e Caltech Library

Subscriber access provided by Caltech Library

Article

Resonant bonding, multiband thermoelectric transport and
native defects in n-type BaBiTe3-xSex (x =0, 0.05 and 0.1)

S. Maier, S. Ohno, G. Yu, S. D. Kang, T. C. Chasapis, V. A. Ha, S. A. Miller, D.
Berthebaud, M. G. Kanatzidis, G.-M. Rignanese, G. Hautier, G. J. Snyder, and F. Gascoin

Chem. Mater., Just Accepted Manuscript « DOI: 10.1021/acs.chemmater.7b04123 « Publication Date (Web): 04 Dec 2017
Downloaded from http://pubs.acs.org on December 4, 2017

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a free service to the research community to expedite the
dissemination of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts
appear in full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been
fully peer reviewed, but should not be considered the official version of record. They are accessible to all
readers and citable by the Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered
to authors. Therefore, the “Just Accepted” Web site may not include all articles that will be published
in the journal. After a manuscript is technically edited and formatted, it will be removed from the “Just
Accepted” Web site and published as an ASAP article. Note that technical editing may introduce minor
changes to the manuscript text and/or graphics which could affect content, and all legal disclaimers
and ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors
or consequences arising from the use of information contained in these “Just Accepted” manuscripts.

Chemistry of Materials is published by the American Chemical Society. 1155 Sixteenth
Street N.W., Washington, DC 20036

Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.

N4 ACS Publications



Page 1 of 49

oNOYTULT D WN =

Chemistry of Materials

Resonant bonding, multiband thermoelectric transport and

native defects in n-type BaBiTe;,Se, (x =0, 0.05 and 0.1)

S. Maier', S. Ohno™’, G. Yu', S. D. Kang®’, T. C. Chasapis’, V. A. Ha*, S. A. Miller’, D.
Berthebaudl, M. G. Kanatzidis® , G.-M. Rignanese4, G. Hautier4, G.J. Snyder3 and F. Gascoin'*
"Laboratoire CRISMAT UMR 6508 CNRS ENSICAEN, 6 boulevard du Maréechal Juin, 14050
Caen Cedex 04, France

’Department of Applied Physics and Materials Science, California Institute of Technology, CA
91125, USA

'Department of Materials Science and Engineering, Northwestern University, Evanston, IL
60208, USA

‘Institute of Condensed Matter and Nanosciences (IMCN), Université catholique de Louvain,
1348 Louvain-la-Neuve, Belgium

5Chemistry Department, Northwestern University, Evanston, IL 60208, USA

*Corresponding author. Tel: +33-2-31452605. Fax: +33-2-31951600.
E-mail address: franck.gascoin@ensicaen.fr (F. Gascoin).

ACS Paragon Plus Environment



oNOYTULT D WN =

Chemistry of Materials

Abstract

The unique crystal structure of BaBiTe; containing Te'-Te resonant bonds and its narrow band
gap motivated the systematic study of the thermoelectric transport properties of BaBiTes (Sex (x =
0, 0.05 and 0.1) presented here. This study gives insight in the chemical bonding and
thermoelectric transport properties of BaBiTe;. The study shows that the presence of Te' 'Te
resonant bonds in BaBiTe; is best described as a linear combination of interdigitating (Te'), side
groups and infinite Te, chains. Rietveld X-ray structure refinements and extrinsic defect
calculations reveal that the substitution of Te by Se occurs preferentially on the Te4 and Te5
sites, which are not involved in Te'"Te bonding. This work strongly suggests that both,
multiband effects and native defects play an important role in the transport properties of BaBiTes.
Sex (x =0, 0.05 and 0.1). The carrier concentration of BaBiTe; can be tuned via Se substitution
(BaBiTe;Sex with x = 0, 0.05 and 0.1) to values near those needed to optimize the
thermoelectric performance. The thermal conductivity of BaBiTes;Sex (x = 0, 0.05 and 0.1) is
found to be remarkably low (ca. 0.4 Wm™ K™ at 600 K), reaching values close to the glass limit of
BaBiSe; (0.34 Wm™'K™") and BaBiTe; (0.28 Wm™'K™). Calculations of the defect formation
energies in BaBiTe; suggest the presence of native Big,"' and Teg;"" antisite defects, which are
low in energy and likely responsible for the native n-type conduction and the high carrier
concentration (ca. 10%° cm™) found for all samples. The analyses of the electronic structure of
BaBiTe; and of the optical absorption spectra of BaBiTe;Sex (x = 0, 0.05, 0.1 and 3) strongly
suggest the presence of multiple electron pockets in the conduction band (CB) in all samples.
These analyses also provide a possible explanation for the two optical transitions observed for
BaBiTe;. High-temperature optical absorption measurements and thermoelectric transport
analyses indicate that bands higher in the conduction band converge with the conduction band

minimum (CBM) with increasing temperature and contribute to the thermoelectric transport
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properties of BaBiTe; and BaBiTe; 9sSepos. This multiband contribution can account for the
~50 % higher zT,,,, of BaBiTe; and BaBiTe; 9sSep o5 (~0.4 at 617 K) compared to BaBiTe; 9Sey
(~0.2 at 617 K), for which no such contribution was found. The increase in the band offset
between the CBM and bands higher in the conduction band with respect to the selenium content
is one possible explanation for the absence of multiband effects in the thermoelectric transport

properties of BaBiTe; 9Seq ;.

Introduction

Polychalcogenides exhibit a strikingly diverse crystal chemistry due to the formation of
homonuclear and often resonant or hypervalent bonds between negatively charged chalcogen
atoms (Q). This highly diverse anion chemistry led to the discovery of a vast number of new
compounds with interesting physical properties over the past decades.'® Within the family of
polychalcogenides there are several examples with promising thermoelectric properties such as
HIT 657, BagCu14_5Te128 and BaCu5.7Seo.6Te6.49 and A,BaCugTe;o (A =K, Rb, Cs).10 Many of them
possess low thermal conductivities, which can be well explained by their complex crystal

structures, while their overall electronic transport properties are often poorly understood. Since it

11,12 13,14

was realized that multi-valley bands and band convergence of multiple valence or
conduction bands can result in high thermoelectric efficiencies, it is of interest to look deeper into
the thermoelectric transport properties of polychalcogenides with complex crystal structures since

many of them possess complex electronic structures and inherently low thermal conductivities.
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The polytelluride compound BaBiTes, isostructural to BaBiSe;'> and BaSbTe;'”, was first
discovered by Chung et al.'® and its thermoelectric transport properties were measured on single
crystals. The unique part of the crystal structure of BaBiTe; is the parallel stripes of weak Te " Te
bonding, the nature of which is still not entirely understood. BaBiTe; is an ideal candidate for
fulfilling the requirements of a phonon glass and an electron crystal, which according to Slack
results in both a low thermal and a high electrical conductivity needed for thermoelectrics.!” The
rigid, one-dimensional [BisTe o], rods in the structure allow facile electronic conduction, while
the heavy Ba atoms and weak Te'*Te bonding result in a low thermal conductivity similar to

previously studied compounds containing Ba or TL'®%

In addition, the electrostatic repulsion
between the lone pairs of Bi and the neighboring Te atoms can lead to strong anharmonicities in
the lattice vibrations and hence low phononic thermal conductivities (i) close to the amorphous
limit.**’ Low-temperature thermoelectric measurements of both p- and n-type single crystalline
BaBiTes'’, electronic band structure calculations™ gave a first impression of its promising
thermoelectric properties. A pressure dependent study of the thermoelectric properties of p-type
BaBiTe; single crystals® and a recent study of K and La substituted variants of BaBiTes*
showed it was of further interest.

Here we study the Te'--Te bonding in BaBiTe; and the origin of the two, previously
observed'® optical transitions in order to understand the electronic and thermoelectric transport
properties and the intrinsic defect chemistry of BaBiTes;. Understanding the chemical bonding is
crucial since the type of bonding (metallic, covalent, ionic) can significantly affect the physical
properties by controlling the degree of electron delocalization. The main objectives for alloying

BaBiTe; with Se were to reduce its thermal conductivity, determine the minimum thermal

conductivity, and to optimize its carrier concentration.
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Experimental and computational details

Synthesis

An amount of 10 g of fine polycrystalline powders of BaBiTe;«Sex (x = 0, 0.05, 0.1 and 3) were
obtained by ball milling (700 rpm, 15 milling cycles with a milling time of 2 min per cycle)
starting from a stoichiometric mixture of Ba pieces (Alfa Aesar, 99+%), Bi powder (Alfa Aesar,
99.99 %) Se powder (Alfa Aesar, 99.999%) and Te powder (Alfa Aesar, 99.999+ %). All
elements were stored under inert atmosphere and Se shots and Te lumps were freshly powdered
before each reaction. A planetary micro mill Pulverisette7 (Fritsch, Germany), tungsten carbide

reaction containers (20 ml) and seven 10 mm tungsten carbide balls were used for all syntheses.

Spark plasma sintering and shaping

An amount of 5 g of ball milled powder was densified by spark plasma sintering (HP D 25/1,
FCT, Germany) using high density graphite dies (Carbon-Lorraine, France) resulting in
cylindrical samples with a diameter and thickness of 15 mm and 5 mm respectively. A
mechanical pressure of 45 MPa was applied and the densification was conducted for 30 min at
500 °C with a heating rate of 23 °Cmin™" up to 250 °C and 6 °Cmin™ between 250 °C and 500 °C
and a cooling rate of 16 °Cmin™". During cooling the pressure was decreased to 32 MPa. Densities
of 6.44 g/cm’(96 % of pearc), 6.14 g/em®(91% of pearc), 5.6 g/em® (84% of pearc) and 6.37 g/em’
(99.5 % of pcarc) were obtained for x =0, 0.05, 0.1 and 3, respectively. Disc shaped samples were

obtained by cutting slices of 1 mm thickness perpendicular to the pressing direction.
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Powder X-ray diffraction (PXRD) and Rietveld refinements

PXRD patterns were recorded before and after spark plasma sintering in order to confirm the
average crystal structure. PXRD data of all samples was collected in 2h within a 20 range of 5°-
120° using a X Pert Pro MPD diffractometer (PANalytical, Netherlands) and Cu-Ka,;/, radiation
(M2 = 1.54060/1.54439 A). Rietveld refinements on PXRD patterns after spark plasma sintering
were performed using the software FULLPROF.?' The pseudo-Voigt function pV(x) = nL(x) +
(1-m)G(x) was used to model the peak shape with L(x) and G(x) representing the corresponding
Lorentzian and Gaussian contributions. Further refined parameters are the FWHM parameters,
the scale factor, zero shift, lattice parameters, isotropic displacement parameters, the preferred
orientation parameter Prefl, background parameters and the site occupancy factors (s.o.f.). The

modified March’s function was used to treat preferred orientation.

Thermoelectric characterization

The thermal conductivities were calculated from the experimental densities, heat capacity (cp),
and the measured thermal diffusivities (Dy,) using a LFA457 MicroFlash (Netzsch, Germany)
laser flash system. The heat capacity was assumed to be C, = 3ky/atom according to the Dulong-
Petit approximation. All measured thermal diffusivities are provided as supplementary
information.

Electrical resistivity (p), hall carrier concentration (n) and mobility (1) were measured on an in-
house built measurement system’ using the van der Pauw method and pressure-assisted Mo
contacts. A magnetic field of 2T was applied during the hall measurements. The Seebeck
coefficient was measured using a home-built measurement system® and Chromel-Nb

thermocouples.
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Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS)

To analyze microstructure and chemical composition (by energy dispersive X-ray spectroscopy,
EDS), a scanning electron microscope (Hitachi S-3400N-II: Variable-pressure tungsten filament
SEM equipped with Oxford INCAx-act SDD EDS system) was used. The analyses were

performed on polished surfaces after having measured the thermoelectric properties.

Optical absorption measurements

Mid-Infrared (~ 0.08 — 0.7 eV) diffuse reflectance (R) spectra of BaBiTe;(Sex (x = 0, 0.05 and
0.1) were collected under Argon atmosphere in the temperature range 300 — 500 K with a Nicolet
6700 FTIR Spectrometer equipped with a Praying Mantis attachment and a high-temperature
stage from Harric Scientific Instruments. A KBr standard was used as reference. The room
temperature diffuse reflectance of BaBiSe; was recorded with a Shimadzu UV-3101 PC double-
beam, double-monochromator spectrophotometer operating from 200 nm to 2500 nm using
BaSO; as a non-absorbing reflectance reference. The absorption spectra (a/s) were obtained using
the Kubelka-Munk function, which gives a relationship between R and the absorption coefficient

(@) and scattering coefficient (s) through

S 2R
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Speed of sound measurements and evaluation of Cahill’s glass limit of the thermal conductivity

(Kglass) and the Debye temperature (0p) of BaBiTes and BaBiSes

The longitudinal and transversal components of the speed of sound (v, and vy) were measured
applying the pulse-echo method. A piezoelectric transducer coupled to the sample first sends the
initial pulse, and then acts as a receiver measuring the echoed reflections (for details see
supplementary information).>* The speed of sound (v;) was calculated from the longitudinal and

transversal components v, and vy as follows:
-1/3
1/ 2 1
v= G+l @
T L

From the speed of sound the Debye temperature (6p) and Cahill’s glass limit of the thermal

conductivity3 5 (¢glass) Were calculated as follows:

1

1 (/m\3 -2

Kglass = > (g) kgV 3(2vr +vp) (3)
h
Op =2 ©)
B
where w)p 1s the Debye frequency:
612 1/3

Wp = Vg (7) (%)

and where V' corresponds to the unit cell volume per atom. The corresponding values of vy, v, vy,

Op and wp can be found in the supplementary information.
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Electronic structure, defect and COHP calculations

All density functional theory computations were performed using the Vienna ab initio software
package (VASP)*** PAW pseudopotentials40, the generalized gradient approximation as
implemented by Perdew, Burke and Ernzerhoff (PBE)*! and a kinetic energy cutoff of 520 eV. A
scissor (operator) shift was applied to the DFT band structure to correct the band gap and
facilitate the comparison with experimental results. This correction is based on the
empirical band gap obtained from optical absorption measurements (0.26 eV) and is consistent
with the Goldsmid-Sharp band gap (E; = 2eSmaxTmax) 0of ca. 0.23 eV. For bulk calculations, the
Brillouin zone was sampled by a 6x2x2 k-point mesh, while for the defect calculations a k-point
mesh of 2x2x2 and a 3x1x1 supercell were used. A force convergence criterion of 0.005 eV/A
was adopted for all structural relaxations. The Crystal Orbital Hamilton population (COHP)
curves were calculated using the LOBSTER* software. The defect formation energy D in a

charge state ¢ was calculated according to*

Ef[Dq] = E[Dq] + Ecorr[Dq] - E[bUZk] - Zini:ui + CI(EVBM + AV) +A €F (6)

E[D] and E[bulk] represent the total energy of the supercell with defects D in the charge state ¢
and without any defects, respectively. n; is the number of removed (7,<0) or added (n>0) i-type
atoms, and y; is the chemical potential. gyp), is the energy of the valence band maximum (VBM),
and Aer is the Fermi energy (chemical potential) of the electrons relative to eygys. Ecor[D?] and Av

are correction terms for the spurious image-image interaction and potential alignment.**
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The chemical potential of the elements was obtained from a stable region of the Ba-Bi-Te phase
diagram supported by all corresponding compounds present in the Materials Project database™
using the pymatgen package.*® The localized defect states with the charge ¢ were corrected using

the extended Freysoldt (Kumagai) scheme®’**

, while for delocalized defects, only a potential
alignment between the bulk and neutral state was included. No band gap corrections have been

applied on the defect computations.

Calculations of the optical absorption coefficient

The optical absorption coefficient (o) of BaBiTe; was calculated as a function of energy using the
DFT (PBE) method and the random phase approximation approach (RPA). We neglect excitonic
effects which we expect to be small in this material. A scissor (operator) shift was applied to the
DFT band structure to correct the band gap and setting it consistently to the experimental value.
A very dense k-point mesh of 34x9x9 corresponding to 450 k-points in the irreducible Brillouin
zone is utilized to compute a. It is worth noting that only direct (i.e. no change in k-space)
transitions are considered. Details concerning this type of calculations can be found in the

supporting information of Ref. 49.

Results and Discussion

BaBiTe;s: Crystal structure and Te'*-Te bonding

The crystal structure of BaBiTe; (c¢f. Fig. 1) was first determined by Chung et al.'® and the
authors discussed two alternative Te*"Te bonding situations, which can both describe the

chemical bonding in the crystal structure.

10
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Fig. 1 Crystal structure of BaBiTes (black: Ba, light grey: Bi, dark grey: Te)

Their discussion is based on the TeTe contacts (Te2-Te6: 3.098(2) A and Te2:Te2:
3.170(2) A) found between the rod-shaped columnar [BisTe o], segments, which are built up by
edge-sharing BiTes octahedra. These Te'*Te distances are larger compared to those found for
normal covalent Te'Te single bonds (2.69-2.80 A)*, but well below typical Van der Waals
interactions (4.0 A - 4.2 A)’! so that Te2-Te2 and Te2-Te6 bonding interactions have to be taken
into account. The first description rationalizes the structure as columnar [BisTejol. segments
alternating with infinite Te, chains with Te'-*Te bonds only between the Te2 atoms, i.e. the Te,

chains are separated from the [BisTej o] segments (cf. Fig. 2a).

Fig. 2 Previously described Te'~"Te bonding situations: a) Te, chains and b) interdigitating (Te'), side groups; c)
electron localization function of Te2 and Te6 (left) and -pCOHP curves of the Te2-Te2 and Te2-Te6 pairs (right)
showing bonding interactions between Te2-Te2 and Te2-Te6; d) Te-"Te resonant bonding, which can be understood
as a linear combination between a) and b) and which involves three-center-four-electron (3c-4¢) bonds; the bonding
situation in d) is based on results from —pCOHP and ELF calculations shown in c); this new Te'*Te bonding
situation represents an electron delocalization over the Te2 and Te6 atoms, which reduces electrostatic repulsion

between the Te2 and the Te6 atoms by minimizing their negative charge.

The second description rationalizes the structure as [BisTejo(Te;)] 8"~ “herring-bone” shaped
segments with interdigitating (Te™), side groups (cf. Fig. 2b). According to this description there
are no bonds between the Te2 atoms and hence no infinite Te, chains in the structure. Chung et
al. found negative overlap populations from their extended Hiickel calculations and concluded,
based on these findings, that the crystal structure is better described as [BisTejo(Te,)] 8" rods

with (Te"), side groups and that there are no Te, chains in the BaBiTes crystal structure.

11
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Our bonding analysis (cf- Fig. 2c) focuses on the bonding between Te2 and Te6. It is
based on the evaluation of the Electron Localization Function (ELF) and the Crystal Orbital
Hamilton Population (COHP) from density functional theory (DFT) in the generalized gradient
approximation (GGA) computations. It unambiguously shows Te2-Te2 and Te2-Te6 bonding
interactions consistent with the similar interatomic Te2-Te2 and Te2-Te6 distances. This new
bonding situation is shown in Fig. 2d and can be rationalized as a linear combination of the two
previous descriptions of the crystal structure given by Chung et al. in 1997 and it can be
understood as a delocalization of electrons over the Te2 and Te6 atoms through the formation of
three-center-four-electron (3c-4e) bonds. Such kind of resonant bonding can also explain the
slightly longer bond lengths compared to classical Te " Te single bonds. The amount of occupied
antibonding Te'""Te p-states is slightly larger for the Te2:*Te6 interactions compared to those
between the Te2 atoms. Hence, the former are slightly weaker and the part of the BaBiTes crystal
structure that is dominated by Te'*Te bonding is significantly strained due to the population of

antibonding Te p-states.

Preferential site substitution of Se on the Te4 and Te5 sites
The crystal structure of BaBiTe;Sex (x = 0, 0.05 and 0.1) was confirmed by PXRD and
subsequent Rietveld refinements (cf. Fig. 3) based on the structural model obtained from a

previous single crystal structure analysis of BaBiTe;.'®

12
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Fig. 3 Rietveld refinements of experimental diffraction patterns (black) of a) BaBiTe; b) BaBiTe, 5S¢ s and c)
BaBiTe, ¢Se(; recorded after spark plasma sintering. Calculated diffraction patterns, difference plots and reflection
positions are depicted in red, blue and green, respectively; all experimental diffraction patterns were recorded after

spark plasma sintering.

The site occupancy factors (s.0.f.) were refined for the Se substituted variants and we find that for
x =0.05 Se substitutes Te on the TeS5 site (s.o0.f. on Te5: 0.96/0.04 Te/Se), while Se substitutes Te
on the Te4 and TeS5 sites for x = 0.1 with a slight preference towards Te5 (s.o.f. on Te4: 0.9/0.1
Te/Se and s.o.f. on Te5: 0.78/0.22 Te/Se) and all other sites are fully occupied by Te. The
corresponding results of the refinements are summarized in Tablel and the refined site occupancy

factors are visualized exemplary for x = 0.1 in Fig. 4.

Table 1
Rietveld X-ray refinement results for BaBiTe;_Se, (x =0, 0.05, 0.1).

Nominal composition BaBiTe; BaBiTe,sS8¢p9s BaBiTe,0Se
Space group P2,2,2, (No. 19)  P2,2,2; (No. 19) P2,2,2, (No. 19)
z 8 8 8

a(A) 4.6147(1) 4.6103(1) 4.6056(1)

b (A) 17.0365(4) 17.0287(4) 17.0171(5)
c(A) 18.2990(4) 18.2785(4) 18.2503(5)
V(A% 1439 1435 1430
Peale (gem ) 6.733 6.746 6.702
Radiation Cu-Kay, Myjp = 1.54060/1.54439 A

20 limits (°) 5.01-119.99 5.01-119.99 5.01-119.99
Ry 0.041 0.030 0.0401
Riorags 0.048 0.036 0.0464

2y 1.48 1.62 1.64

13
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Fig. 4 Parts of the BaBiTe,;(Se); crystal structure with refined site occupancy factors (black: Se; grey: Te)
illustrating the preferential site substitution of Te4 and Te5 by Se.

The clear changes in the lattice parameters (cf. Table 1) provide proof for a successful
substitution of Te by Se, which can be confirmed by complementary EDS analyses. The
elemental compositions extracted from EDS analyses are provided in Table2 and the

corresponding EDS spectra can be found in the supplementary information.

Table 2

Experimental compositions obtained from EDS analyses after thermoelectric characterization.

nominal composition Ba (at. %) Bi (at. %) Te (at. %) Se (at. %) exp. composition
BaBiTe3 20.18 20.86 58.96 - Balej,BiLoéTe}
BaBiTezA‘;sSevos 19.99 21.03 58.12 0.86 BalA01Bi1A06T62A95sevo4
BaBiTezugoseoAlo 19.86 21.11 57.16 1.87 Ba1'01Bi1'07Tez'9OSeo'09

Since there is a preferential site substitution on the Te sites that are not involved in Te'*Te
bonding it can be concluded that a Se substitution of Te2 and/or Te6 atoms would destabilize the
crystal structure and is therefore energetically not favorable. This is in good agreement with the
extrinsic defect calculations (cf. supplementary information), which are further discussed in the

section Defect chemistry of BaBiTe3 and its Se substituted variants.

14
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Multiple electron pockets in the conduction band of BaBiTe; and orbital character of the
conduction and valence band edges

1628 Both studies

The electronic structure of BaBiTe; was calculated and described previously.
could not entirely clarify the nature of the two transitions at ~ 0.28 eV (transition 1) and ~0.42 eV
(transition 2) observed by diffuse reflectance (DR) measurements. This inspired us to recalculate
the electronic structure in order to better understand the thermoelectric transport properties of
BaBiTe; and the unusual shape of its experimental optical absorption spectrum, which is
discussed in the section Band convergence and an explanation for the two optical transitions. It
is important to note that spin-orbit coupling (SOC) does not significantly affect the overall band
structure of BaBiTe; (¢f. Fig. S3 in the supplementary information).*®

It does, however significantly decrease the band gap. For narrow band gap materials it is difficult
to obtain accurate band gaps from DFT-PBE calculations, which is why a scissor (operator) shift
was applied to correct the band gap to the empirical value of 0.26 eV based on the optical band
gap (experimental). This value is also consistent with calculations including SOC (¢f. Fig. S3 in

the supplementary information) and the Goldsmid-Sharp band gap (ca. 0.23 eV), which is

discussed in the section Thermoelectric transport properties of BaBiTe;..Se, (x = 0, 0.05, 0.1).

Fig. 5 a) Electronic structure of BaBiTe; with three electron pockets (CB;, CB, and CB;) and the atomic
contributions to the conduction band minimum (CBM) and valence band maximum (the Fermi level is set to 0 eV);
b) and c) correspond to the charge density distribution of the CBM and the valence band maximum (VBM) showing

the strongest atomic contributions to the CBM and VBM,; all calculations were performed using DFT-PBE.

15

ACS Paragon Plus Environment



oNOYTULT D WN =

Chemistry of Materials

Our results (cf. Fig. 5a) show three electron pockets (CB;, CB; and CBj;) that lie close in energy
in a range of only 100 meV and which are also present in Se substituted variants of BaBiTes (cf-
supplementary information). CB; and CBj are located along the I'Z and I'X directions, allowing
nearly direct transitions from the VBM, while CB, is located along the SY direction allowing
indirect transitions from the VBM.
The three electron pockets signify a material system with multiple valleys, which is an important
feature since complex band structures with multi-valley bands (i.e. a large valley degeneracy N,)
and contributions of multiple conduction and/or valence bands can lead to high-efficiency
thermoelectric materials as it was demonstrated for SnSeSZ, CoSb353 and PbTel_XSex.13

Knowing the atomic and orbital contributions to the band edges is important in order to
understand which part of the crystal structure governs the electronic transport. This is especially
true in compounds where ionic and covalent bonding coexists and where it is often assumed that
the covalent part of the structure dominates the electronic transport. The band edges in BaBiTe;
are dominated by Bi and Te states (cf. Fig. 5a). The strongest contribution to the valence band
edge comes from the Bi6p-TeSp and TeSp-TeSp bonding states, while their corresponding
antibonding states are the main contributors to the conduction band edge (cf. Fig.6). These Bi6p-
TeSp and TeSp-Tedp contributions are also visualized in Fig. 5 (other contributions are not
shown for clarity reasons). Fig.5 b) and c¢) show the charge density distribution of the CBM and
the VBM containing only the Bi6p-TeS5p and TeSp-TeSp contributions. This representation
allows visualizing the orbital contributions of each atom to the CBM and VBM and hence
provides a more detailed description of the band edges.
The main Bi6p and TeS5p contributions to the CBM come from the Te2 and Bi2 atoms and those
contributing to the VBM come from the Te3, Te4 and Te5 atoms. The Bi6s and TeJs states (cf-

Fig. 6) are also important to obtain a more complete picture.

16
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Fig. 6 COHP curves of BaBiTe; containing a) Bi-Te interactions and b) Te-Te interactions; c¢) shows a MO diagram

reflecting the COHP analysis.

These mix with the Te5p states leading to significant contributions of Bi6s-Te5p antibonding
states to the valence band edge. The conduction band edge also shows significant contributions of
antibonding Bi6p-Tels states. Our COHP analysis and the MO diagram (cf. Fig. 6) provide a
comprehensive picture of all covalent bonding interactions in BaBiTes; and they show to which
extent the different orbitals contribute to the electronic transport. However, Fig. 6 entirely
neglects the ionic part of the crystal structure, which is not shown for clarity reasons. A detailed
COHP analysis of the ionic part of the crystal structure can be found in the supplementary
information and it shows significant contributions of the Ba6s-TeS5p bonding states and Bajp-
TeSp antibonding states to the valence band edge.
Hence, a complete COHP analysis reveals that both the covalently and the ironically bonded parts
as well as the Bi lone pairs of the crystal structure are expected to play a role in the electronic
transport of BaBiTes.
Multiple electron pockets in the conduction band of Se substituted variants of BaBiTe;

Optical absorption measurements of polycrystalline BaBiTes (c¢f. Fig. 7a) confirm the
results obtained for single crystalline BaBiTe; in 1997, which made it possible to use this
compound as a standard for further optical absorption measurements of BaBiTe;9s5Te s,

BaBiTe;¢Seo; and BaBiSe; (¢f Fig. 7a).

Fig. 7 a) experimental band gaps of BaBiTe;,Se, (x = 0, 0.05, 0.1 and 3) determined by diffuse reflectance
measurements; b) enlargement of the optical absorption of BaBiTe,sSeq s emphasizing the two transitions
corresponding to transitions from the VBM to CB,; and from CB,; to CB,; c) energy of the two transitions as a

function of the Se content; d) tauc plots for x = 0.05 showing that transition 2 can be considered direct.
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These show that the optical band gap does not change significantly for compositions up to
x = 0.1, while BaBiSes; has only one transition at ~0.90 eV (cf- Fig. 7a), which corresponds to an
optical band gap significantly larger compared to those of BaBiTe;«Sex (x =0, 0.05 and 0.1). The
two optical transitions observed for BaBiTe; are also found for the Se substituted variants with
x=0.05 and 0.1 as it is illustrated in Fig. 7b for x = 0.05 and the energies of the two transitions
are shown as a function of Se content in Fig. 7c.

Band convergence and an explanation for the two optical transitions

Up to now we provided a comprehensive picture of the bonding interactions in BaBiTe;s, its
electronic structure including orbital contributions and we showed that BaBiTe;<Sex (x =0, 0.05
and 0.1) are multiband systems. Now, we will relate the experimentally observed optical
transitions to the electronic structure in order to explain the two optical transitions observed
experimentally. These results are then used to demonstrate that band convergence occurs in
BaBiTe; 95Seq os.

Analyzing transition 2 of BaBiTe; 9sSeg 05 by the Tauc method (cf. Fig. 7d) revealed that
this transition is direct, which excludes the possibility of indirect VBM-CB, and VBM-CB;
transitions being associated to transition 2. Fig. 8a shows the electronic structure and density of
states (DOS) of BaBiTe; including two transitions, which can qualitatively explain the shape of

the experimental absorption spectra shown in Fig. 7a and b.

Fig. 8 a) Electronic band structure and density of states (DOS) of BaBiTe; showing the two optical transitions taken
into account for calculating the optical absorption spectrum; b) calculated joint density of states (joint DOS) and c)
optical absorption coefficient as a function of energy. All these calculations were performed using DFT-PBE. The

abbreviations T-1 and T-2 refer to transition 1 and transition 2.
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This is also quantitatively validated in Fig. 8b and c presenting the calculated joint density of
states and optical absorption spectrum of BaBiTes, respectively. These calculations were
performed assuming that BaBiTe; is undoped (or has a very low carrier concentration). From
these calculations we can conclude that transition 1 and 2 correspond to transitions from the
VBM to CB; and to bands higher in the conduction band next to CB,. These bands are located
along the I'Y direction between CB, and CB; (c¢f- Fig. 8a).
Transition 2 is direct, which is consistent with the Tauc analysis shown in Fig. 7d. This transition
is significantly stronger than transition 1 in terms of intensity. This can be explained by the lower
dispersion of the bands higher in the conduction band compared to those at CB;. A lower
dispersion (i.e. when the bands are more flat) results in a larger density of states (cf. Fig. 8a). This
is why the number of optical transitions at 0.26 eV (transition 1) is smaller than at 0.5 eV
(transition 2). This is reflected in the joint density of states (cf. Fig. 8b), which are a measure for
the amount of states in the valence and conduction band available for a photon of a given energy
hv to interact with. The larger the available states, the higher is the transition rate and the larger is
the intensity of the transition. Transition 2 is more intense than transition 1 since more states are
available in the conduction band compared to transition 1.

High-temperature optical absorption measurements of BaBiTe; 95Seg 05 (cf- Fig. 9a) show
that transition 2 moves to lower energies with respect to temperature, while the energy of

transition 1 stays constant (cf. Fig. 9b).
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Fig. 9 a) optical absorption spectra of BaBiTe; 95Seg 5 as a function of temperature b) changes in energy of transition
1 and 2 as a function of temperature; CB; and bands higher in the conduction band are converging with temperature;
c) band offset as a function of Se content. This image shows that there is band convergence in BaBiTe, sSeg o5 and

that the band offset increases with the Se content.

Hence, the bands higher in the conduction band move towards lower energies. At ca. 830 K these
bands can be considered as being fully converged with CB;. Fig. 9c shows that the band offset
between CB,; and the bands higher in the conduction band (located along the I'Y direction
between CB; and CB,) slightly increases with the Se content. The band offset was extracted from

the optical absorption measurements (cf. Fig. 7c).

Thermoelectric transport properties of BaBiTe;..Se, (x = 0, 0.05, 0.1)
The efficiency of a thermoelectric material is defined by the thermoelectric figure of merit

(zT).

SZ
zT = p—KT (7

The thermal conductivity (x) contains the phononic (), electronic (x.) and bipolar (x;)
contribution. Seebeck coefficient (S), electrical resistivity (p) and the electronic and bipolar
contribution of x are interdependent, while x,, is mostly independent of the other quantities. The
thermoelectric properties of polycrystalline BaBiTe; Sey (x = 0, 0.05 and 0.1) are summarized in

Fig. 10.

Fig. 10 Thermoelectric properties of BaBiTe; Se, (x = 0, 0.05, 0.1): a) Seebeck coefficient (the dotted lines
represent interpolated data), b) electrical resistivity, ¢) thermal conductivity and minimum thermal conductivity of

BaBiTe; and BaBiSe; according to Cahill and d) thermoelectric figure of merit (zT).
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Seebeck coefficient and thermal conductivity were measured out of plane, while the electrical
resistivity was measured in plane. The Seebeck coefficient (c¢f. Fig. 10a) of all compounds
increases up to ca. 550 K and shows a “roll-over” between 550 K and 600 K due to the activation
of minority charge carriers. The maximum of the Seebeck coefficient (Smax) at the temperature
Tmax 1s almost independent of the Se content, which is consistent with the optical absorption
spectra showing no significant changes in the optical band gap up to x = 0.1.

The Goldsmid-Sharp band gap (E; = 2eSmaxTmax) of all compounds measures ca. 0.23-0.25 eV,
which agrees well with the optical band gap (0.26 eV).

Increasing the Se content leads to higher Seebeck coefficients, which is consistent with the
increase in resistivity (cf. Fig. 10b). BaBiTe;, BaBiTe; 95Seo s and BaBiTe;¢Se; show a small
reduction in thermal conductivity (cf. Fig. 10c) with an increasing Se content as expected from
point defect scattering. This effect could also be due to the slightly different densities of the
samples. However, because of the complex low symmetry structure (few acoustic phonons) and
large anharmonicity the lattice thermal conductivity is already low (0.41(2) Wm'K! at 600K).
The thermal conductivity (not the diffusivity) of pristine BaBiTe; was previously measured on
single crystals using a modified pulse technique originally developed by Maldonado.'®** The
values we obtain for BaBiTes using the Dulong Petit approximation compare well with the results
published by Chung et al. (k = 0.4 Wm'K™ for temperatures below ca. 150 K, where radiation
effects due to insufficient heat dissipation can be neglected). It is therefore justifiable to use the
Dulong-Petit approximation. All the title compounds possess remarkably low thermal
conductivities close to the glass limit (¢, Fig. 10c) of BaBiSe; (0.34 Wm™'K™') and BaBiTes (0.28
Wm'K™"). The glass limit is slightly higher for BaBiSe; since both, the longitudinal and
transversal components of the speed of sound are larger for BaBiSe; (vy=1535 m/s, v, =

2863 m/s) compared to BaBiTes (vy= 1462 m/s, v, =2536 m/s), which can be attributed to the
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lower mass of Se compared to Te and to softer bonds in BaBiSe;. Hence, BaBiSe; can be
expected to be more anharmonic compared to BaBiTe;. Fig. 11 shows the measured Hall
mobility (n) and charge carrier concentration (n) of BaBiTes;4Sex (x = 0, 0.05 and 0.1). The
electron mobility (ranging from 2-5 cm”*V™'s™) generally decreases temperature as expected from

phonon scattering but may show grain boundary scattering at low temperature.

Fig.11 a) Hall mobility and b) hall charge carrier concentration of BaBiTe;_,Se, (x = 0, 0.05, 0.1) as a function of
temperature; c¢) calculated z7 as a function of hall carrier concentration: lines and symbols correspond to effective
band models and experimental data points, respectively; d) “Seebeck effective mass” (m*) as a function of
temperature (line and symbols represent calculated m* obtained from interpolated and experimental Seebeck data,
respectively). b)-d) show the contribution of CB, for BaBiTe;Se, (x = 0, 0.05) in form of an increase in carrier

concentration and m* with temperature.

The carrier concentration of BaBiTes is almost constant with temperature up to ca. 370 K and
increases significantly between 370 K and 600 K like one might see from the formation of
charged defects. A similar trend can be observed for BaBiTe;95Sep0s. The increase in carrier
concentration, however, is less pronounced and is only significant for temperatures above ca.
500 K.

Increasing the Se content further, results in an almost temperature independent carrier
concentration for BaBiTe;9Sep;. The substitution of Te by Se does not affect the electron
mobility in a systematic or significant way, but results in a clear reduction in charge carrier
concentration. This decrease in carrier concentration with Se content explains the increase in
resistivity. The possible origin for such high carrier concentrations will be discussed in the
section: Defect chemistry of BaBiTe; and its Se substituted variants. The overall thermoelectric

properties of BaBiTe; and BaBiTe; 9sSeq s are fairly promising with z7),,,, (cf- Fig. 10d) of ~0.4.
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Multiband effects in the thermoelectric transport properties of BaBiTe; and BaBiTe; 95Sey o5

Ab initio calculations of the electronic structure and optical absorption coefficient as well
as optical absorption measurements clearly point towards a contribution of multiple electron
pockets to the thermoelectric transport properties of BaBiTe;Sey, especially at higher
temperatures where band convergence effects play a role (¢f. Fig. 9). A comparison of this study
to those of SnSe’* and CoSbs™, where multiband effects also play a role, support this conclusion.
We indeed find a multiband contribution to the thermoelectric transport data of BaBiTes; and
BaBiTe, 95Sep0s. It 1s visible in the increase of the “Seebeck effective mass” (m"‘)53 with
temperature (cf- Fig. 11c), as obtained by fitting an effective band model to the experimental data
(cf. Fig. 11d), where Seebeck coefficient and resistivity show the typical trends of degenerate
semiconductors. Details concerning modeling of high-temperature thermoelectric properties can
be found elsewhere.” The main signature of multiband effects in the transport data is an increase
in effective mass with decreasing Se content (cf. Fig. 11c), while the hall mobility remains almost
unchanged. Another signature of multiband effects in the thermoelectric transport data is the
lower effective mass of Se-alloyed BaBiTe; ¢sSe; compared to BaBiTe;. This suggests that for
BaBiTe, 9Sep; only CB; contributes to the thermoelectric transport, while the bands along the I'Y
direction between CB; and CB, contribute in the case of BaBiTe; since the “Seebeck effective
mass” is an estimate for the effective density of states. The previously discussed convergence of
bands in the conduction band on the other hand can explain the increase in effective mass with
temperature, which is only observed for x =0 and 0.05. One possible explanation for not
observing any effect of band convergence on the thermoelectric transport properties of

BaBiTe; 9Seq is the increase in band offset with x, which could also explain the weaker increase
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in effective mass for x=0.05 compared to x =0 and the absence of the low-energy optical
transition in BaBiSe; (c¢f. Fig. 7a). Our combined analyses of the electronic structure, optical
properties and thermoelectric transport properties strongly suggest that the larger quality factor
(B) and zTx of x=0 and 0.05 compared to BaBiTe;Seq; (cf- Fig. 11d) are a result of the
multiband and band convergence effects. B was calculated according to (8), where m. and «;;, are

the electron mass and phononic contribution to the thermal conductivity.

* 3/2 T5/2
=) ®)

me

B = 43223 %1076 uo(

Kp h
The intrinsic mobility (po) and effective mass (m*) were obtained from the effective band model.
Fitting such a model to the thermoelectric transport data also shows that the carrier concentration

of all title compounds is close to optimized (cf. Fig. 11d).

Defect chemistry of BaBiTe; and its Se substituted variants

The main reason for studying the defect chemistry of BaBiTe;Sey is the large charge carrier
concentration observed, which points towards unintentional doping through native defects. The
closely related to Bi,Tes, BiSes; and their solid solutions also have native defects that play an

important role in their thermoelectric transport proper‘[ie:s.56'61

Insights in the defect chemistry can
help to explain, why BaBiTes and its Se substituted variants are all n-type semiconductors and
possibly predict whether intrinsic p-type samples can be obtained. We calculated the formation

energies (E;[D?]) of intrinsic defects in BaBiTej; in three different regions of the Ba-Bi-Te phase

diagram (cf. Fig. 12).
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Fig. 12 Formation energies of intrinsic defects in BaBiTe; calculated in three different regions of the Ba-Bi-Te phase
diagram: a) region 1: BaTe-Bi,Te;-BaBiTe;, b) region 2: BaTe-Te-BaBiTes; and c) region 3: Bi,Te;-Te-BaBiTes; the
numbers in each graph correspond to the charge q of the each type of defect. These calculations reveal native Big, !
defects with negative defect formation energies close to the valence band edge in all three regions of the phase
diagram. These defects are competing with native Teg;”" defects in the region 2 (b) of the phase diagram for energies

close to the valence band edge; these calculations were performed using DFT-PBE.

The values of allowed chemical potential are determined by the three regions BaTe-Bi,Tes-
BaBiTes;, BaTe-Te-BaBiTe; and Bi,Tes-Te-BaBiTes, which will be referred to as region (a), (b),
and (c). These different regions correspond to different thermodynamic conditions in which
BaBiTes is stable and are related to different synthesis conditions.®* Figure 12 plots the defect
formation energy depending on the Fermi level for a series of intrinsic defects in different regions
of chemical potential. In all conditions, there are BiBa+1 and TeBiJrl defects with negative
formation energies close to the valence band maximum. These defects are electron donors
compensating any attempt to dope the material p-type in equilibrium conditions. On the other
hand, no negative formation energy defects are present close to the conduction band minimum
indicating that the material has no electron killers. We conclude that BaBiTes; is
thermodynamically favoring n-type conductivity and that any attempt to dope this material p-type
will be challenging. This is in agreement with the n-type nature of the experimentally realized
materials. Moreover, our work identifies the potential majority defects, BiBaH, which are the
lowest energy electron donors in all regions, probably leading to the observed n-type conduction.

In BaBiTe; a second cation (Ba’") is present, which is lacking in Bi,Te; and which
fundamentally changes the defect chemistry since antisite defects form more easily between two
cations than between a cation and an anion. This is evident from the low formation energy of the

Big, ! antisite defects in BaBiTes. In n-type Bi,Te; and BisSes TeBiH, Sep;’! (under Se-rich
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conditions) and Vs.>* (under Bi-rich conditions) defects have the lowest formation energies and
are responsible for the observed n-type conduction in these compounds.’® The vacancies of Te
and Se are also low in energy in Bi,Tes, while being much higher in energy than Big,”" in
BaBiTes. Interestingly, Bi,Tes can easily be doped p- and n-type, while p-type doping of BaBiTe;
is challenging due to the low formation energies of the BiBa+1 antisite defects.

Our defect calculations show that the defect chemistry of BaBiTes differs significantly from the
one in Bi,Te; and the reason for the difference is the presence of Ba’" as a second cation. The
preferential site substitution of Se on the Te4 and Te5 sites presented above (cf. section:
Preferential site substitution of Se on the Te4 and Te5 sites) motivated us to study the defect
chemistry of Se substituted variants of BaBiTe; in order to explain this preference from an
energetic point of view. Results of our extrinsic defect calculations can be found in the
supplementary information and they revealed equally low formation energies close to zero for

Seres and Seres defects, which explain the preferential site substitution on the Te4 and Te5 sites.

Conclusion

The presence of Te - Te resonant bonds in BaBiTes is best described as a linear combination of
interdigitating (Te"), side groups and infinite Te, chains. Complementary Rietveld refinements
and extrinsic defect calculations show that the Se substitution preferentially occurs on the Te4
and Te5 sites, which are not involved in Te'*Te bonding. Ab initio calculations of the electronic
structure, optical absorption measurements and an effective band model analysis of the
thermoelectric transport properties of BaBiTes<Sex (x = 0, 0.05 and 0.1) strongly suggest the
presence of multiple conduction bands. These analyses also provide an explanation for the two
optical transitions observed experimentally. Bands higher in the conduction band converge with

the conduction band minimum with increasing temperature and contribute to the thermoelectric
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transport properties of BaBiTe; and BaBiTe;9sSegos. This multiband contribution can be
considered as the reason for the ~50 % higher zT at 617 K compared to BaBiTe; ¢Sey ;, for which
no such contribution was found. The increase in the band offset between the CBM and bands
higher in the conduction band with respect to the selenium content is one possible explanation for
the absence of multiband effects in the thermoelectric transport properties of BaBiTe; 9Seq ;.

A detailed analysis of the defect chemistry of BaBiTe; suggests the presence of native BiBaJrl and
Tep;'' defects at 0 K and these are probably responsible for the observed n-type conduction.
BaBiTe; is the first example of a mixed-valent chalcogenide with Te'**Te resonant bonds, where
its thermoelectric properties benefit from the contribution of multiple conduction bands. Hence,
chalcogenides with resonant bonds are promising for continued investigations as new
thermoelectric materials.
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Crystal structure of BaBiTe3 (black: Ba, light grey: Bi, dark grey: Te)
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3c¢-4e bonds

105 0 05 (d)
-pCOHP

Previously described Te***Te bonding situations: a) Ten chains and b) interdigitating (Tel-)2 side groups;
32 c) electron localization function of Te2 and Te6 (left) and -pCOHP curves of the Te2-Te2 and Te2-Teb6 pairs
33 (right) showing bonding interactions between Te2-Te2 and Te2-Te6; d) resonant Te***Te bonding, which can
34 be understood as a linear combination between a) and b) and which involves three-center-four-electron (3c-
35 4e) bonds; the bonding situation in d) is based on results from -pCOHP and ELF calculations shown in c);
36 this new Te"*'Te bonding situation represents an electron delocalization over the Te2 and Te6 atoms, which
reduces electrostatic repulsion between the Te2 and the Te6 atoms by minimizing their negative charge.
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Rietveld refinements of experimental diffraction patterns (black) of a) BaBiTe3, b) BaBiTe2.955e0.05 and ¢)
BaBiTe2.9Se0.1 recorded after spark plasma sintering. Calculated diffraction patterns, difference plots and

reflection positions are depicted in red, blue and green, respectively; all experimental diffraction patterns
were recorded after spark plasma sintering.
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Parts of the BaBiTe2.9S5e0.1 crystal structure with refined site occupancy factors (black: Se; grey: Te)
illustrating the preferential site substitution of Te4 and Te5 by Se.
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a) Electronic structure of BaBiTe3 with three electron pockets (CB1, CB2 and CB3) and the atomic
contributions to the conduction band minimum (CBM) and valence band maximum (the Fermi level is set to
0 eV); b) and c) correspond to the charge density distribution of the CBM and the valence band maximum
(VBM) showing the strongest atomic contributions to the CBM and VBM; all calculations were performed
using DFT-PBE.
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COHP curves of BaBiTe3 containing a) Bi-Te interactions and b) Te-Te interactions; c) shows a MO diagram
32 reflecting the COHP analysis.
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a) experimental band gaps of BaBiTe3-xSex (x = 0, 0.05, 0.1 and 3) determined by diffuse reflectance
measurements; b) enlargement of the optical absorption of BaBiTe2.955e0.05 emphasizing the two
transitions corresponding to transitions from the VBM to CB1 and from CB1 to CB2; c) energy of the two
transitions as a function of the Se content; d) tauc plots for x = 0.05 showing that transition 2 can be

considered direct.
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a) Electronic band structure and density of states (DOS) of BaBiTe3 showing the two optical transitions
32 taken into account for calculating the optical absorption spectrum; b) calculated joint density of states (joint
33 DOS) and c) optical absorption coefficient as a function of energy. All these calculations were performed
34 using DFT-PBE. The abbreviations T-1 and T-2 refer to transition 1 and transition 2.
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a) optical absorption spectra of BaBiTe2.95Se0.05 as a function of temperature b) changes in energy of
transition 1 and 2 as a function of temperature; CB1 and bands higher in the conduction band are
converging with temperature; c) band offset as a function of Se content. This image shows that there is
band convergence in BaBiTe2.955e0.05 and that the band offset increases with the Se content.
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Thermoelectric properties of BaBiTe3-xSex (x = 0, 0.05, 0.1): a) Seebeck coefficient (the dotted lines
32 represent interpolated data), b) electrical resistivity, c) thermal conductivity and minimum thermal
33 conductivity of BaBiTe3 and BaBiSe3 according to Cahill and d) thermoelectric figure of merit (zT).
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a) Hall mobility and b) hall charge carrier concentration of BaBiTe3-xSex (x = 0, 0.05, 0.1) as a function of
temperature; c) calculated zT as a function of hall carrier concentration: lines and symbols correspond to
effective band models and experimental data points, respectively; d) “Seebeck effective mass” (m*) as a

function of temperature (line and symbols represent calculated m* obtained from interpolated and
experimental Seebeck data, respectively). b)-d) show the contribution of CB2 for BaBiTe3-xSex (x = 0,

0.05) in form of an increase in carrier concentration and m* with temperature.
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32 diagram: a) region 1: BaTe-Bi2Te3-BaBiTe3, b) region 2: BaTe-Te-BaBiTe3 and c) region 3: Bi2Te3-Te-
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36 the region 2 (b) of the phase diagram for energies cIo.se to the valence band edge; these calculations were
37 performed using DFT-PBE.
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