waals Gap

BiTeg Octahedron

Figure 1. Layered structure of Bi,Te;. Bismuth atoms are octahedrally
coordinated by tellurium atoms residing on two inequivalent sites,
distinguished here by tone and notation. Each quintuple layer lamella is
separated by weak van der Waals bonding between adjacent Te(" layers.
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tetradymite V-VI semiconductors by the elimination of a
metal layer every five close-packed planes to form a rhom-
bohedral structure.?3l These “quintuple” layers form in the
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sequence Tel)— Bi — Tel)— Bi — Tel!), where the numbers
contained in parenthesis distinguish the inequivalent Te
sites. The Te — Bi bonds are polar-covalent while only weak
van der Waals type bonding exists between the neighboring,
Tel)— Te) planes. Having large atoms with relatively weak
bonds that are highly polarizable and relatively anharmonic
has important consequences for the lattice thermal conduc-
tivity and the static dielectric constant.[#242]

The layered structure of Bi,Te; and the weakness of the
Te— Te)) bonds between the quintuples are responsible for
the easy cleavage along the basal planes (a and b directions) as
well as mechanicall®® and electrical anisotropy.*’-32 The elec-
trical conductivity within the basal planes is greater than that
across the van der Waals gap (along the ¢ axis) with the ratio
as high as 6 in n-type and 3 in p-type Bi,Te;.2%3132 The lattice
thermal conductivity along the basal planes is almost double
that in the perpendicular direction.?32l As the anisotropy of
the conductivity exceeds that of the thermal conductivity, single
crystal and oriented polycrystals exhibit higher zT within the
ab planes. The Seebeck coefficient, however, is nearly isotropic
for both n- and p-type materials having extrinsic conduction
as this largely originates from the isotropic density-of-states.
It can become anisotropic when affected by bipolar conduc-
tion due to the difference in anisotropy of mobility between
the conduction and valence bands.?83334 In polycrystalline
samples, the respective measured transport coefficients may
be considered as effective averages of both the in- and out-of-
plane directions.
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2.2. Electronic Structure

Coupled with its inherently low lattice thermal conductivity,
Bi,Te; is an excellent thermoelectric because of its complex
electronic band structure which has been explored extensively
by experimental and theoretical studies. Although the semi-
conducting electronic structure of Bi,Te; can be explained
using simple valence rules, spin—orbit interactions complicate
the band structure giving Bi,Te; exceptional electronic prop-
erties.?>% The band structure of Bi,Te; can be qualitatively
understood by considering only the interactions of the valence
p-states of both atoms within the quintuple layer.’” The
valence s and p levels in Bi and Te have significant enough sep-
aration that sp-hybridization is weak. The van der Waals inter-
action between the Tel)) atoms between neighboring quintuple
layers are essentially nonbonding and contribute close to the
top of the valence band while the Te-bonding states are gener-
ally lower in energy (Figure 2). The filled or lone pair Bi-s states
of Bi*? are further below in the valence band and do not con-
tribute to the top of the valence band unlike the Pb*? s-states
in lead chalcogenides.?>! The conduction bands are comprised
primarily of unfilled antibonding p-states of Bi used in bonding
with Te. There are two bonding and two antibonding states
between the Bi and Te atoms for each nonbonding state on the
TeV) atoms. The slightly polar nature of the bonding makes
the Bi atoms somewhat positively charged while the Te atoms
are negatively charged with the Te() atoms more negative than
the Te(?.3747]
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Figure 2. Atomic orbital contribution to the density of states in Bi,Te;. The large spin—orbit interaction places the filled Bi 6s-states far below the
Te Sp-states. This makes the Bi octahedral coordination energetically favorable and leads to the formation of a lone pair on the Te(") atoms.['®
The conduction band derives from the empty Bi—Te antibonding p-states with slightly stronger character from the more electropositive Bi states.
The corresponding filled Bi—Te bonding p-states (with stronger Te character) make up part of the valence band. The valence band is also influenced

by the less hybridized, nonbonding Te states from the van der Waals gap.
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Figure 3. Optical bandgap for Bi,Te; and its alloys with Bi,Se; and Sb,Tes.

Fraction of Alloying Tetradymite (%)

A) Measurement of the optical absorption coefficient and corresponding

linear extrapolation for undoped and two I-doped Bi,Te; samples finds a gap of 0.13 eV. B) Alloying with Bi,Se;!®3 or Sb,Te;['®" increases the gap and
can be beneficial for reducing the negative effects of thermally generated carriers.

Bismuth telluride has a narrow indirect gap of 0.14 eV as
measured by room temperature optical absorption (Figure 3A)
and transmittance.”® Unlike the more ionic lead chalcoge-
nides,*”] the bandgap of Bi,Te; decreases with temperature like
most covalent semiconductorsl?’! at a rate of 0.95-10~*eV K118l

Spin—orbit interaction (SOI) plays a critical role in making
the band structure of Bi,Te; complex by positioning the band
extrema away from high symmetry points in the Brillouin
zone.*>0 Without SOI inclusion, calculations predict that
Bi,Te; should have a direct gap at the I'-point with conduction
and valence bands primarily comprised of Bi 6p and Te 5p states,
respectively.*>°051 Instead, at the Ipoint the SOI reduces the
energy of the Bi p-states more than those of Te so that the con-
duction band becomes lower in energy and crosses the valence
band causing a band inversion (Figure 4). The strong interaction
of these bands results in an avoided crossing that opens a new
gap slightly displaced from I'. This interaction naturally leads to
small bandgaps, somewhat nonparabolic — almost linear bands
that have small effective masses and high valley degeneracy as
the direct bandgap has moved off the high symmetry I" point.

This same SOI induced band inversion is also what makes
Bi,Te; and other tetradymites TI and is part of the reason
why many TI materials are also TE materials.[*+>052°¢ The
combination of inversion symmetry and SOI induced band
inversion creates topologically protected surface states with
time-reversal symmetry.’®l At the surface where inversion
symmetry is broken, the surface band structure must have a
connection between valence and conduction bands and forms
a Dirac cone.’”] These surface states have their spin locked
with their momentum which causes application of an elec-
tric field to produce a spin-polarized current. The magnitude
and direction of the spin-polarization of the current can be
tuned through controlling the Fermi level.’®! Observation
of the special behavior of topological surface states requires
an insulating bulk. Bismuth telluride itself is a poor TI as
native defects make reducing the bulk conductivity difficult.
Furthermore, the surface state Dirac point lies below the bulk
valence band maximum in energy making it impossible to
separate TI behavior from the bulk conduction with a Fermi
level near the Dirac point.! The band structure and defect

Single Valle ; Multi-Valley Lo {[r- = N\
Semg:onductscl)r el Semiconductor
/ k :
Efp UI.J
r\ r /\ T
Parabolic bands Band inversion Gap opening "-°;\ r /z\/\ {(;} al(vbm)
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Figure 4. Origin of complex band structure in Bi,Te;. Spin—orbit interaction closes the gap, causing the band inversion. As the states mix and an
anticrossing occurs, a new gap opens, producing nonparabolic extrema away from I This effect is integral to the band structure of Bi,Te; and clearly
visible at I"'when plotted along key directions showing band extrema.
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Figure 5. Bisectrix maps of Bi,Te; conduction (A) and valence (B) band Fermi surfaces along with relevant surfaces from the typical alloying
tetradymites: (C) Bi,Se; and (D) Sb,Tes. All transport relevant band edges are located within the bisectrix plane (highlighted in the BZ) Energies given

are above or below the band extrema (CBM or VBM).

profile can be tuned for better TI behavior by alloying Bi,Te;
with Bi,Se; or Sb,Te;.32°9-61]

The symmetry of the crystal structure requires the con-
duction band minimum (CBM) and valence band maximum
(VBM) to lie on the bisectrix (mirror plane) of the Brillouin
zone (Figure 5) which facilitates locating the band extrema
when they are not along high symmetry directions shown in
the band diagraml®23 (Figure 4). Band structure calculations
for Bi,Te; have yielded conflicting results about the exact posi-
tion and therefore degeneracy of the band extrema largely
because of the SOI induced sensitivity to the calculation
details.*>37#] The complex interaction of this sensitivity with
the specific combination of calculation method, exchange-cor-
relation functional, and lattice parameters may explain the lack
of consensus in the literature. As the bandgap is formed by the
inversion and anticrossing at I', the position of band extrema
depends on the details of both the CB and VB and their rela-
tive energy separation. Considering that the bands could move
=0.1 eV with typical changes in temperature or doping for
thermoelectric use,*%* the most relevant band structure may
not be the most accurate at 0 K. The band diagram of Figure 4
and corresponding energy maps of Figure 5, which include SOI
effects, were chosen primarily because they give results closest
to experimental observations. While many studies have found
that the lowest conduction band in Bi,Te; is located at z along
the I'-Z line, a twofold degenerate point,?®374550] most recent
studiesl>3:36:46:6265-67] haye shown that the SOI shifts both the
CBM and VBM to a general position within the bisectrix plane
(CBM at f-point and VBM at a’ point in Figure 5), which cre-
ates sixfold degenerate Fermi surface pockets. Band diagrams
for Bi,Te; are often plotted along the I'-a line where a is a point
between Z and P(U) despite the band maximum not being
exactly at a. The Bi,Te; CBM at fwas first described on the path
from I-F.%2 Sb,Te; has its VBM at f (Figure 5) in contrast to
the VBM of Bi,Tes at a’. Bi,Se; has both its CBM (Figure 5) and
VBM at I"/568]
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In both n- and p-type Bi,Te; and p-type Sb,Tes;, the Fermi
surfaces (Figure 6) at low doping are approximately ellipsoidal
with sixfold degeneracy but rapidly become increasingly com-
plex with higher Fermi energy, easily within reach by normal
doping and operation temperatures of thermoelectric Bi,Te;
and Sb,Te;. The Bi,Te; valence band Fermi surface starts with a
sixfold degenerate pocket (Figure 6A) at the a’ point (Figure 5).
This pocket elongates (Figure 6B) toward f (Figure 5) upon
doping. As the Fermi level is further increased, the pockets link
together creating a ring structure around Z (Figure 6C). The
Sb,Te; valence band is reversed: emerging at the f point, then
growing toward a’ (Figure 5), however no ring formation at Z
is observed and instead the pockets elongate and merge at I'.!
We note that the details of the band structure calculation can
cause the location of the VBM to be flipped from that presented
here between a’ and ffor Bi,Te; and Sb,Te;.!

In the conduction band, as doping is increased, the sixfold
(Figure 6D) pockets at the fpoint in the BZ (Figure 5) grow and
a second twofold degenerate pocket appears at z. Upon further
doping, the f pockets merge with the z pockets to form tripod
structures (Figure 6E) which has been experimentally observed
using ARPES.P® Similar structures are expected for the con-
duction band of Sb,Tes.’! At even higher energies (Figure 6F)
an additional sixfold degenerate pocket is found in the region
near &’ of the valence band.

Measurements of the band structure in Bi,Te;, by galvano-
magnetic, 72l de Haas-van Alphen,B3?7273 and Shubnikov-de
Haas (SAH)*0#1 effects have suggested that the both the CBM
and VBM are sixfold degenerate and nonparabolic consistent
with the description above for CBM at f and VBM at a’.3>3¢
The degeneracies and Fermi surfaces of the CBM and VBM
have also been confirmed more recently by angle-resolved
photo-emission  spectroscopy ~ (ARPES).’®74#75]  The SdH
measurements taken below 4 K also confirm the presence of a
second conduction band (presumably at @’ or z) offset 25 meV
above the lowest conduction band, as well as a second valence

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Conduction Band

Figure 6. Valence and conduction band Fermi surfaces of Bi,Te;. As Fermi level moves into the valence band, a sixfold ellipsoidal pocket A) grows
across the BZ edge from a’ to f B) and eventually merge forming a ring like structure around Z C). The conduction band also begins as a sixfold
ellipsoidal surface D) until a twofold pocket emerges at z and combine to form a double tripod shape E). At still higher energies, an additional sixfold
pocket emerges at a’ F). These complex Fermi surfaces with high valley degeneracy contribute to the exceptional electrical thermoelectric performance

of Bi,Te;.

band (presumably at f) offset 20 meV below the highest valence
band. Both additional bands are believed to have larger effective
masses, but exact values have not been accurately determined.
The heavier secondary bands are lying only a few kpT apart
from the primary ones at liquid helium temperatures but may
shift at room temperature.*0#1:43761 Optical measurements of
the bandgap have shown an increase of 9.5-107 eV K~!*!l when
cooling down to =120 K and the position and shape of band
extrema may shift as well.*83] Similar changes in band ener-
gies with temperature are observed in the lead chalcogenides.*’!

Alloying Bi,Te; with Sb,Te; has been suggested to shift the
relative positions of highest energy valence bands,® enabling
band engineering to achieve band convergence similar to that
used in the lead chalcogenides.”””] Mixtures with Bi,Se; and
Sb,Te; both increase the bandgap from that of pure Bi,Te;. The
bandgap variation with composition abruptly changes slope
at an intermediate point (Figure 3B) due to the relative move-
ment of multiple band edges with changing composition. Fur-
ther details of the effect of alloying will be discussed below in
Section 3.

2.3. Defects and Doping

The carrier concentration in Bi,Te; and its alloys needs to
be tuned to optimize zT for cooling”® or for power genera-
tion.”>-#1 Donor defects, such as I on at Te site, donate extra
electrons or in the case of Se vacancy, accept fewer electrons
into the valence band than without the defect. These simple
defects can be understood by assigning a valence state based
on the number of valence electrons and number of electrons

Adv. Electron. Mater. 2019, 5, 1800904
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needed to fill valence states. For example, replacing Te™?
with I7! produces one e~; an Sb on an anion site is Sb~* which
accepts one more electron than Te™? and therefore produces a
hole; whereas a Se™ vacancy fails to accept two electrons and
therefore is a two e~ donor.

The conduction type and carrier concentration result from
self-doping by antisite defects in nominally undoped binary
Bi,Te; and Sb,Tes;, where electronegativity and atomic size differ-
ences are small, and anion vacancies in the case of Bi,Se; where
these differences are larger.®?l The concentrations of these native
defects can be on the order of 10®-10' cm™ depending upon
the composition and temperature at which the material was
made or processed.®384 Since the nominal compound Bi,Te; has
a finite phase width, the defect concentrations will depend on the
exact atomic chemical potentials of Bi and Te and defects for the
two extreme cases, Bi-rich or Te-rich, are often reported in theo-
retical studies.® Whereas vacancies are the dominant intrinsic
defects in PbTe, precise density measurements!®®l as well as theo-
retical calculationsP*%% have shown that antisite defects control
the intrinsic charge carrier concentration in Bi,Tes;. Thus, while
Pb-rich PbTe is n-type, Bi-rich Bi,Te; is p-type due to Biy, antisite
acceptor defects. Bi replaces Te with a similar electronic struc-
ture but one less electron producing a hole in the valence band.
Similarly, a Te on Bi site has the same electronic structure but
one more electron making Tep; an electron donor and is the
dominant defect under Te-rich conditions.[8?!

As shown in Figure 7A, the congruently melting point of bis-
muth telluride is shifted slightly toward the Bi side of the Bi,Te;
composition. Thus a solid grown from an exactly stoichiometric
melt will actually be Bi-rich and p-type.®>#”] Depending on the
growth and processing conditions (e.g., liquidus composition

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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during growth or annealing in controlled Bi-rich or Te-rich
conditions),[?#8+88] 3 range of stoichiometry between 59.8 and
60.2 at% Te can be prepared.[®’]

The comparatively low formation energy of Sby, antisite
defects causes Sb,Te; to always be p-type. This occurs even in
Te-rich Sb,Te; which although containing fewer Sby. defects
than Te-rich Sb,Te; remains strongly p-type (Figure 7D). Bi,Ses
in contrast has sufficiently low formation energy for selenium
vacancies to make the material always n-type.>%6082

In the case of binary Bi,Te; the antisite defect concentrations
can be adjusted with processing conditions (Bi- or Te-rich and
temperature) only up =5 x 10! cm™ (Figure 7B, either n-type
or p-type), but by isoelectronic alloying (with Sb,Te; or Bi,Se;) a
greater range of carrier concentrations is achievable by manip-
ulating the defect chemistry. For example, the replacement of
some Bi with Sb leads to the strong favoring of Sby, acceptor
defects such that the hole concentration of p-type (Bi,Sb),Te;
alloys can be adjusted via the Bi/Sb ratio.®?l In principle the
hole concentration should vary depending on whether the
preparation is metal-rich or Te-rich by an amount similar to
that observed in binary Bi,Te; or Sb,Tes;. In practice, this effect
has not yet been documented with a complete phase boundary
mapping study.® Similarly, the electron concentration of
n-type Bi,(Te,Se); alloys can be controlled for Bi,Se; amounts
higher than 33%.68%9 In this case the Bi-rich conditions which
will increase the donor Se vacancy defects will also promote
the Bip. acceptor defects. Such counteracting effects between
different point defects can lead to profoundly different proper-
ties for the different thermodynamic states (e.g., cation-rich or
chalcogen-rich) and therefore inhomogeneous material when
the processing does not clearly define the thermodynamic state.

Like conventional semiconductors, the charge carrier density
in Bi,Te; can also be adjusted by extrinsic doping. Tuning of the
carrier concentration is straightforward by aliovalent substitu-
tions (substitution by atoms with one more electron (donors) or
one fewer electrons (acceptors)). Halogens are ideal donors when
substituting for tellurium as they contribute one extra electron
and should less disrupt the conduction band compared to cat-
ion-site dopants as found in the lead chalcogenides.!] Similarly,
lead is an ideal acceptor as it replaces bismuth with one less
valence electron while still possessing a filled s-state.?! Group 11
elements such as calcium, without the filled s-state, also substi-
tute on the cation site forming one electron acceptor defects.[’]
The carrier concentration is determined by the net effect of
the different sources of doping owing to the interaction of the
extrinsic impurities with the intrinsic point defects enabling
ternary, quaternary and more complex compositions to be tuned
from intrinsic to highly extrinsic carrier concentrations.3194-%

Figure 7. Thermodynamic and thermoelectric phase diagrams of Bi,Tes.
A subsection of the Bi—Te binary phase diagram A) illustrates the range
of solubility for Bi,Te; that results from low antisite defect formation ener-
gies for each element.l32 The concentration of antisite defects and thus
solid composition can be inferred from Hall measurements®¥l to estimate
carrier concentration as a function of composition B). Using appro-
priate models (Figures 9 and 10), this can be extended to predictions of
the Seebeck coefficient with composition C) and extreme sensitivity to
stoichiometry near 60 at% Te is observed. A similar phase diagram for
Sb,Te; D) reveals a strong tendency for Sbr, antisite formation and results
in Sb,Te; always being p-type.['®?
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In Bi,Te; at typical operating temperatures and carrier con-
centrations for thermoelectric purposes, the choice of aliova-
lent dopant does not appear to have a significant impact on
transport because deformation potential scattering dominates
(see Section 3.2). Such differences are usually only observed
in other semiconductors at very high carrier concentrations,
e.g., =10¥ cm~ at 300 K in n-type Si doped with P, As, or Sb.*’!

If the dopant, however, modifies the electronic structure,
then it can also be a mechanism for engineering the electronic
properties. Figure 10 illustrates how for most dopants, the
Seebeck and Hall mobility follow expected trends with Hall
carrier concentration with tin being the notable exception.
While in the same group as lead, tin is a so called “resonant
dopant” and produces a noticeably larger Seebeck coefficient
for a given carrier concentration within a specific range of
doping.[190-102] This is because the tin 5s orbital states intro-
duce a small peak in the density-of-states near the top of the
valence band.®10 While the increase in Seebeck coefficient
may appear advantageous, it is accompanied by a decrease in
carrier mobility which negates potential gains in power factor
(Figure 10B). Tin is an important dopant in tetradymite topo-
logical insulators where it can aid in more predictable carrier
concentration tuning to reduce bulk conductivity.['03104

Various processing methods have also been observed to
create electrically active defects in polycrystalline Bi,Te; that
could be due to charged defects at nonequilibrium grain
boundary or extended defects, or unknown impurities.['®! For
example, deformation such as grinding,!'%! high energy ball
milling,1971%8] or electrochemical deposition!'®! can produce
a donor-like effect. Annealing or other high temperature pro-
cessing (e.g., high temperature hot deformation!'® or spark
plasma sintering[!””11%) can reduce but may not eliminate the
doping effect. In such processed materials, the carrier concen-
tration can be altered significantly enough to even cause the
dominant charge carrier type to invert relative to the as grown
compositions.B2111 Second phase particles can also impact the
carrier concentration. Nominally inert impurities, such as SiC
particles used to control grain microstructure can also have an
effect on charged defects.''” The competition and interaction
of these intrinsic and extrinsic dopants makes tuning the Fermi
level a complex procedure.®?
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3. Thermoelectric Transport of Bi,Te;
and Related Compounds

3.1. Quality Factor and zT

The exceptional thermoelectric performance of Bi,Te; near
room temperature is due to its complex electronic structure and
relatively low thermal conductivity which gives it a high ther-
moelectric quality factor, B. While the maximum thermoelec-
tric efficiency of a given sample is determined by the figure of
merit zT = S20T/k (where S is the Seebeck coefficient, o is the
electrical conductivity, k is the thermal conductivity and T is the
temperature) the maximum zT of a dopable semiconductor is
determined by the thermoelectric quality factor, B, defined in
Equation (1).[113:114]

2 3/2 5/2 5/2
Bz(k_B) Srenda) _uT —433.100 M T 1)

e h 3 KL KL

_ 2kih CN,T

B
3 mEk,

(2)

Here u,, is the weighted mobility with units of m? V1 s7,
which characterizes the relationship between the Seebeck coef-
ficient and electrical conductivity and can be used to estimate
the variation of power factor with doping. The lattice thermal
conductivity, ki, with units of W m™! K! quantifies the heat
transport by phonons.'">17] The B of a material type such
as Bi,Te; depends on the electronic and atomic structure and
electron and phonon scattering of the material. This is more
clearly seen in the form of B where i, has been expanded to its
constituent parameters using Equation (S19) in the Supporting
Information: valley degeneracy N,, inertial effective mass my
, deformation potential =, and average longitudinal elastic
modulus C;. The combination of these parameters determines
the highest achievable figure of merit zT for the case where
the material is optimally doped and the bandgap is sufficiently
large enough that bipolar effects are not present (Figure 8).
As a useful point of reference, to attain a zT of 1 a B> 0.4 is
required.

n-type p-type
B. 16 C.16
r-Pby 1GegoTe
124 124
BiysSb, sTe; Te-MS
@ 0.8 Mg,Sb, Biy s o 0.84
Bi,Te, 5S¢ HD
Ce-FeSb,
Yb Goshy Hfy 752102 NiSn
0.4+ 0.4
Mg,Si
0.0 0.0- BiTe,
300 400 500 600 700 800 900 300 400 500 600 700 800 900

Reduced Chemical Potential »

Temperature [K]

Temperature [K]

Figure 8. The material quality factor B allows for comparison of potential zT between samples and different materials without doping dependence
A). Comparison with other notable thermoelectric materials demonstrates how exceptional both B) n- and C) p-type Bi,Te; and its alloys are near room

temperature [11,122,123,183-191]
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The crystalline anisotropy of Bi,Te; and its alloys complicates
the transport property measurements and adds uncertainty to
the values reported.M8! Because the conductivity anisotropy
ratio (higher within the basal ab planes) exceeds that of the lat-
tice thermal conductivity, the thermoelectric transport parallel
to the basal planes leads to higher zT.BY The Seebeck coeffi-
cient, depending more on scalar quantities such as Ep and
density of states mass, is more isotropic.[*3l For this reason, the
thermoelectric properties of Bi,Te; discussed below and quality
factors tabulated in Table 1 for comparison with other materials
are only given for measurements along ab directions of large
oriented grains (e.g., by zone melting).??

3.2. Thermoelectric Transport Properties of Bi,Te;

The electronic transport of Bi,Te; can be generally described
as that of a small bandgap semiconductor where the conduc-
tion band has somewhat higher mobility than the valence
band but the Seebeck effective masses are nearly the same.
Despite the complexity of its electronic structure, valuable
insight can be obtained from a quantitative analysis of the
thermoelectric transport in Bi,Te; in terms of the material
parameters that make up B: Seebeck effective mass mg*,
weighted mobility u, and lattice thermal conductivity ;.
These parameters are common topics for experimental and
theoretical study in themselves and thus naturally lead to
strategies for their manipulation toward improving material
properties.

When the electrical conductivity is low, o below =500 S cm™,
there is a sharp reduction of thermopower |S| and change in
sign which corresponds to the intrinsic regime where carriers
in both conduction and valence bands contribute significantly
to transport.'"! The opposing Seebeck effect from each carrier
type results in the dramatic reduction of overall thermopower at
low, 0. The effects of mixed conduction are significant even at
room temperature as seen by the difference between the single
band (dashed lines) and conduction + valence band models
(solid lines) of Figure 9. The two-band model (see the Sup-
porting Information) requires an energy gap of 0.14 eV, which
is in good agreement with the optically measured bandgap
(Figure 3A).

3.2.1. Effective Mass Modeling of Room Temperature
Thermoelectric Properties

The parameters required to model the conduction and valence
bands are derived from the data in the extrinsic regime
(o greater than =1000 S cm™). The variability in samples and/
or measurements from the many different studies compiled
in Figure 9 make it is difficult to identify consequences of the
complex Fermi surface, multiple nonparabolic bands***! and
various scattering mechanismsB®!l in the charge carrier trans-
port generally observed in Bi,Te;. The general trends observed
in Figure 9 can be characterized by a simple, single weighted
mobility for each carrier type (dashed lines). The somewhat
higher weighted mobility for electrons (u, = 525 cm? V! 571,
Table 1) compared to holes (400 cm? V! s71) gives larger power
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factor (S?c Figure 9B) for n-type materials (=45 uW cm™ K72
while p-type samples reach only =35 uW cm™ K=2. This may
be contrary to expectation as p-type Bi,Te; alloys are known
to exceed their n-type counterparts in zT. As discussed in
Section 2.1, the discrepancy arises due to the greater anisotropy
in mobility of n-type materials which negates much of the benefit
of microstructure engineering to reduce thermal conductivity.!!

For samples with carefully characterized Hall coefficient
a separate Hall mobility uy and Seebeck effective mass mg*
(akin to density-of-states mass) can be extracted from the vari-
ation of Seebeck coefficient with the Hall carrier concentra-
tion (Figure 10A).''Y At 300 K a similar value for the Seebeck
effective mass of 1.06 m, is found for both n-type and p-type
charge carriers and agrees well with similar analyses in other
studies.[?>121] These effective mg* values, derived from exper-
imental Seebeck and Hall measurements are an ideal way to
characterize changes to the band structure or compare to other
materials.[0122123] However, these experimental values are not
expected to match other definitions of m* as the Seebeck and
Hall effects will be affected by the complex band structure
and scattering,[33116124-120] 45 well as Hall effect depending on
crystal and magnetic field orientation.31:3270.116.127]

The effective deformation potential = (Table 1) of 22 eV
for electrons and 25 eV for holes for phonon scattering may
also be a useful parameter for comparison. Here we assume
deformation potential phonon scattering dominates and use
Ci = 68 GPal'?®l and N, = 6 although the number of valleys
and extent of intervalley scattering is actually unknown. The
slightly larger value for holes accounts for the lower weighted
mobility and the subsequently the lower thermoelectric quality
factor.

An average lattice thermal conductivity k; of 1.37 W m™! K™
(300 K) for single crystal Bi,Te; is found by extracting the elec-
tronic contribution to k. The total thermal conductivity, «,
(Figure 9C) varies with electrical conductivity approximately
linearly in the extrinsic regime with a sharp increase in the
intrinsic region attributed to the bipolar thermal conductivity.
Comparison of the two-band model (solid lines) and single band
extrapolation (dashed lines) shows that bipolar thermal conduc-
tivity contributes even above ¢ = 1000 S cm™'. Without consid-
eration of the mixed conduction effects, higher estimates of the
lattice thermal conductivity are expected — reported values for
Kk, are between 1.4 and 1.7 W m™' K for Bi,Te;.[838492116 The
minimum thermal conductivity is even lower 0.2-0.3 W m~! K~!
predicted by diffusion!'?’! and Cahill's modell'3% demonstrating
the potential for improvement in zT through microstructure
engineering.

The reported room temperature zT values of n- and p-type
Bi,Te; (Figure 9D) are quite scattered, requiring the trans-
port models to provide clarity. Given the trends in thermal
and electrical properties, the zT of p-type Bi,Te; is expected
to peak at 0.5-0.6 for an electrical conductivity between 900 and
1100 S cm™'. The maximum zT for n-type Bi,Te; is expected
around 0.7, where slightly higher values are reported. For both
conduction types, the zT from the two-band model is lower in
magnitude and shifted toward higher conductivity than what is
predicted from a single band model because of the high bipolar
thermal conductivity below =1500 S ¢m™' which is a conse-
quence of the small bandgap in Bi,Tes.
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Table 1. Comparison of key transport parameters for notable thermoelectric materials at 300 K. Key: weighted mobility p,, lattice thermal conductivity ki, thermoelectric quality factor B, bandgap
E;, mobility parameter o, Seebeck (DOS) effective mass ms*, single valley band mass my*, average longitudinal elastic modulus G, acoustic phonon deformation potential Z, static dielectric

constant €.
Material Uy, [em? V15T K [Wm™ K] B Eg [eV] Goldsmid-Sharp  po[em? Vs mg* [m] N,  my*¥d[m] CP[GPa] EZ9[eV] €& Ref.

E,[eV]
Bi,Tes (n) 525 1.37 0.26 0.14 0.14 481 1.06 6 0.32 68 22 290 L, 75| [63,145,194]
Bi,Tes (p) 400 1.37 0.20 0.14 0.14 367 1.06 6 0.32 68 25 290 L, 75| [63,132,145,194]
Bi,Se; (n) 165 1.70 0.07 0.30 1403 0.24 1 0.24 74 n M3 L [54,139,194]
Sb,Tes (p) 465 220 0.14 0.24 675 0.78 6 0.24 55 25 168.L,37| [6,28,144,181,195]
Bi,Tey 765€021 HD 463 0.56 0.56 0.19 017 252 1.50 6 0.45 68 63,145,185]
ZM (n)
Bio.sSby sTe; Te-MS (p) 490 035 0.94 0.20 0.18 425 1.10 6 033 57 [6,11,181]
PbS (n) 160 2.50 0.04 0.37 609 0.41 4 0.16 111 27 169 [113,144,196]
PbSe (n) 160 1.70 0.06 0.26 0.38 1140 0.27 4 0.11 91 25 210 [113,144,196-198]
PbSe (p) 110 1.70 0.04 0.26 0.33 784 0.27 4 0.1 91 35 210 [113,144,196,197,199]
PbTe (n) 200 1.50 0.09 0.30 0.36 1509 0.26 4 0.10 71 22 414 [64,113,144,187]
PbTe (p) 100 1.50 0.04 0.30 0.43 754 0.26 4 0.10 71 25 414 [64,113,144,187,200]
Pbo.osSboosSe (n) 40 0.70 0.04 0.26 0.35 285 0.27 4 0.11 91 [113,196,201]
PbTe+8% SrTe 237 1.71 0.09 0.34 0.48 136 1.45 4 0.58 71 [113,189]
TAGS-85 (p) 141 0.63 0.15 030 [190]
Pbg1GeggTe (p) 241 0.54 0.30 69 2.30 12 0.44 30 [122,202]
Mg,Si (n) 147 4.56 0.02 0.71 0.62 99 1.30 3 0.62 121 22 19 [144,188,203-206]
Mg;Sb, (n) 1 1.50 0.00 6 1.50 6 0.45 40 [85,186,207,208]
Mg;Sb, (p) 8 1.50 0.00 0.47 12 0.80 1 0.80 40 19 [186,207-209]
Mg ,Sb sBigs (n) 47 0.88 0.04 32 1.28 6 039 40 [186,207,208]
CoSb; (n) 83 8.65 0.01 0.22 142 0.70 3 0.34 95 36 [123,210]
CoSb; (p) 235 8.65 0.02 0.22 0.20 3077 0.18 1 0.18 95 12 [123,210,217]
Ybo3C04Sby, (n) 362 1.88 0.13 0.22 64 317 15 0.52 95 53 [123,210]
CeFe,Sby, (p) 213 1.60 0.09 [183]
ZrNiSn (n) 121 4.75 0.02 0.13 0.2 18 3.57 3 1.72 119 15 [212-215]
ZrNiSn (p) 28 4.75 0.00 0.13 0.05 2 5.26 3 2.53 119 25 [212-215]
Hfy 75ZrosNiSn (n) 329 4.84 0.05 031 3 110 [191,214,215]
Si (n) 1.18 6 0.36 167 6.5 11.9 [141,165,216]
Si (p) 0.81 3 039 167 1.3 1.9 [141,165,216]
InSb (n) 0.0016 79 30 176 [146,147]
InSb (p) 0.4 79 7 176 [146,196,216]

A Calculated using mg* = N,2my*, m* taken as equal to my*; ®)C;; used when G not available; 9Values not calculated where other scattering mechanisms likely play a significant role (e.g., grain boundary in n-Mg;Sb,
or alloy scattering in alloys).
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Figure 9. A survey of room temperature thermoelectric transport measurements of n- and p-type Bi,Te; (along the ab direction) as a function of
electrical conductivity.2179117,125127,133,165,166] Single (dashed) and two-band (solid) effective mass models describe the data well and illustrate the
limiting effect of minority carriers at low conductivity values. At room temperature, the effect is small for the Seebeck coefficient A) and power factor
B), but it is substantial for the thermal conductivity C). The bipolar effect can be comparable to a lattice thermal conductivity of 1.37 W m~' K~! and
this limits the maximum achievable zT D). n-type Bi,Te; has higher performance due to its L, of 525 cm? V™' s for electrons compared to 400

for holes.
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Figure 10. The room temperature Pisarenko plot of Seebeck versus Hall carrier concentration A) is well fit using a Seebeck effective mass of 1.06 m,
for n- and p-type Bi,Te; (along the ab direction).>1%0132192 This mass along with the weighted mobilities used in Figure 9 and the 0.14 eV bandgap
can be used to predict the Hall mobility versus Hall carrier concentration B).[>498,100,101,132137,192193] The difference between the single-band (dashed

line) and two-band models (solid line) illustrates the strong bipolar effects on the Hall data, and the apparent Hall mobility (not actual charge carrier

mobility) at low dopant concentrations.
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3.2.2. Comparison to Other Thermoelectric Materials

Bi,Te; and its alloys with Sb and Se have the highest known
quality factor and weighted mobility near room tempera-
ture which is why this class of materials makes the best
thermoelectrics. Bi,Te; and Sb,Te; show higher DOS (Seebeck)
effective masses (mg*) near 1 m, (Table 1), while for the Bi,Se;
and the n-type Pb-chalcogenides mg* = 0.2-0.3 m,. The higher
effective mass is related to the larger band degeneracy (N,) like
that found in p-type Pb-chalcogenides. The higher valley degen-
eracy at room temperature helps make Bi and Sb-tellurides
have higher pu,, which leads to large power factors (Figure 12B).
This, combined with the relatively low x; ultimately leads to
higher thermoelectric quality factors and for Bi,Te; and Sb,Te;
making them superior for room temperature applications. The
small bandgap of Bi,Te; prevents it from being useful at higher
temperatures enabling other materials such as PbTe, B = 0.39
(at 650 K), and SiGe, B = 0.38 (at 1100 K).['31

Bismuth telluride has a high weighted mobility partly
due to its complex Fermi surface (due to spin-orbit inter-
action described above) that gives it two nearly degenerate
sets of six-valley conducting bands which have a low inertial
mass.[%%127] The small electronegativity difference between
the elements and strong interaction between conduction
and valence bands results in the low inertial mass and also
a narrow bandgap.*’] In contrast conventional semiconduc-
tors with light elements generally have simpler conduc-
tion and valence bands at high symmetry points, while the
tetradymites are more complex.

3.2.3. Temperature Dependent Transport Properties of Bi,Te;

Temperature dependent thermoelectric transport data is typi-
cally reported and analyzed to calculate zT and characterize
scattering. Because of the variation in results from different
studies, trends are best discussed about a series of samples
prepared and measured the same way. Here, we limit our dis-
cussion to the I-doped n-type material produced for this work
and the Pb-doped p-type Bi,Te; electrical transport results of
Plechacek et al.'32]

The limiting effect of the small bandgap is observed in all
electrical and thermal measurements (Figure 11). The magni-
tude of the Seebeck coefficient rises with temperature as the
Fermi level moves toward the minority carrier band. Eventually
the Seebeck peaks and drops as minority carriers are gener-
ated. The location and value of the Seebeck peak can be used
to measure the bandgap!'*3134 and is found to be 0.14 eV. The
Seebeck peak is shifted to higher temperatures (but at a lower
value) with increased doping as it places the Fermi level fur-
ther toward (or inside) the majority charge carrier band. This
manifests in a reduction of the maximum achievable power
factor with optimized doping with increasing temperature
(Figure 12B). The figure of merit zT (Figure 11F) also peaks
because of the peak in Seebeck and the rise in thermal conduc-
tivity. The highest observed zT = 0.7 in the I-doped samples of
this work occurs near 325 K for the x = 0.006 sample.

The Hall coefficient (Figure 11C) is observed to decrease in
magnitude in all samples with increasing temperature due to
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canceling effect of the opposite signs of Ry for the holes in the
VB and electrons in the CB. Thus, interpretation of the carrier
concentration by ny = 1/eRy can potentially lead to erroneous
overestimation of the true carrier density and underestimation
of the true carrier mobility. Similarly, the temperature depend-
ence of mobility (Figure 11D) is complex in both n- and p-type
materials and care should be taken in when assessing the
dominant carrier scattering mechanism. Multiple studies have
found that above room temperature the primary mechanism
is deformation potential scattering from acoustic or nonpolar
optical phonons.3888135-137] Deformation potential scattering
predicts an exponent A in uy = T-* between 1.5 (nondegen-
erate) and A = 1 (degenerate). The observed A falls within a
range of 1.1 and 2.8 and increases with temperature for all
samples. As the Hall mobility is calculated by uy = |Ry|o, the
reduction in |Ry/ due to thermal excitation of minority car-
riers will cause the Hall mobility to decrease faster with tem-
perature than the true mobility of carriers. This effect can be
significant even at room temperature in samples having lower
carrier concentrations, as shown in Figure 10B. For example,
Hall measurements at 300 K on p-type samples of equal crystal-
line quality with ny; = 10'° cm™3 carriers could find Hall mobili-
ties of =125 or =275 cm? V~! s71. This disparity in Hall mobility
is not an indication of the degree of charge carrier scattering
but instead of the position of the Fermi level and the indeter-
minate nature of the Hall coefficient when minority carriers
play a significant role. This effect is likely contributing to the
steep T2% dependence observed in the more lightly doped
Bi,Te; 99610.004 Sample near room temperature in Figure 11. To
properly evaluate A, the slope should be determined when the
material is certain to be extrinsic. While low temperature data is
unavailable for our I-doped samples, similar T->% dependence
of Hall mobility has been reported at low temperatures for sam-
ples doped near 10'7 cm™ carriers with numerous other studies
reporting A values greater than the expected 1.5.16970:83,121,138]
This suggests that minority carrier effects alone cannot explain
the observed A values.

The complexity of the band structure in Bi,Te; can also play
a role in the observed value of A. If multiple band edges are
involved in conduction, as is the case in both n- and p-type
Bi,Te;,*041 the measured mobility will depend on the rela-
tive contributions of each. This will depend on the energetic
separation, the density-of-states and mobility of each band,
and the position of the Fermi level determined by the doping
and temperature. At a given temperature, the Hall mobility
can therefore have a carrier concentration dependence that
deviates from that expected by the degree of degeneracy.
As the Fermi level shifts with temperature along with the
width of the Fermi-Dirac distribution, the number of car-
riers in each band can vary even if the total carriers remain
unchanged. Carriers moving from a high mobility band to a
lower mobility band as a function of temperature will appear
as a faster decrease in measured mobility and therefore
higher A than expected for a scattering mechanism. Thus,
the observed A could potentially differ from expectation for
a scattering mechanism even if that mechanism dominates.
Examination of Figure 11D suggests that in both conduction
types, this multiple band effect increasing A is occurring for
samples with low doping and that at high doping both bands
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Figure 11. Thermal and electrical transport coefficient variation with temperature in I-doped n-type and Pb-doped p-typel'3®] Bi,Te;: (A) Seebeck
coefficient, (B) Resistivity, (C) Hall coefficient, (D) Hall mobility, (E) Thermal conductivity, and (F) Figure of merit. Curves are only drawn as guides to
the eye. The slopes in (D) are meant as references only and not to imply dependencies related to scattering mechanisms.

are consistently filled maintaining the T7/2 dependence in
mobility.[3]

Multiple studies have fit a mixed ionized and deformation
potential scattering model to experimental data.[8%135136,140]
Full forms of the relaxation time can be found in Equations
(S19)—(S23) in the Supporting Information , but a ratio is
employed here to provide a better sense of relative magnitudes.
The ratio of the prefactor for the relaxation times for ionized
impurity, 7oy, to acoustic phonon, 7y, scattering is propor-
tional to material properties as shown in Equation (3).l1+1-143]

Adv. Electron. Mater. 2019, 5, 1800904

1800904 (13 of 20)

2, 2m2
Toji M €2 3)

TO,ac Cl

where € is the static dielectric constant. The larger this ratio,
more deformation potential scattering would dominate charge
transport with less influence due to ionized impurity scat-
tering. This ratio for Bi,Te; is 9 x 10% times larger than that
for Si and 5 x 10° times larger than that for InSb illustrating
why Bi,Tes is relatively insensitive to impurities in the typical
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Figure 12. Two-band effective-mass model results of Bi,Te; trends with temperature based on fits of the Bi,Te; g9510.00s Sample. Breaking the total thermal
conductivity into each contribution A) shows their relative magnitudes. The lattice thermal conductivity dominates at low temperatures and suggests
potential benefits from microstructure engineering. At elevated temperatures, the bipolar thermal contribution is substantial, necessitating bandgap
modification through alloying. The maximum power factor which can be achieved in Bi,Te; assuming optimized doping for each temperature B) is also
negatively impacted due to the subtracting effect of minority carriers on the thermopower.

range of operating temperatures (Table 1).*11#4-147] While the
large dielectric constant of Bi,Te; does play significant role in
minimizing the effects of ionized impurities, but the effec-
tive masses, deformation potentials, and soft lattice are also
important. Ionized impurity effects are observed in Bi,Te;, but
only at low temperatures such as in the behavior Hall coeffi-
cient at temperatures 100 K and below.l'* Above this tempera-
ture, the =T-3/2 mobility dependence for deformation potential
scattering and =T*/? for ionized impurity scattering shifts the
ratio toward deformation potential scattering.[141143]

The thermal conductivity is strongly influenced by the effects
of minority carriers due to the small bandgap as shown for the
I-doped samples shown in Figure 11E. To examine the relative
contributions of the lattice, electrical, and bipolar thermal con-
ductivities to the total, we developed a simple two-band model
with a CB and VB to fit the data from the x = 0.008 n-type
sample (Figure 12A). Details of this model and fits to the other
transport measurements can be found in the Supporting Infor-
mation. The bipolar contribution to thermal conductivity can be
so significant near room temperature such that increasing the
I-doping from x = 0.004 to 0.006 reduces the total thermal con-
ductivity even though the electrical resistivity also drops.

4. Alloying to Improve Thermoelectric
Performance of Bi,Te;

The optimization of the performance of Bi,Te; is usually achieved
by appropriate solid-solution alloying with Sb,Te;, Sb,Se;,
Bi,Se;, or Bi,S;.24 Justification for this is typically the reduction
in lattice thermal conductivity.’”8] Point defects induce mass
and size contrast that reduces thermal conductivity!®>195148] byt
this must be weighed against the electron scattering effect that
reduces charge carrier mobility and quality factor.'*! In general,
the high dielectric constant of Bi,Te; leads to effective screening
of charged defects reducing the effect on mobility.! Neverthe-
less, some dopants are less disruptive than others and so dopant
selection may have a noticeable effect on zT.]

Perhaps more importantly, alloys are typically chosen to
tune the carrier concentration and thereby optimize the Fermi
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level. Even isoelectronic substitution of bismuth and tellu-
rium can change the carrier density through the interaction
of different point defects. This is because the substitution of
Bi by Sb favors the formation of (Bi, Sb) on Te antisite defects
leading to p-type conduction, while the substitution of Te by
Se favors the formation of Se vacancies and the n-type conduc-
tion.®2 The atomic chemical potentials change continuously
with the alloy composition and change the defect formation
energies.®) The optimized composition for p-type mate-
rial is near (Sby7sBig5);Tes%71%% where antisite Sby. defects
provide =7 x 10" holes cm™ while typical n-type composi-
tions containing about 10% Bi,Se;l327% show suppressed Bir,
antisites and introduce Se vacancies that can make the mate-
rial nearly intrinsic,'%) or nearly optimally doped for chalcogen
rich material.'>! Further doping with extrinsic impurities may
be used for optimum tuning of the Fermi level.l’°l The max-
imum zT may be tailored to lower or higher temperatures by
fine tuning the charge carrier densities.”®l

Besides its effect on the carrier concentration, the substi-
tutional alloys of bismuth telluride display larger energy gaps
than the binary itself as noted in (Figure 3), allowing for the
minority carrier conduction to be suppressed up to higher
temperatures.l!!l The detrimental effect of the minority car-
riers on the thermoelectric properties suggests that engi-
neering the bandgap would be a viable strategy to improve the
performance of Bi,Te; as a thermoelectric generator. Above
325 K, when the bandgap is 5 kpT the bipolar effect leads to
a clear reduction in thermopower and increase in thermal
conductivityl3?] that noticeably reduces zT.B>!1l This issue is
more pronounced in Bi,Te; than PbTe due to the reduction of
the energy gap with temperature for Bi,Te; whereas E, conveni-
ently increases with temperature for PbTe.*! Thus, in order to
extend the effectiveness to higher temperatures any optimiza-
tion of Bi,Te; should involve the increase of the energy gap
which may be achieved by either doping or alloying and it is
usually achieved through appropriate alloying.[2:11¢]

Mixtures with Bi,Se; and Sb,Te; both increase the bandgap
from that of pure Bi,Tes;. In both alloy systems, the bandgap
variation with composition does not follow Vegard’s law
but instead abruptly changes slope at an intermediate point
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(Figure 3). This is due to the relative movement of multiple
band edges with changing composition which also has con-
sequences for the electronic transport behavior. The forma-
tion of the solid solutions is also accompanied by gradual
changes of the band parameters such as effective masses and
mobilities and even band convergence is observed.! In the
Bi,Te;-Sb,Te; system, a peak in hole weighted mobility occurs
near (Big,5Sbg 7s5);Te; and most p-type alloys are made near this
composition.l®l In the Bi,Te;-Bi,Se; system commonly used for
n-type legs, the electron weighted mobility decreases monotoni-
cally with increasing selenide fraction.[13%-148.152]

5. Use of on Bi,Te; in Thermoelectric Devices

The chalcogenides of bismuth were some of the first mate-
rials tested for their thermoelectric effects by Johan Seebeck
himself in 1822-23 when he examined the natural minerals
Pilsenite =Bi,Te; and bismuth glance =Bi,S;. In 1910, Haken
reported data on the Bi-Te binary system which found that
Bi, Te; possessed a large Seebeck coefficient and could be made
p- or n-type depending on if it was prepared Bi or Te-rich.[1>3]

Maria Telkes considered Bi,Te; for use in some of the first gen-
erators reported in 1947.15 The first experimental evidence that
Bi,Tes is a potential candidate for cooling applications dates back
to 1954, when branches of p-type Bi,Te; and n-type Bi were joined
together to achieve a cooling effect of 26 °C below the ambient
temperature.> In 1955, when both p-type and n-type Bi, Te; were
available, a higher cooling of 40 °C was attained,*® which was
further raised to 65 °C in 1958.'% A significant optimization of
the thermoelectric performance of bismuth telluride was achieved
after adopting the ideas of Ioffe and Ioffe on semiconductor solid
solutions.”! Therefore, optimum alloys of Bi,Te;-Sb,Te; and
Bi, Te;-Bi,Se; with low thermal conductivities were introduced for
the first time in the late 1950s.[129.3292100.116.152158,159] Since then,
p-type BiysSby sTe; and n-type Bi,Te, ;Se, 3 constitute state-of-the-
art thermoelectric materials. They both show room temperature
figure of merit =1, and can be used for both refrigeration and
power generation.[3279:116.160]

Today, commercially available single stage Peltier coolers
based upon Bi,Te; can produce maximum temperature dif-
ferences between 65 and 75 K with the hot side maintained at
300 K.Y Multistage coolers can achieve higher temperature
differences by avoiding thermoelectric compatibility prob-
lems.l'®2l By tuning the carrier concentration and zT of the
low temperature stages the maximum temperature difference
across a multistage unit could be increased by up to 9%.7%!

Commercially available power generation modules operate
near 13% of the Carnot efficiency.l'®¥ As generators operate at
elevated temperatures, suppressing bipolar effects and shifting
zT is even more important.'*y Doping, alloying and material
processing all effect thermoelectric transport properties and
should lead to improved device performance as well.[¥

6. Conclusion

Bi,Te; is a remarkably good thermoelectric material naturally
having low lattice thermal conductivity and complex electronic
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structure that effectively provides multiple low-mass con-
ducting pockets. The structure also allows plentiful avenues
for electronic doping and alloying without strongly detrimental
effects to the mobility. By reviewing the crystal and electronic
structure combined with a simple analysis of the transport
parameters the basic strategies for improving the thermoelec-
tric properties of Bi,Te; can be explained. Although zT meas-
urements of this highly anisotropic material vary widely, the
bandgap, weighted mobility, effective mass, lattice thermal con-
ductivity follow physical trends that can be used to benchmark
and explain improvements in the individual materials param-
eters, the thermoelectric quality factor and ultimately zT.

Above room temperature the thermoelectric performance
benefits from increasing the bandgap through solid solution
alloying with Sb,Te; or Bi,Se;. Such alloys also induce band
convergence which increases the density of states as well as
reduce lattice thermal conductivity and ultimately quality factor.

The low minimum thermal conductivity calculated for Bi,Te;
suggests nanostructuring or microstructure engineering could
make dramatic improvements in zT but this needs to be care-
fully weighed against increased scattering and unfavorable
crystallographic orientation. High zT also requires appropriate
doping which can be manipulated through extrinsic defects but
often overwhelmed by intrinsic defects. Only by appreciating
the complex interplay of effects can a true optimum perfor-
mance be achieved.

7. Experimental Section

Electronic Structure Computation: The Bi,Tes, Bi,Se;, and Sb,Te;
compounds were taken in their trigonal crystal structure (space
group R-3m) with experimental cell parameters from Materials Project!'®]
as shown in the Table 2. The electronic band structures were calculated
with density functional theory (DFT), using the Vienna Ab initio
Simulation Package (VASP),[%167] ysing the Perdew-Burke—Ernzerhof
(PBE)I'®8 generalized gradient approximation (GGA) functional and
adopting the projector augmented-wave (PAW)['®°17% approach. SOI
was included in all the calculations to obtain the complexity of the band
structure. van der Waals interactions were not included.

A nonself consistent field (NSCF) calculation on a uniform grid of
670 irreducible k-points was performed in order to calculate the density
of states, shown in Figure 2. On top of this calculation, an interpolation
on a grid 50 times as dense, using BoltzTraPl'7"172 software, was
performed to obtain the Fermi surfaces shown in Figure 6 of the main
manuscript. The band structure on the bisectrix plane for the three
compounds, shown in Figure 5 of the main manuscript, were calculated
using a NSCF calculation on a grid of 10 404 k-points.

The band structure on the high symmetry path Z-IZ-fa’(CBM)-
a'(VBM)-I, shown in Figure 4, was calculated using 300 k-points along
this path. This path was chosen to show all the band extrema found in
the bisectrix plane plot (Figure 13). The atomic character of the bands is
indicated by color.

Table 2. Experimental cell parameters used for electronic structure
calculations.['®]

Compound a=b=c[A] a=B=v[] Volume [A%]
Bi,Te, 10.468 24.164 168.933
BiSe; 9.841 24304 141.890
Sb,Te; 10.284 23.851 156.217
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!\ z (trigonal axis)

Figure 13. Brillouin zone for Bi,Te; with the bisectrix mirror plane and key
points in k-space indicated.

All data analyses (for example, band structure and Fermi surface
plotting) were carried out using the pymatgen python package.l'”?]

Synthesis of lodine Doped Bi,Tes: Samples of iodine doped Bi,Te;
were synthesized from end member compositions of Bi,Tes I, with
x = 0 and 0.05. The end member compounds were synthesized from
elements of Bi, Te, and the compound Bil; (Alfa Aesar, 99.999% purity
metals basis). Stoichiometric amounts of each were loaded into carbon
coated quartz ampoules, and evacuated to a pressure of =107 Torr.
Due to the hygroscopic nature of Bil;, extra care was taken in the
synthesis of the iodine doped end member and the starting elements
and compounds were weighed out in an argon glove box. The sealed
ampoules were placed in a vertical tube furnace, melted at 1173 K for
12 h, and water quenched. The resulting ingots were then blended in
stoichiometric proportions in order to obtain samples of compositions
Bi,Te;_,l, with x = 0.004, 0.006, 0.008, and 0.01. The blended ingots
were placed in ampoules and then sealed under vacuum (=10~ Torr),
placed in a vertical tube furnace, melted at 1173 K for 12 h, and
again water quenched. Ingots were then ground in an agate mortar
and pestle for 20 min inside an Argon atmosphere to avoid oxygen
contamination. The powders were placed in quartz ampoules, sealed
under vacuum (=107 Torr), placed in a resistive vertical tube furnace,
melted at 1173 K for 5 min, and again water quenched. This step
ensures a dense starting ingot for zone melting. Ingots at this step were
of =80-90 mm in length. Directional solidification results in preferential
orientation of the basal planes in Bi,Te;.l'”Y Zone melting was chosen
as the processing technique due to the control of solute segregation
and sample homogeneity. The ampoules were placed in a home built
vertical zone melting furnacel'’®! with a solidification rate of 2.7 mm h™'
which resulted in oriented polycrystalline material. With great care one
can achieve single crystals via zone melting, however, polycrystalline
samples have the same transport behavior as single crystal Bi,Te;
provided the orientation is complete.l32

XRD Characterization of Samples: X-ray diffraction was conducted
on samples of Bi,Te; doped with iodine to ensure the crystallographic
orientation was successful. Measurements were performed on
parallelpiped samples utilizing a Philips PANalalytical X'Pert Pro with
CuKa radiation, using a step size of 0.008° 26. The resulting data were
refined using the Rietveld method with the FullProf program, starting
with the atomic coordinates determined by Feutelais et al.7¢l All
reflections can be indexed to the space group R-3m, and no secondary
reflections were observed.

Measurement of Transport Properties: The resistivity (p) and Hall
effect measurements were done on parallepiped shape samples
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(4.0 x 1.5 x 12.0 mm?) in a modified MMR technologies variable
temperature Hall measurement system (VTHS) with a 1.0 T field up to
523 K. Measurements were done under dynamic vacuum and the 4-point
method was used to measure resistivity. An additional contact was
placed opposite one of the resistance voltage contacts to obtain Hall
data without requiring a change in contact geometry. The Hall carrier
concentration was calculated from the Hall coefficient from Ry =—1/en,,.
The Hall mobility (1) was determined from the measured resistivity
and Hall carrier concentration using uy = 1/nyep.

The Seebeck coefficient (S) was measured on pieces of the zone melted
ingot at each end of the Hall parallelpiped to increase the confidence in
the sample homogeneity. The measurements were performed under
dynamic vacuum in a home-built system.'”] A temperature gradient
oscillated across the sample at 7.5 K while a constant average temperature
was maintained at each point. Niobium-chromel thermocouples were
used and resistive cartridge heaters maintain the temperature inside
a BN cylinder. A 4-point in-line method was used that allowed for the
temperature and voltage to be measured at the same point on the sample.

Measurements of the thermal diffusivity were performed using
a Netsch LFA 457. The thermal conductivity was calculated based on
Kk = DC,d where D is the thermal diffusivity, C; is the heat capacity, and
d is the density. The temperature dependent heat capacity of Bi,Te;
reported by Shtern et al. was used.'”®l The density was measured using
the Archimedes method. The measurements were performed in an inert
argon atmosphere, under a constant flow rate of 50-100 mL min~".

Optical Characterization: The optical measurements were performed
at room temperature through diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS), using a Nicolet 6700 FTIR
spectrophotometer (Thermo Scientific) with an attached Praying Mantis
Diffuse Reflectance accessory (Harrick), deuterated triglycerine sulfate
(DTGS) detector and KBr beam splitter. The absorption coefficient was
obtained using the Kubelka Munk function F(R) = (a/s) = (1 —=R)?/2R,
where R is the fractional reflectance, a is the absorption coefficient and
s is the scattering coefficient.'””] In cases in which the particle size is
greater than the wavelengths measured (2-20 mm), it is acceptable to
assume the scattering coefficient to be independent of frequency.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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