(7))
R
(7))
>
(TR
on
T O
O
| \—
50
0Q
RE- ¢

Transport properties of topologically non-
trivial bismuth tellurobromides Bi,TeBr @

Cite as: J. Appl. Phys. 126, 105105 (2019); https://doi.org/10.1063/1.5116369
Submitted: 24 June 2019 . Accepted: 18 August 2019 . Published Online: 09 September 2019

Falk Pabst, Dean Hobbis, Noha Alzahrani, Hsin Wang @, 1. P. Rusinov ', E. V. Chulkov, Joshua Martin,
Michael Ruck @', and George S. Nolas

COLLECTIONS

Paper published as part of the special topic on Advanced Thermoelectrics
Note: This paper is part of the special topic on Advanced Thermoelectrics.

@ This paper was selected as an Editor’s Pick

RN

2 )

View Online Export Citation CrossMark

ARTICLES YOU MAY BE INTERESTED IN

Recent developments in Earth-abundant copper-sulfide thermoelectric materials
Journal of Applied Physics 126, 100901 (2019); https://doi.org/10.1063/1.5119345

A first-principles study on transport properties of polyacene in zigzag graphene nanoribbon:
Configuration, length and doping effects

Journal of Applied Physics 126, 104501 (2019); https://doi.org/10.1063/1.5118939

Thermosize voltage induced in a ballistic graphene nanoribbon junction
Journal of Applied Physics 126, 104302 (2019); https://doi.org/10.1063/1.5111504

Lock-in Amplifiers

Find out more today

N A/ Zurich
oo, @@ @ 7\ Instruments

Input

Signal Input

i ol v v Vit

@.0 0.0 @®
° . o °

lomt 7 0V A 0o -

J. Appl. Phys. 126, 105105 (2019); https://doi.org/10.1063/1.5116369 126, 105105

© 2019 Author(s).


https://images.scitation.org/redirect.spark?MID=176720&plid=1087013&setID=379065&channelID=0&CID=358625&banID=519848093&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=ad80d4e33fdfc0af2d4ab2d42a5a7ea86f258e7e&location=
https://doi.org/10.1063/1.5116369
https://aip.scitation.org/topic/collections/editors-pick?SeriesKey=jap
https://doi.org/10.1063/1.5116369
https://aip.scitation.org/author/Pabst%2C+Falk
https://aip.scitation.org/author/Hobbis%2C+Dean
https://aip.scitation.org/author/Alzahrani%2C+Noha
https://aip.scitation.org/author/Wang%2C+Hsin
http://orcid.org/0000-0003-2426-9867
https://aip.scitation.org/author/Rusinov%2C+I+P
http://orcid.org/0000-0002-6166-2580
https://aip.scitation.org/author/Chulkov%2C+E+V
https://aip.scitation.org/author/Martin%2C+Joshua
https://aip.scitation.org/author/Ruck%2C+Michael
http://orcid.org/0000-0002-2391-6025
https://aip.scitation.org/author/Nolas%2C+George+S
/topic/special-collections/advthrm2019?SeriesKey=jap
https://aip.scitation.org/topic/collections/editors-pick?SeriesKey=jap
https://doi.org/10.1063/1.5116369
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5116369
http://crossmark.crossref.org/dialog/?doi=10.1063%2F1.5116369&domain=aip.scitation.org&date_stamp=2019-09-09
https://aip.scitation.org/doi/10.1063/1.5119345
https://doi.org/10.1063/1.5119345
https://aip.scitation.org/doi/10.1063/1.5118939
https://aip.scitation.org/doi/10.1063/1.5118939
https://doi.org/10.1063/1.5118939
https://aip.scitation.org/doi/10.1063/1.5111504
https://doi.org/10.1063/1.5111504

Journal of
Applied Physics

ARTICLE scitation.org/journalljap

Transport properties of topologically non-trivial
bismuth tellurobromides Bi,TeBr @

Cite as: J. Appl. Phys. 126, 105105 (2019); doi: 10.1063/1.5116369 @ I-ﬁ @

Submitted: 24 June 2019 - Accepted: 18 August 2019 -
Published Online: 9 September 2019

View Online Export Citation CrossMark

Falk Pabst,' >’ Dean Hobbis,>?’ Noha Alzahrani,” Hsin Wang,’
and George S. Nolas

Joshua Martin,® Michael Ruck,'°

I. P. Rusinov,*>¢ {2 E. V. Chulkov,>%”

AFFILIATIONS

TFaculty of Chemistry and Food Chemistry, Technische Universitat Dresden, 01062 Dresden, Germany
2Department of Physics, University of South Florida, Tampa, Florida 33620, USA
*Materials Science and Technology Division, Oak Ridge National Laboratory, 1 Bethel Valley Road, Oak Ridge, Tennessee 37831,

USA
“Tomsk State University, 634050 Tomsk, Russia

SDonostia International Physics Center (DIPC), 20018 Donostia-San Sebastidn, Basque Country, Spain

®Saint Petersburg State University, 198504 Saint Petersburg, Russia

“Departamento de Fisica de Materiales, UPV/EHU, 20080 Donostia-San Sebastidn, Basque Country, Spain
8Material Measurement Laboratory, National Institute of Standards and Technology, Gaithersburg, Maryland 20899, USA
“Max Planck Institute for Chemical Physics of Solids, Néthnitzer Str. 40, 01187 Dresden, Germany

Note: This paper is part of the special topic on Advanced Thermoelectrics.
2IContributions: F. Pabst and D. Hobbis contributed equally to this paper.
P)Author to whom correspondence should be addressed: gnolas@usf.edu. Tel.: +1-813-974-2233.

ABSTRACT

Temperature-dependent transport properties of the recently discovered layered bismuth-rich tellurobromides Bi,TeBr (n =2, 3) are investi-
gated for the first time. Dense homogeneous polycrystalline specimens prepared for different electrical and thermal measurements were syn-
thesized by a ball milling-based process. While the calculated electronic structure classifies Bi,TeBr as a semimetal with a small electron
pocket, its transport properties demonstrate a semiconductorlike behavior. Additional bismuth bilayers in the Bi;TeBr crystal structure
strengthens the interlayer chemical bonding thus leading to metallic conduction. The thermal conductivity of the semiconducting composi-
tions is low, and the electrical properties are sensitive to doping with a factor of four reduction in resistivity observed at room temperature
for only 3% Pb doping. Investigation of the thermoelectric properties suggests that optimization for thermoelectrics may depend on particu-
lar elemental substitution. The results presented are intended to expand on the research into tellurohalides in order to further advance the
fundamental investigation of these materials, as well as investigate their potential for thermoelectric applications.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5116369

I. INTRODUCTION

Thermoelectric materials have long been investigated for their
potential use in thermoelectric cooling and power generation.' ™
The suitability of materials for thermoelectricity is defined by the
dimensionless figure of merit ZT = S’cT/x, where S is the Seebeck
coefficient, o is the electrical conductivity, T is the absolute tempera-
ture, and « is the thermal conductivity.' Among many potential
materials, bismuth-based compounds are well known for their

superior thermoelectric properties.2 The most prominent represen-
tatives belong to bismuth telluride and the structurally related
family of group 15 chalcogenides. Different approaches have
been investigated to improve the thermoelectric performance of
Bi,Te; by tuning the material properties, such as doping or
nanoengineering.”~" Although bismuth tellurides have been exten-
sively studied and the investigation of mixed group 15 tellurides
have potential for chemical modification, extending the idea of

J. Appl. Phys. 126, 105105 (2019); doi: 10.1063/1.5116369
Published under license by AIP Publishing.

126, 1051051


https://doi.org/10.1063/1.5116369
https://doi.org/10.1063/1.5116369
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5116369
http://crossmark.crossref.org/dialog/?doi=10.1063/1.5116369&domain=pdf&date_stamp=2019-09-09
http://orcid.org/0000-0003-2426-9867
http://orcid.org/0000-0002-6166-2580
http://orcid.org/0000-0002-2391-6025
mailto:gnolas@usf.edu
https://doi.org/10.1063/1.5116369
https://aip.scitation.org/journal/jap

Journal of
Applied Physics

chemical diversification further leads to another class of layered
bismuth compounds, Bi,TeX with n = 1-3 and X = Br, L%

The bismuth tellurohalides BiTeBr and BiTel were first
reported by Dénges in 1951."" Kulbachinskii et al.'* investigated
the transport properties of BiTeBr and BiTel single-crystals, as well
as the influence of Bil; and Cul doping in polycrystalline BiTel
specimens.'” Both compounds were reported to be semiconducting
with bandgaps of 0.595 and 0.478 eV for BiTeBr and BiTel, respec-
tively.'”> Wu et al."” investigated the thermoelectric properties of
Cu intercalated BiTel specimens and mixed halide compounds
BiTel,_,Br, (x=0.06, 0.12)."* The first compound with increased
bismuth content in this material system is Bi,Tel.® Subsequently,
the bismuth-rich Bi;Tel and bromine analogs Bi,TeBr and Bi;TeBr
were synthesized after tribochemical activation of the starting
materials by Zeugner et al.”'’ All these compounds are structurally
closely related to BiTeX and display the characteristic polar
Te-Bi-X triple layer (A) separated by additional bismuth bilayers
(B) in the van der Waals gap. Alternate stacking of these two
building modules results in either the Bi,TeX (AAB) or Bi;TeX
(AB) structure types (Fig. 1). Thus far, only the transport proper-
ties of Bi,Tel at and above room temperature have been reported."
The bromine counterparts Bi,TeBr (n=2, 3) have only recently
been reported;'” thus, their transport properties have not yet been
investigated. However, band structure calculations of the
bismuth-rich tellurobromides and iodides indicate a complex band
structure with band inversion at the Fermi level due to strong
spin-orbit coupling.™'*'®'” Such an inversion indicates nontrivial
band topology that leads to the formation of nontrivial spin-
resolved surface states. Murakami et al.'®'® have shown that the
interplay of electron conduction in protected conduction channels
and phonon transport in the bulk may result in enhanced thermo-
electric performance. Here, we report on the transport properties
of highly dense polycrystalline specimens of the bromine com-
pounds Bi;TeBr and Bi,TeBr, along with Pb-doped and Se-alloyed
Bi,TeBr, in order to build a basis to improve our understanding of
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this material system in addition to assessing their viability for
potential thermoelectric applications.

Il. EXPERIMENTAL AND COMPUTATIONAL DETAILS

The synthetic procedure was adopted from that reported pre-
viously,'’ and upscaled to multigram products. All chemicals were
used as received without further purification.”’ Elemental bismuth
(99.997%, Alfa Aesarzo), tellurium (99.999%, Alfa Aesar), and
BiBr; (99%, Alfa Aesar, stored under an argon atmosphere) were
added in stoichiometric amounts along with stainless-steel balls
into a stainless-steel chamber (Across International PQN2). The
starting materials were ground in the ball mill under an inert gas
atmosphere for 6h at 425 rpm. The tribochemically activated
product was subsequently placed in custom-designed stainless-
steel tooling lined with graphite foil under a uniaxial pressure of
20 MPa and heated at 623 K for 5h under a dynamic vacuum of
107® Torr (~10™* Pa). This system, previously employed for the
crystal growth of large complex unit cell structure types,”' >’
allowed for an environment for the rapid formation of the
bismuth tellurohalides.

To convert the microcrystalline powders into dense polycrys-
talline pellets, the specimens were finely ground, sieved (325 mesh),
and loaded into a custom-built graphite die and molybdenum
punch assembly for hot pressing. Graphite foil was placed between
the specimens and the molybdenum punches to prevent reaction
with the metal punches. Densification was performed under cons-
tant nitrogen flow at 523 K and 160 MPa for 5h resulting in high-
density polycrystalline specimens. Bi;TeBr was synthesized and
densified at 593 K and 513 K, respectively. The structure was char-
acterized by powder X-ray diffraction (PXRD) carried out on a
Bruker D8 Focus instrument in Bragg-Brentano geometry with
Cu-K,, radiation (1.54 A, 40kV, 40 mA) and a graphite monochro-
mator. Analysis of homogeneity was performed by the Rietveld
method using the TOPAS software.”®

@Bi
A ¢Te
@eBr

FIG. 1. Section of the unit cell of Bi,TeBr compounds illustrating AAB and AB stacking of bismuth bilayers and Br-Bi-Te triple layers for Bi,TeBr (left) and BizTeBr (right).
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For transport property measurements the densified pellets were
cut with a wire saw. A 2x2x5mm’ parallelepiped was cut for
simultaneous low-temperature (12 K-300K) four-probe gradient
sweep resistivity, p, and S measurements performed on a custom-
built radiation-shielded vacuum probe.”” Temperature-dependent
k measurements below room temperature employed the steady
state technique in a diffusion-pumped probe with the tempera-
ture gradient provided by a chip heater.”® The maximum experi-
mental uncertainties for these measurements are 7% for p, 6% for
S, and 8% for k¥ measurements. High temperature (300-450 K)
four-probe p and S measurements on a 2 x 2 x 10 mm® parallele-
piped were carried out under —0.09 MPa static He in a ULVAC
ZEM-3 system with experimental uncertainty between 5% and 8%.
Thermal diffusivity, d, was measured by the laser flash method
on a NETZSCH LFA 457 system under constant argon flow with
an experimental uncertainty of 5%. Thermal conductivity could
then be calculated according to x = DdC,. The measurement was
performed on a thin disk (diameter = 12.7 mm; height =2.0 mm)
parallel to the pressing axis. Isobaric heat capacity measurements
were performed using a Quantum Design Physical Property
Measurement System (PPMS) from 2K to 300 K. The expanded
experimental uncertainty (2u, where u is the measurement uncer-
tainty and k = 2) for the measurement is 1.5%. The density, D, was
determined from specimen mass and geometry. The same PPMS
system was employed for four-probe temperature-dependent Hall
measurements using the AC transport option on 0.5 x2.5x6 mm’
parallelepipeds and employing bipolar fields in order to reduce
voltage probe misalignment effects, with an experimental uncer-
tainty (2u) of 5%.

In calculating transport and thermoelectric properties of
Bi,TeBr, the Boltzwann code,”’ as a part of the WANNIER90™
package, was employed. The relaxation time was chosen to be
10 fs, and the dense mesh was set to 300 x 300 x 300 (k-points).
This grid density was sufficient to consider the thermoelectric quan-
tities at a temperature of 50 K. The bases of the Wannier functions
were py, py, and p, for each atom of the unit cell and spinor compo-
nent. The OPENMX DFT code’ was used to obtain an electronic
structure within DFT for subsequent Wannier interpolation. The
basis of pseudoatomic orbitals was chosen to be s2p2d2fl for each
type of atomic species.”” The exchange-correlation energy was treated
using the generalized gradient approximation.”> The Hamiltonian

ARTICLE scitation.org/journalljap

contained scalar relativistic corrections, with spin-orbit coupling
taken into account by the second variation method.™

lll. RESULTS AND DISCUSSION

PXRD and Rietveld refinement indicated a small BiOBr
impurity in the Bi,TeBr specimens (Fig. S1 in the supplementary
material) and a larger amount in Bi;TeBr (Fig. S2). BiBr; is very
sensitive to ambient moisture and easily forms the oxide; thus,
BiOBr formation could not be entirely eliminated from the multi-
step process. For the lead doped specimen, very low intensity diffr-
action peaks identified as PbBr, were also present. Based on our
refinement results, the incorporated lead concentration in Bi,TeBr
was 3% (Bij 94PbgosTeBr). Doping on the tellurium position with
selenium did not result in any Se-containing side phases. Both
PbBr, and BiOBr are large bandgap materials and will therefore
not have a significant influence on the physical properties pre-
sented here. The Bi;TeBr specimen also contained trace amounts of
Bi, Te; (Fig. S2 in the supplementary material).

The temperature-dependent electrical p and S values are
shown in Fig. 2. Bi,TeBr displays a semiconductor behavior with
p decreasing with increasing temperature. The room temperature
p values of the lead and selenium doped specimens were reduced
by more than a factor of two compared to that of undoped
Bi,TeBr and over a factor of four at lower temperatures. As
shown in Fig. 2(a), both specimens display a weak temperature-
dependent increase of p with decreasing temperature, indicating
an increase in conductivity with doping, whereas the Bi;TeBr
specimen shows metallic temperature dependence. The difference
in p values is reflected in the S data shown in Fig. 2(b) with the S
values for the lead and selenium doped specimens being smaller
than that of the undoped Bi,TeBr specimen in the entire mea-
sured temperature range. The temperature-dependent S data
allow for an estimate of the bandgap employing S,,.. = Eg/2€T 145
where E, is the bandgap, e is the charge of the electron, and T,
is the temperature corresponding to the maximum S value.”
Using this approach, we estimate E, for the three semiconducting
specimens to be between 0.05 and 0.08 eV. This is in good agreement
with the estimated gap for Bi,TeBr based on a linear fit of the high
temperature p data, p =p, exp(E,/2ksT), where kg is the Boltzmann
constant (Figs. S3, S4, and S5 in the supplementary material), and
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also corresponds well with the global bandgap for Bi,TeBr from
DFT calculations."’

The S values for the three Bi,TeBr specimens are significantly
larger than that reported for Bi,Tel, with S, being twice as high
for Bi,TeBr than that for Bi,Tel.'”” In contrast to the bismuth-
poor materials,’® Fig. 2(b) indicates positive S values for Bi,TeBr
and Bi;TeBr. The interaction between bismuth bilayers stacked in
between the polar Te-Bi-Br layer seems to have a significant
impact on the electrical properties. Specifically, stronger intralayer
interactions and higher delocalization are introduced by increas-
ing the number of Bi bilayers, resulting in a more metallic charac-
ter of the electronic structure.'” This tendency manifests itself
stronger for a higher Bi to TeBiBr ratio and is corroborated by our
experimental data.

The temperature-dependent mobility, x4, from Hall data is
shown in Fig. 3. All four specimens’ trend toward a T°* depen-
dence near room temperature indicative of charge carrier scattering
primarily by lattice phonons above room temperature. Room tem-
perature hole concentrations for Bi; gPb,,TeBr and Bi,Sey;Te,;Br
are 1.2 x 10*° cm™ and 5.8 x 10*° cm™>, respectively. Of particular
note is the fact that Bi,TeBr is characterized by a positive S and
negative Hall conductivity (room temperature electron concentra-
tion of 1.4x 10**cm™). This behavior can be explained by ab
initio calculations of the electronic structure within DFT and our
transport measurements. The calculated density of states (DOS)
[Fig. 4(a)] shows a nearly semiconducting character of electronic
structure with a vanishingly small value at the Fermi level that is
caused by a small hole pocket, as reported in the previous DFT
study of this compound.'’ Another prominent feature is a DOS
minimum at 0.6 eV. As we describe below, both these features are
key to understanding the behavior of transport properties and
charge doping for Bi,TeBr.

In Fig. 4(b) the temperature dependence of the spatially aver-
aged electric resistivity [p = (0x + Pyy + P2)/3] with respect to E-Ep
is presented. The behavior of this quantity is in qualitative

100
T-3/2
‘T’:; v v Vv
- v,
= 10} ; % ° ooy ]
£
o
= 34 o g 69%
Q.
o ° S
1 . -
1 10 100 1000
T (K)

FIG. 3. Temperature-dependent mobility for Bi,TeBr (O), BisgPbg2TeBr (V),
Bi,SeqsTeoBr ({)), and BisTeBr (1) The u ~ T~¥2 behavior expected from
acoustic phonon scattering of charge carriers is illustrated by a solid line near
room temperature.
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agreement with our experimental data, as well as with the DOS
calculations, suggesting a semiconducting-type conductivity for
Bi,TeBr. The energy dependence shows an increase in the elec-
trical conductivity, o, with charge doping due to the shift in
chemical potential, as reflected in the sharp peak (50 mQcm at
50K) of p at the Fermi level. In addition, a decrease in p with
increasing T is observed. There is an additional peak in p at 0.6 eV
that implies a reduction in conductivity at a given electron concen-
tration. The peak maximum is 3 mQ cm at 450 K and monotoni-
cally increases with increasing T up to 5mQcm at 50 K. These
values are smaller than that at the Fermi level suggesting a semi-
metallic or weak metallic character at this energy. In this way,
according to the calculated DOS and p, two energy areas appear
where Bi,TeBr manifests nonmetallic properties, at the Fermi level
and at 0.6 eV above Ep.

Bi,TeBr is characterized by strong crystal anisotropy. Two
building blocks (bismuth bilayers and BiTeBr trilayers) are sepa-
rated by van der Waals spacing along the preferential z-direction;
therefore, the calculated transport quantities are distinguished for
different directions. In Fig. 4(c), pyx, and p,, are shown at 300 K. As
is clear from this figure, p,, is significantly larger than p,, due to
the weak chemical interaction between the building blocks. Also, in
contrast to p and py, p,, is characterized by additional peaks at
—0.9¢eV, —0.4eV, and 1.0eV. The positions of these peaks are
related to the DOS gradient shown in Fig. 4(a).

The existence of these two peculiarities in p and DOS for
Bi,TeBr is reflected in our calculated S values. Spatially averaged
S=(Sxx+ Syy+S,,)/3 is presented in Fig. 4(d). Similar to p, two
sharp features related to a change of sign for S are observed,
denoted by blue and green shaded areas. Each feature forms two
peak structures with an opposite sign to that of the peaks. The
quantity is strongly dependent on the temperature: the increase of
T up to Thax leads to an increase in the absolute value of the peak
maxima. Near the Fermi level, both the positive and negative
peaks have Tp,.x equal to 200K and 450K at 0.6 eV and 300K,
respectively. Our experimentally measured positive S and n-type
Hall data can be explained by shifting the chemical potential to
the area of the positive peak at 0.6 eV. This is also in accordance
with the slightly larger experimental Ty, at 350 K [see Fig. 2(b)].
The existence of a two-peak feature at 0.6 eV is evidence of the
strong influence of charge doping on the thermoelectric proper-
ties. The crystal anisotropy also leads to a difference between Sy
and S,, [Fig. 4(e)]. The out-of-plane S demonstrates most promi-
nently this difference in comparison to Sy,. Near the Fermi level,
the absolute value of S,, is slightly smaller than that for S,
however, outside of this region, S,, is larger particularly in the
areas near —0.6 eV, —0.3 eV, and 1 eV.

The calculated Hall conductivity, oy, [Fig. 4(f)], for Bi,TeBr is
negative for n-type doping and forms two broad extrema at 0.4 eV
and 0.8 eV. The positions of the extrema are associated with large
values of the DOS [see also Fig. 4(a)]. The temperature dependence
of o is only affected by smearing effects. The result of our theoreti-
cal calculations agrees with the measurements and confirms the
shift of the chemical potential at 0.6 eV.

Our electronic structure calculations and transport property
measurements indicate a metallic character for BizTeBr, in full
agreement with the previous ab initio simulations.'” As shown in

J. Appl. Phys. 126, 105105 (2019); doi: 10.1063/1.5116369
Published under license by AIP Publishing.

126, 105105-4


https://aip.scitation.org/journal/jap

Journal of

Applied Physics ARTICLE

scitation.org/journalljap

350K  —— 300K —— 250K 200K — 150K —— 100K —— 50K

— 450K

—— 400 K

10.0
(a)
7.5
5.0 1

2.5

DOS (a.u.)

0.0 T I T T

40
30 — 2z
20

o (mQ cm)

10 A

O T T T T
-0.5 0.0 0:5 1.0

100

S (uv K1)

-100{ — z

E - Er (eV)

o (b)

-0.5 010 0.5 1.0
E — E (eV)

FIG. 4. Calculated (a) density of states (DOS), (b) spatially averaged resistivity, p, (C) pxx and p,, at 300 K (blue and red curves, respectively), (d) spatially averaged S, (e)
Sw and S, at 300K (blue and red curves, respectively), (f) Hall conductivity, (g) spatially averaged ZT, and (h) in-plane (xx) and out-of-plane (zz) components of ZT at
300K (blue and red curves, respectively) for BiyTeBr. For (b), (d), (f), and (g), all quantities are presented for a temperature range of 50K (violet color) to 450 K (red
color). The blue and green background colors represent two areas of high thermoelectric performance (as described in the text).

Fig. 5, the DOS plot has two minima, at the Fermi level and at
E-Ep=0.9 eV, although the DOS values are in general larger than
for Bi,TeBr [Fig. 4(a)]. In agreement with the nonmetallic
behavior, the transport properties for Bi,TeBr [Figs. 4(b)-4(e)]
show a slightly decreasing conductivity and temperature-dependent
resistivity near the Fermi level where the smaller minimum of
the DOS is localized. This is indicated by a shallow peak in p for
this energy range. The smaller value of p for Bi;TeBr, as well as
the weak temperature dependence for p, agrees with the experi-
mental results [Fig. 2(a)]. Two peaklike peculiarities are also

observed in the energy dispersions of S and ZT at the Fermi level
and at E-Ex=0.9¢€V.

The Bi,TeBr specimens display low x values in the measured
temperature range (Fig. 6), comparable to that of Bi,Te; as well as
other low x materials.””” Temperature-dependent Cp for Bi,TeBr is
shown in Fig. 7. The inset shows Cp/T vs T” for the low-temperature
(1.8K<T<3.1K) data along with a simple linear fit of the form
Cp/T = BT? + y, where the 3 coefficient relates the lattice contribu-
tion and y, the Sommerfeld coefficient, is the electronic contribution
to the specific heat. Our fit results in S=3.6mJmol™' K™* and
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FIG. 5. Calculated (a) DOS, (b) spatially averaged p, (c) S, and (d) ZT for Bi;TeBr. All quantities are presented for a temperature range of 50 K (violet color) to 450 K (red color).

¥ =0.06 mJ mol™' K2 for Bi,TeBr. Very similar values were obtained
from Cp data of the Pb-doped and Se-alloyed specimens (Figs. S6
and S7 in the supplementary material). The same method for
BisTeBr results in f=4.9mJmol ' K™ and y=0.32mJ mol™ K2
(Fig. S8 in the supplementary material), values that are similar to
that for Bi,Te; while 7y is about half the value of Cu.”*" The S value
obtained for the Bi,TeBr specimens are larger than that reported for
CuSbS,, which displays very low % values.”’ Using the values of 8
obtained from our low-temperature fits to the Cp data for all four
specimens, one can estimate the Debye temperature, p, from*'

127*Rn, 173
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FIG. 6. Temperature-dependent «x for BiyTeBr (O), BijgPbg2TeBr (V),
BizSeg 3Teo 7Br (¢)), and BisTeBr ().

where R is the molar gas constant and n, is the number of
atoms per unit cell. This results in values of 235K for all three
Bi,TeBr specimens and 181 K for Bi;TeBr. The 6p value for
Bi;TeBr is similar to that reported for Bi,Tes, while 6 for Bi,TeBr
is larger.”®*

Figure 8 shows ZT for all specimens. The maximum value of
ZT (ZTay) is similar for both doped specimens, while the selec-
tion of the dopant allows for a shift in ZT,,,, to lower (lead) or
higher (selenium) temperatures compared to the undoped speci-
men. Figure 8 indicates that these specimens have low ZT values;
nevertheless, our fundamental investigation into the transport
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FIG. 7. Temperature-dependent heat capacity shown for Bi,TeBr (O), with
data for the other compositions shown in Figs. S6-S8 in the supplementary
material. The inset shows low-temperature data with a linear fit of the form
Cp/T =BT% +7y.
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FIG. 8. Temperature-dependent ZT for Bi,TeBr (O), BijgPbg2TeBr (V),
Bi,Seq 3Teo 7Br, () and BiTeBr (CJ).

properties of pure and doped Bi,TeBr indicates that the thermo-
electric properties may be influenced by the dopant and thus the
possibility for further optimization of their thermoelectric proper-
ties. To this end, we note the ZT values from the calculated S, o,
and the electronic part of x and «,, in Figs. 4(g) and 4(h). The
sequence of maxima observed for ZT arise at the same energies as
that for S. The ZT curve is characterized by a sequence of peaks
formed at the same energy as for the S curve, as seen in Fig. 4(d).
For each peak, the maximum of ZT increases together with T up
to Trmax- The values of T, for each ZT peak are the same as that
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for S. The highest peak is located near the Fermi level at 0.1 eV
and corresponds to a ZT of 0.35. At E-Ex>—0.5 eV, the peaks for
the out-of-plane ZT are much larger in comparison with that of
the in-plane values [Fig. 4(h)].

Figure 9(a) shows a schematic illustrating the differing elec-
tronic and transport properties of Bi,TeBr. Whereas BiTeBr and
Bi;TeBr exhibit purely semiconducting and metallic behavior,
respectively, Bi,TeBr lies on the borderline between a semimetal
and a semiconductor phase. The transport properties of Bi,TeBr
are characterized by two main features, spatial anisotropy and
alternation at charge doping, which can be explained by the
band structure of this material. The band spectrum of Bi,TeBr
calculated along the high-symmetry lines is shown in Fig. 9(b).
Its semimetallic, nearly semiconducting, behavior is clear. The
edges of the global bandgap (the blue colored area) form a
number of valleys with a complex dispersion that defines the
transport and thermoelectric properties near the Fermi level as
well as the high value of p and the peaks in S and ZT. A weak
van der Waals interaction between the building blocks of
Bi,TeBr enhances the quasi-two-dimensional character of the
band structure. As a result, two unoccupied bands form a local
gap (the green colored area) and sharp minima in DOS at
0.6 €V, as reflected by the peculiarities in the transport proper-
ties. A similar behavior has been reported in two-dimensional
materials such as SnS** and phosphorene*’ nanoribbons. These
computations displaying the complex transport in Bi,TeBr, in
addition to the sensitivity of the electrical properties to the
doping level, as well as the low x values reported here, suggest
that additional research into this material system are of interest
for potential thermoelectric applications.

[ £ F

—

L

FIG. 9. (a) Schematic illustrating the different electronic phases for the Bi,TeBr compositions. (b) Electronic structure along the high-symmetry points in Bi,TeBr. The blue
and green background colors represent the regions centered at the Fermi level and at E-Ex = 0.6 eV, respectively. The regions are formed by bands that are the source of
high thermoelectric performance (note also Fig. 4).
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IV. CONCLUSION

Electrical and thermal transport properties of undoped and
doped Bi,TeBr, as well as the bismuth-rich compound Bi;TeBr,
are reported for the first time. The impact of doping on these
materials has been demonstrated with a significant reduction in p
for Bij 94Pbg gsTeBr and Bi,Te, ;Sey 3Br as compared to Bi,TeBr.
Bi,TeBr also displays relatively large S values, twice as high as
those reported for the iodine analog. In addition, there is poten-
tial to tailor the transport properties of this material system,
demonstrated by the fact that the choice of dopant allows for
tunability of the transport properties. Furthermore, Bi,TeBr
shows nontrivial transport due to its quasi-two-dimensional
character and peculiarities in the DOS. A shift from semimetallic
to metallic behavior was observed by adding additional bismuth
bilayers (Fig. 1). The measured ZT values are much smaller than
that of the state-of-the-art bismuth telluride-based compounds;”
however, our work has shown that these materials are of interest
for further investigation, as newly discovered potential topologi-
cal insulators possess interesting transport properties in the
search for new thermoelectric materials.

SUPPLEMENTARY MATERIAL

Powder X-ray diffraction, temperature-dependent Ln(p) data
for Bi,TeBr, Bi; gPb,,TeBr, and Bi,Se, ;Te,,Br with a solid line fit
of the form p=p, exp(Eg/2kgT), and temperature-dependent Cp
for Bi, gPby,TeBr, Bi,SeysTey,Br, and BizTeBr are shown in the
supplementary material.
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