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Abstract

Searching for thermoelectric materials with high enexyversion efficiency is important
to solve the energy and environment issues of our sogigfgod thermoelectric material
requires high Seebeck coefficient and electrical conductiintygombination withlow
thermal conductivity. These properties are interconnected with eachwltien, makest
difficult to improve the overall performance of a materi@tudies ofthermoelectric
materials mainly rely on experimentHowever,calculations, especially tse based on
first-principles methods, are becoming populath@thermoelectric communitipecause
of convenience and low cosThe main difficulty of using calculation to study
thermoelectric materials is how to calculate transport properties of a hatbicdn means
solving the Boltzmann transport equation for both elestamd phonos Althoughthere
are many models fosolving such problems, they are either too simple aadow to
calculate a wide range of materials, or too complex and-¢oneumiry to do high
throughput screening. In this work, wievelogd a computer program tmalculate the
thermoelectric transport properties of bulk matermlghebass of widely used models.
Specifically, the electronic transport propertiiesrecomputedising the generalized Kane
band model and perturbation theory under the relaxation time approximatereasthe
lattice thermal conductivityas calculated using modified Deby&Callaway modelThe
capability of the program was tested on a group of serdigziars, and the obtained results
show reasonable agreement with experim&hé program works fast and ssitablefor
high-throughput screeningWe usedit to calculatethe transport properties of 463
chalcogenidetakenfrom a databasand found tha®4 of them argromising Rtype or p
type materials, includingix already welknown thermoelectric materialé/e discusgl6
novelcompaitionshaving themaximum figure of merit larger than 1, such as Cohls&
compoundsof p-type and CdSeof n-type, aand show their thermoelectric transport
propertiesn detail. This studyshows an efficient way to search for novel thermoelectric

materials and expands the field of curnezgearch othermoelectrienaterials
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Chapter 1. Introduction
1.1. Thermoelectric Materials: An Overview

Massive usage of fossil fuel has caused a lot of problertteworld, such asclimate
changewater andair pollution,and so forthMeanwhile, the foskifuel itself faces the
increasing risk of being exhausteakt h e wo r | didd snergly &keepsrindreasing.
Findingalternative energgourcego enrich the current energy structure is the keyffer
human society to achieve sustainable development. Bebglesdely explored renewable
energysourcessuch as solar energy, wind, and nuclear energy, improving the utilization
rate of thetraditionalenergy sourcess thoughtofas anot her llye@ eemdr dgiy @.n
A higher utilization rate not only means lower cost and improvement of the energy
sustainabilityjt could also reduce the emission of greenhouse g&sesxample, during
the industrial production angseof automobiles, a large amount ofeegy is wasted as
heat which has a high use value, with the temperature of parts generating it usually lying
betweerd00 and1000 [1]. Thermoelectric technology aims to collect and reuse such
kinds of waste heatwhich, if reused fully, can bring cadsrable economic and
environmental benefits

Thermoelectric material is a functional material which can corhest into electricity
and vice versajia theinternalcarrier movemeni2,3]. The physical principles undgihg
thethermoelectric energy conversion #ne Seebeck effect (thermoelectric generator) and
the Peltier effect thermoelectric refrigerathrAs a simpleschematicshown in Fig. 11, it
can be considered as a circuit formed from two different conduectndb (referred toas
thermocouple legs a thermoelectriadevicg, which are connected electrically in series
but thermally in parallel. Two junction points are A andCBnductotb is divided into two
parts(the breaking points are C and D) so that a vaiimean beconneted in the gap.
Suppofg a temperature differen@er is established between the two junctievisle the
two free ends of conductdr are maintained at the same temperattine, potential
differenceV will appear betweepointsC and D. The differential Seebeck coefficieky,

is defined as the ratio &fto T,
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a ="
® DT
Uk is consideredpositive if the electromotive foroEMF) tends to drive electric current
through conductoa from the hot junction to theotd junction.
If a source othe EMF is connectetb pointsC and D so as to driveectriccurrentin
the circuit inthe clockwise directionthe Peltier coefficient is regarded as positive if
junction A is heated and junction B is cooldthe relative Peltier coefficiernty is equal

to the ratio of the rate of heating or coolijpgt each junction to the electric currént

Pap = Iﬂ
a
y ‘:\}_\
A /i/ \\\ -
b b
C D

Figurel.1l. Diagram of the thermoelectric effect [2].

For a thermoelectric material, no matiert is used as generator or refrigeratorhe
highest energy conversion efficien@t a given temperatur@ is quantified by its
dimensionless figure of meriZ{). ZTis defined agd"Y | , I I ,whereUis the
Seebeck coefficientfi is the electrical conductivityge is the electronic thermal
conductivity,and aL is the latti@ thermal conductivity. Particularlyfis called the power
factor PF). To obtain highzT, bothUand( must be maximized, véteasse anda. need
to be minimized. However, the interdependence of these parameters makes it challenging
to improveanaverageZT of a material as shown in Fig. 1.For examplepoth Uandi
are related with carrier concentration 0 is proportional ton, while U is inversely

proportional ton (the Pisarenko relation In addition, according tthe WiedemanrFranz
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law, Il 0 , ,"WhereL is the Lorenz number. Thus, any methoatreasingl will also

increasese.

Insulator Semiconductor Metal

1.0

0.5

ZT

0.0 & — -
10" 10" 10%° 10%

Carrier concentration (cm'3)

Figure 1.2. Schematic of the dependence of the electrical conductiityseebeck
coefficient U thermal conductivitys, power factorl’, and figure of meriZT on the

concentration of free carriers [4].

Although the Seebeck effect has long been applied to temperature measurement and
detection of thermal radiation, it was not until the introduction of semiconductors as
thermoelectric materials in the 1950s that thermoelectric defacpswer generatioand
cooling with practical application value were producHak first climax of thermoelectric
research was triggered at that tine.1954, Goldsmid discovered that a thermocouple
composed of ftype bismuth telluride (Bes) anda negative thermoelementage from
metallic bismuth (Bi) can produce a cooling effect of 26 K below room tempefajure
Subsequent studies have shown that the alloy sgstemposed of Biles, SkhTes and
Bi>Se; are ideal room temperature thermoelectric materi@i 10]. The bestp-type
composition is near (98Bio2)2Tes, whereasthe best ftype composition is near
Bix(Ten.sSe.2)s. Thesealloy systers have low thermal conductivityandtheir power factor
can be improvetby adjusting the carrier concentratidme maximum figure of merd T
of these alloys istout0.87 1.1. Thermoelectric materials usedtie mid-temperature

22



range (500° 900 K) are mainly based ongreup t el | uri des, such as
SnTe[6, 8, 11, 12]. Among them, alloys composed BbTe and AgSbThe(also called
ALAST O )shownanaxémum ZT > 1 for both #type and gtype materiald13,14.

Another ptype material (GeTeps(AgSbTe)ois( na me d i T & ad maximunn

ZT value larger than 1.pA5], which has been successfully used in Kifegthermoelectric
generators. For thermoelectric devisesrking athigh temperatue(> 900 K), SiGe

alloys aretypically used for both +#type and gtype legs[16]. However,because ohigh

lattice thermal coductivity, theirZT values are relatively lowror ntype material, it is

near 1 (900 K); for fiype material, 0.6 (900 K).

From 1960 to 199thermoelectric technologyegan to movérom the laborataesto
various practical application field$7]. However the research on thermoelectric materials
themselves lhstagnated, and the figure of metit of thermoelectric materials Hdanot
made major breakthrough By the mid1990s, two factors had led to a resurgence of
thermoelectric researcfirst, people hd gradually realized that fossil fuels will eventually
be exhausted and their uselltaused serious environmental problethereforefinding
alternative energy sources and energy protectiahbeaome the consensus of various
countries second advances in science and technology such as the improvement of the
theory of transport properties of mesoscopic systems, the rise of nanomaterials research,
advanced synthesis techniques and analytical toalgroanoted the understandingtbé
structuré properties relations in matersal

In the past twenty years, major breakthroughs have been made in the field of
thermoelectric researcmot only discoveang many new and efficient thermoelectric
materials, butlso greatly improvinghe perfornance of classiones.The research of
modern thermoelectric materiassbased otwo main ideas: one is to use lalimensional
materials, that is, to introduce nanostructures; the other is to develop new bulk materials
with complex structureslhe low-dimensional materiaglmethod is mainly based on two
considerationsthat a nanoscale structure can introduce quantum confinement effects to
enhance the power fact®f, andthat a large number of nadevel grain boundaries

existing in theemateriak can effectively reduce thermal conductiwtiile having little
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effect on the electrical conductivif$8,19. The research of thermoelectriananaterials
mainly includes twealimensional quantum wells/superlattice®0][ nanowires 21],
guantum dotsg223] and nanocomposite24i 27]. By exploring nanoscale effects, the
thermoelectric properties of these materials have been greatly improved compared with
traditional bulk thermoelectric materialsor examplefor the quantum dot superlattike
formed by Plie and PbSevhile adding Bi as an electron donor, the figure of mé&fit
reached 1.6 and 3.5 at 300 K and 570 K, respect[2&y On the other handyuided by
Aphonon gl as s(P@HCwrintiplepnoposed by Slagad, many newbulk
materialswith complex unitcells have been discovered to have enhanced thermoelectric
performanceFor examplen clathrateg30] andskutterudite$31,32] some structural sites
in the unit cell are occupied by heavy atpmhbichoften have a large vibtian amplitude
and can be used as effective phonon scattering centers to reduce thermal condiictivity
alloys[33] andanisotropic chalcogengd [34i 36] have very low thermal conductivity due
to strong anharmonicity. @ticulaty, single crystalof binary compound SnSé& an
orthogonal crystal at room temperatdrehasanextremely low thermal conductivi{{.23
WA K2, at 900 K) due to strong anharmonicity and bond anisotropy in the lafle
ZT value along thé axiscouldreach 2.6 at 900 K36]. Althoughsingle crystaSnSe has
avery goodperformance, its polycrystalline versions show miaeter ZT, mainly due to
much higher thermal conductivity in polycrystalline sampl&bkis higher thermal
conductivity isattributed to the presence of Sn& grain boundaries and surfaces of
polycrystalline SnSe samplg37]. Recently, Zhou edl. havedeveloped an efficient two
step process to minimize the presence of,3n@nSethus greatly redung the thermal
conducivity in polycrystalline sampleg38]. Their samples showurprisingly high values
of ZT & the maximum value isb@mut3.1 at 783 K and the average value is neiar the
temperature range @00 to 783 K. Besides SnSé wasalsoreportedthat SnS 91Se .09
has an average ZT %.25in the range fron800to 873 K[39]. Thisis achieved by
optimizing the effective mass and carrier mobility synergistically, thus impravieag
power factorwhile keeping the relatively low lattice thermal conductiviBeyond the

PGEC concept, researchéi@vep r oposed a new s hliqgadetegrgn, named
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c r y JRLEQ), dofurtherdecrease. below that of glasptQ]. Therepresentatives of such
materiak are CugX (X = S, Se, or Te) liquiike ionic conductorg41,42]. These
compounds have a rigid facentered cubicsublattice X that provides a crystalline
pathway for conducting electrons, @reascopper ions are disorderedly distributed around
the X sublattice and have a ligdi#te mobility. The transverse vibrational modase
inhibited andheatconducting phononare strongly scattered@hereforethe specific heat
and thermal conductivity of these compounds could be limited to the liquid limit (two
thirds of the value of the solidBecause osuchexceptionally low values of the lattice
thermal conductivity (020 . 5 YA ntheir ZT values are high (1.1 1.7) inthe high
temperature rang®Vith the improvement of synthesis metsathd introduction of various
engineeringtechniques such as solid solution, porosity engineeriggd introducing
additional graplene, the pealZT values of CuX-based thermoelectric materisdse
currently higher than 2 In addition to the above materialsther widely studied
thermoelectric materials include silicid¢43], half-Heusler intermetallic compounds
[44,45], andorganic mattes[46i 48]. Thosenterestedn thetopiccan refer taheexcellent
review articleq49i 57].

In terms of application, limited by the low conversion efficiency1(2o) of early
thermoelectric materials, thermoelectdevicescan only be used isuchareas where
reliability and simplicity are more demanding than cost and efficiency considerations. For
example, all deep space probes launched by the United States last centuryvere
equipped with isotopic thermoelectric power generation devices, which use the heat
generated by the decay of radioisotopes to generate electricity to power the probes. In
recent years, with the advancement of technology, thermoeléetimeshave foundmuch
wider application$58,59], such as smadndmobile refrigerators, automobile seat cooling
devices, industrial electronic devices, micro selbwered wireless platforsn health
monitoring and tracking systemand so forthHoweve, there is still a lot of space for
improvement. Theoretically, T could reach 3, thermoelectric home refrigerators would
be competitive with traditional compresdmased refrigerators. BT could reach 4, then

the energy conversion efficiency between heat and electricity would be around 30%, which
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would bea very promsing prospector practical systemg:ortunately, from the viewpoint

of thermodynamics, there is no limitation of the valuZ©{60].

1.2.Computer Aided Discovery of Thermoelectric Materials

From the definition othefigure of meritZT, the performance dhermoelectric materials
is mainly determined bythe Seebeck coefficient, electrical conductivignd thermal
conductivity(includingtheelectronic and lattice pat Currently, these parameters can be
calculatedusingmodern firstprinciples methoddn this section we review the methods
for calculating these transport properties and works using these mdthatseen

thermoelectric materials.

1.2.1.Electrical transporproperties

The dectrical transport properties, such @ electrical conductivity, are fundamental in
various scientific and technological applications. For example, a thermoelectric material
should be a good conductorhiavea high figure of merit, wheas other applications like
piezoelectric materials require an insulator. Theoretically, electrical conductivity can be
calculated using modern density functional theory (DFT) and density functional
perturbation theory (DFPTYLurrently,there are everalsoftwareprogramsreleased for

this purpose such as BoltzTraP61], BoltzWann[62], EPA [63], EPIC STAR[64],
AMSET [65], PERTURBO [66] and elphbolt[67]. Among them, BoltzTraP and
BoltzWann are based on the semiclassical transport theory with the constant relaxation
time approximation (CRTA). They differ in the method of interpolating the bands: the
former uses the Fourier expansion of the band energllesymmetry being kept by star
functions,whereaghe latter utilizes the maximally localized Wannier functions (MLWF)
basis to interpolatéhe plane wave results. Although these calculations are easier and faster
than a fullyab initio method,the CRTA itself is a rough approximation because the
relaxation time, which is usually a function thfe temperature and chemical potential,
cannot be considered constaBPA usesthe electronphonon averaged approximation to
calculate the electron energy relaxatiime induced by electrgphonon coupling. The
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coreideaof the EPA approximation i® change the complex momentspace integration

in the relaxation time expression into an integration over energies throemacing
momenturadependent quantitiesith their energydependent averageBhe program can

be combined with BoltzTrap tealculate the electrical transport coefficients. The results
of testing on half-Heusler compounds show reasonable agreement with experimental
valuesat high temperatussEPIC STAR usesthesoc a | | e d -dép&ndemtrPhonen

and Impurityl i mi t ed Carri er Scattering Time Appro
electronic relaxation time. The electrphononscattering process is split into two parts:
the shorrange scattering antié¢ longrange scatteringlhe shorrange electroqphonon
interactions are described numerically usitfte generalized Eliashberg function

| "O'0h , which depends on both electron endfgand phonon frequenty. The long

range polaoptical phonon scattering and impurity scattering are trasgegdyanalytical
expressionsThe whole calculating process is relatively fast and the time is mainly limited
by the DFPT calculation. The method is validated on severegpresentative
semiconductors and shows quantitative agreement with experimental measufements
both polar and nopolar, isotropic and anisotropic materigd$1SET (Ab initio Scattering

and Transport) calculates the scattering rates using the momeastaxration time
approximation (MRTAYor the Boltzmann transport equati(BTE). The method extends
existing polar and nepolar electrorphonon coupling, ionizenpurity, and piezoelectric
scattering formuls for isotropic band structures to support atrigpic materials. The
program has been tested on a wide range of semiconductoegyeaament of mobility

with experiment improwve significantly (Spearman rank coefficient= 0.93), compared

with theresults obtained by BoltzTraps€ 0.52).PERTURBOusesafully first-principles
approach to calculatthe electrorphonon coupling based dhe DFPT andemploys an
iterative solution of the linearized Boltzmann transport equation. However, in order to
make the calculations converge, the elecpbaonon maix elements need to be computed

on extremely densk- and g-point meshes in the Brillouin zon®Z), usually having
millions of points. Although it usethe Wannier interpolation tanap matrix elements

calculated on a coarse grid into a fine grid, still the multistep construction procedure for
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the Wannier functions an@ huge number of grid pointshakessuch calculationsoo
expensiveTherefore this methodchasonly beenused to stug highly symmetric systems
with a small number of atom§68i 70]. The method implemented ifp&bolt is even
beyond that in PERTURBO it solvestheelectronphonon coupled BTHEssingab initio
methods. Specificallythere exists a momentumixing betweenhe electrons and the
phonons in real transport situatgmwhich cause both particles to move under the influence
of external fieldsTherefore, instead of only solvirigetransport equations for electrons,
this program solves four transport equationdfath electrons and phonomselectric and
temperature gradient fields at the same tiBecause of that, such calculatoare
prohibitively expensive even for very simple systems, such ag7%&i Besides the
mentioned methods of calculating the transpooperties, there is another, much easier
way based on the deformation potential theory.

In 1950, Bardeen and Shockley proposed the deformation potential theory to calculate
mobilities in norpolar crystal$71], which is based cassumptions thaheenergy surface
is isotropic,theelectrons only interact with the acoustic phonon md@eanglong wave
lengths, and the local deformations produced by the lattice waves are similar to those in
homogeneously deformed crystals. Therefa matrix element of the interaction between
electrons and phonons can be formulated with a key parameter, the deformation potential
constante;. This constant can be calculated from the variation in the energy band edges
with the lattice constant. Late Herring and Vogt hdigeneralized this theory to include
anisotropy in the scattering processes for semiconductors with multiple nondegenerate
band edgefr2]. The energy surface for each band edge point is assumed to be ellipsoidal,
whereas the strengtbf the electrorphonon interaction is still characterized by the
deformation potential constant. Howevém, this generalized methodhdre are two
deformation potential constant&s and E,, and they can be obtained from fitting
experimental data. The tnors applied this method to calculate charge carrier mobilities
in n-type germanium and silicon, and the results were in reasonable agreement with the
observations. Based on the generalized Kane band model and perturbation theory, Ravich

et al. have devebped a method to calculate the transport properties and amhdhee
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experimental data in lead chalcogenidés,74]. In this method, four scattering
mechanisms, including acoustic phonon scattering, polar optical phonon scattering,
impurity scattering, ah collisions between carriers, are mainly considered, and all
necessary parameters can be obtained from experiment. The calculated transport
coefficients showed quite close agreement with the experimental values in a wide range of
temperatures and carrieoncentrationdMany applications have been developed in recent
years on t he b a s[755/8],wdrifyiiyatsreliabiith s met hod

1.2.2.Lattice thermal conductivity

Calculation ofthe lattice thermal conductivitis computationally demanding because it
involves multiplephonon scattering processes. Currently, the methods most commonly
usedin such calculationare based osolving the phonon Boltzmann transport equation
(PBTE), for which the most conventional waytd use the relaxation time approximation
(RTA) along with the Debye approximatioBuch solution involves calculation of the
phonon frequencies, group velocities)d harmonic and anharmonic interatomic force
constants (IFCg)79]. Althoughthe density tinctional theory (DFT) is a convenient tool
for accurately calculating the interatomic interactions in many cases, obthigirgrder,

at leasthe thirdorder, force constants used in the description of anharmonicity in pfionon
phonon processes is stilne-consumingThis approach has been implemented in several
software packagesincluding Phono3p)[{80], ShengBTE[81], and ALAMODE [82].
Alternatively, the lattice thermal conductivitgan be calculated directly using the
temperature gradient from thememguilibrium molecular dynamics (MD) simulation at a
given heat curreriB3,84] or from the equilibrium MD simulations using the Grééubo
method[85,86]. However, the MD simulations need a large unit cell to take into account
the finite size effect and lang simulation time to converge the autocorrelation function.
Moreover these methods require very accurate force fialdspecified conditionsf
temperatureand pressure which are usually lacking for most of inorganic compounds.
Besides the methodsemtioned above, some seempirical modelsould alsobe used.

For example, as implemented in AFLOGMGL [87], the lattice thermal conductivity can
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be calculatedisinga model proposed by SlafB8]. The required input parameters #re
Debye temperature and Griineisen parameter, which can be caladatgdhequast
harmonic Debye modeTl'he predicted lattice thermal conductivities for compounds with
different structural typehave high correladin coefficients withthe experimental ones
(average 0.88)Anothermore widely usedgemiemprical modelis the DebyeCallaway
model.

In 1959, Callaway proposed a solution for the PBTE based on three assurfg8jons
first, only four scattering mechmsms are considered, including point impurities (isotopes
disorder), normal threphonon processes, Umklapp processes and boundary scattering;
second, all phonon scattering processes can be represented by fredpmerayent
relaxation times; third, the ystal vibration spectrum is isotropic and disperdiae.
Based on this moded_ of germanium was calculated in the temperature ré&oge 2 K
to 100 K. The results showed reasonable agreement with experiment for both normal and
singleisotope material. AsenPalmer [90] modified the Deby&allaway model by
accounting for the contributions of longitudinal and transverse acoustic branches
differently. In addition, this approach uses six freely adjustable parameters for longitudinal
and transverse modes miude the anharmonic effect and contributions from the boundary
and isotope scattering. Unfortunately, these models lack the predictive pevaeis¢hey
incorporate parameters that are either fitted to experimental data or freely adjustable.
Morelli et al. [91] modeledthe lattice thermal conductivity and isotope effect in Ge, Si,
and diamond using an approach similar to that of Azgmer. However, they used the
known phonon dispersion relations of these crystals to derive all the necessary parameters
except the Griuneiseparameter. Recently, Zhaj§2] hasdeveloped a firsprinciples
DebyeCallaway approach where all the parameters (i.e., the Debye tempédrgiooaon
velocity 3, and Griineisen parametey can be directly calculated from the vibrational

properties of ampounds within the quakiarmonic approximation.
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1.2.3.High-throughput screeng for thermoelectric materials
With the advance of theory and growth of computing power, materials research and
discovery based on firgtrinciples methoslare becoming popular. This approach has been
used in many research fields and te interesting discoverig®3i 95]. The first high
throughput search for thermoelectric materials was done by MadsegBoltzTrap[96].
In this work, transport propertiesf 570 Sbcontaining compounds were assessed and
LiZnSb was identified as a promisimgtype candidate. Later, Yareg al used the same
methodo study 36 halHeusler (HH) compound&n the basis ofe calculated maximum
power factorsthe researchersuggestd Co-, Rh+ and Fe based HHs ag-type, and
LaPdBi asn-type prospective material97]. Zhu et al used the same methaal screen
~9000 materialsn the basis of thiglaterials Project databaf&#8]. They identified trigonal
andtetragonal TmAgTeas potential candidates withe ZT values around 1.8 at 600 K.
Laterthe authorsynthesized trigonal TmAgt@&nd showed, although it tia very low
thermal conductivity, the highe&T achievedwas 0.35because othe limited hole
coneentration. Carreteet al have combined the Boltzmann transport theory wikie
constant mean free path approximation (CMFP) to study the thermoelectric properties of
75 nanograined Hidompoundg99]. Five candidatebave beendentified for room and
high-temperature applications, respectively. &i al have combined the Boltzmann
transport theory withithe constant electrephonon coupling approximation (CEPC) to
calculate the electrical transport properties of péype diamonedike chalcogenides
[100. They havefound that vacancgontaining chalcogenides, such as G@iea and
Znin,Tes, could have high thermoelectric performance. One of the variations,
Cd:CwslnsTes, was synthesized and show&livalues above 1 at high temperature
Besides these avks which calculate thermoelectric properties directly with all kinds of
approximation, there are also other works based on-aepirical moded to screen the
materials. For example, Toberer al have proposedthe descriptorbse to quantify the
materid 6 s p ot e ndTwleh appraprateli dopgi0]]. bse is composeaf the
room temperature intrinsic charge carrier mobidigyand lattice thermal conductivity,

both of which can be computedsing semiempirical models. &stsshowed that good
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thermoelectric materials are correctly identifiedtfassewith large values obsg. Using

this descriptor, theesearcherhave studiedthe thermoelectric properties of 518 binary
A1B1 compounds and 427 biyaguasi2D compounds successively, and found many
promising candidates that chaot been previously considergt02103. Jia et al.have
proposed two descriptord the electrical descriptoe and the lattice anharmonicity
descriptoro d in order to charderize the power factor and lattice thermal conductivity,
respectivel)({104]. c can be calculated using the deformation potential theory and the rigid
band approximation, while can be evaluated based on the variation of the elastic
properties with the y\ame. The authors screened 243 binary semiconductor chalcogenides
in the database using the two descriptors. 50 compdawisbeeidentified as promising
thermoelectric materials with both good electronic properties and low thermal
conductivities. Amonghem, 9p-type and 14A-type materials were new.

The methods mentioned above have been widely used and led to many discoveries
However,someissue remainwithin them. For example, both CRTA and CMFP assume
the electronic relaxation time is energyi@pendent anbasthe same constant value for
different materials. The accuracy of such assumptions has always been questioned.
Moreover, in all of these higtihroughput worksthe lattice thermal conductivityalues
are either taken from experimentdf already known materials or values calculated by

simple andempirical models are used.

1.3.Research Contens of This Work

Thermoelectric researches have made great progress in recent decades. However, the
current energy corersion efficiency and manufacture cost still do not support massive
application. A material witlahigherfigure of merit and lower cost is always desirable. On

the other hand, although several computational tools can bewsedtly tocalculatethe
thermoelectric related transport properties, these @m@sinsuitable for rapid screening of

large databases of materialgh the purpose aflentifying promising candidates for more
in-depth experimental analysiSuch calculatiomhave to balancevell be&ween speed and
accuracy.Therefore, the work in thithesisaims to achieve two goals: first, develop a
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softwareprogramfor calculaing the transport properties quickly and accurately; second,

screen materials in a database to find novel compounds withiging propertiesthus

providing guidance to the experimerpecifically, the research contents of this work

includes

1. Developng an algorithm for calculatinthelattice thermal conductivitgn the basis of
theDebyeCallaway model;

2. Developng an algorithm for calculatinthe electrical transport properties the basis
ofRavi c ho[8374no d e |

3. Using the developed softwargorogram to calculate the figure of merit ZT of
chalcogenide compoundtskenfrom the Materials Project database
Procesmg and analying data;

5. Writing thethesis.
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Chapter 2. Methodology

This sectionntroduces the mathematical model used in the resgaotihding he moded

of the lattice thermal conductivityand electionic transportproperties the calculating
procedures, thespecific implementation in olkICON program,and theresults of their
testingon carefully selected sets wiaterias.

2.1.Model of Lattice Thermal Conductivity

2.1.1.Modified DebyeCallaway model

The commonlyused formulasof the DebyeCallaway model, which was proposég
Morelli [91], only include contributions from acoustic phondes|. 2.1bi 2.1c) We
update the fornmulasby adding the contribution from optical phonohecause they are
important at highegmperature and in compounds with complex strudiege 2.1e) The
total lattice thermal conductivity is the sum of the contributions fromthe acoustic
branches (one longitudinala, two transversera andar Anand one pseudoptical branch

90
K= f+ <k txk § (2.
k= k+ kG =TA TA, LA) (2.
i A X
k,lzlclT”g"TtC(X)xze dx (2.
3 (¢-9)
e &
i X o
e-1
ka=5CT ; fi((x)x)4ex H (2.
ﬁ(;;,/T C, 2dX
f () &((e- 1)
1 N, .80, 8 o8, 25 |
k. == 3)—k, f E 1 & 2 .
o 3(3p S)VkB Eéﬂ? géclg I‘S i (

In these formulas,di is the Debye temperature for each phonon brarch,

QFc* 20 andw 9 FQY where is the Planck constanks is the Boltzmann
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constanty is the phonon frequency, aads the phonon velocity for each branch;
is the scattering rat the normal phonon procesd;, is the total scattering rate of all
the resistive scattering processay] T T T . According to Callaway,

T shouldbe equalto the sum of the scattering rates of the phdpbionon Umklapp

scattering, isotope point defect scattering, scakteringon the crystal boundary. In our
model, only th&Jmklapp scattering and isotope scattering are considered, sd that

T T . For most practical applications likdhermoelectricity where the
temperature is usually above 300iis reasonable to omit boundary scattering because it
becomessignificant only at very low temperatures, usually tens of Kehfusther,p is
the number of atoms iaprimitive cell, thus 1 3 is the number ofhe optical phonon
branchesN is the number of primitive cells (usually,= 1),V is the volume o& primitive
cell, 30 is the average velocity ahoptical phononlUe is the Einstein temperatuaad he

functionfe is the secalled Eirstein function.

2.1.2.Phonofiphonon normal scattering

Although the normal phonon scattering is not a resistive process, it can redistribute the
momentum and energy among phonons and influence other resistive scattering processes
(such as the Umklapp scatterjnd-ollowing the approach of AsdPalmer[90Q], the

appropriate forms fathe longitudinal and transverse acoustic phonons are

85 (%) 5}:5;%%%8 g (2.2a)
and
gr;(x) %%@ (2.2b)
with magnitude®8n depending on the phonon veloc&and Griineisen parameter

kig?V
B“L':MBh;nS (2. 3a)
and
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M h’2; ( )
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whereM is theaverageatomic mass in the crystal ands thevolume per atom. A more
general case and further discussion iactuded in the Appendix of Ref9]]. For the
optical branch, wassume the same formula astfar longitudinal acoustic branblecause

of simplicity and consistency.

2.1.3.Phonofi phononUmklapp scattering
The phononphonon Umklapp processes dominate at high temperatures, following an
exponential behavior. According to More[®1], the Umklapp scattering rate fohe

longitudinal and transverse acoustic phonons is:

grg,(x) gzaggi gszBe""’sT (2.4a)
¢h =

where

. hg

i —_Ng 2.40b

B Mn? g ( )

The Umklapp scattering rate thus dependtheebye temperature, phonon velocity, and
Gruneisen parameter of each branch. Again, we assume the optical branch to be described

by the same formula as the longitudinal acoustic branch.

2.1.4.Phonoriisotope scattering
According to Klemen$105], the scatteringate of mass fluctuation due to the presence of

isotopes should take the form

" 1 VKIG .,
gl(x) 8:410;84,3)(1- (2.5)

Therefore, the isotope scattering rate also depends on the phonon velocity. The mass
fluctuation phonon scattering parameterfor a single elemdncomposed of several

naturally occurring isotopes is
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G:ac'gm—mmi (2.6a)
where

m=g ¢m (2.6b)

Here, m is the atomic mass of thigh isotope and:i is the fractional atomic natural

abundanceFor a compound includinyg different elements,

by
{o]

G(AB..) :NEE‘ M.

0 A M,
S 0O tEw . - (2.7

whereM; (i=A,B, é) denotes the average atomic mass

2.1.5.Specific heat

The specific heat is usually calculated usingDebye model, which is only suitable for

the acoustic branches. For structures whose primitive cell contains more than ong atom (
> 1), a more accurate method would be using the Debye model for the aboarstices,

andapproximating the optical branchesingthe Einstein model. Then, the specific heat

is
aco N : D
_3VkaDé§%; (2.8a)
ont N, &R |
o =(3p -3)VkaE%% : (2.8b)
¢
3., V'€
fD(X):Fnoy d{ (2. 8¢c)
o
and
()= (2.8d)

whereUp is the Debye temperaturbg is the Einstein temperatury,is the number of

primitive cells,fo andfe are the Debye function and Einstein function respectivelthis
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way, & high temperature T >bJg, feis approaching 1, the contribution of each optical
phonon brancto specific heat i&s/V, which isin consistent with classic&@ulongPetit
law. At low temperature, T <¥g, fe decreases exponentigliwhich means the optical
phonons are hardly to be ébed, thus their contribution to specific heat can be omitted.

Such a way to process optical phonons is rarely used in previous methods.

2.1.6.Debye temperature, Grineisen parameter, and phonon velocity
The lattice thermal conductivity is a function of the Peliemperaturef, Grineisen
parameters and phonon velocityg; of each phonon brancfhese parameters can be
readily obtained from Phonopsoftwareusing supercell method or finite displacement
method106]. ForthebranchDebye temperature, veelecedthe highest frequency of each
branch to calculaté:
a = hw™

i K,

(2.9)

The Debye temperatukép in eg. (2.89 could, in principlebecalculated from the specific

heat at low temperatures or, equivalently, from the elastic constdntsever, this

determination is implicitly based on the assumption that acoustic frequencies depend

linearly on the waveector, and will overestimate the maximum acoustic frequency. Here

we determine the Debye temperatures from the maxichofithe thre acoustic branches,

which givesUp somewhat lower than standard values of the Debye temperature.
Thephonon velocity and Griineisen parameter of each branch are calculated using a two

step averaging. The results of the Phonopy calculation ofptimmon velocity and

Gruneisen parameter are funcsarf the band index and wavevectorq: 3(i, q) and(i,

g). The first average is taken within each high symmetry path of the same branch:

v(i, )=v(i.q) (2.10a)

g(i.)=g §.9) ¢ (2.10b)

wherej denotes a different high symmetry path in each branch. The second average is taken

from these high symmetry paths:
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(2.11a)

(2.11b)

wherem is the multiplicity of each path, a value rethte the symmetry of the structure.
We did not use all the optical branches in the thermal conductivity calculations. Instead,
to correspond with the Einstein model and
correction to the originaCallaway model, we useil p s eoupdtoibramch, which is an
average oéll the optical branchesle in egs. (2.16 and (2.8b}s the characteristic Einstein

temperature of thif p s eaupdtoi bramch. o

2.2.Model of Electronic Transport Properties

2.2.1.Semiclasgal transport theory

Electronic transport propertissan be computedh the framework of the semiclassical
BTE. Assuming the material is homogeneous and the relaxatiorJisriadependent of
the direction othecrystal momentunk, when the external fié is weak, according to the
relaxation time approximatiorR{TA), all the transport coefficients can be expressed in
terms of some averaged quantitieamely<Uz> [73),

ﬁ%ﬁ E £(2) @qksdz

('2)="8 EZ% “rfnd (2) § (2.12)
N& . gﬁjd
where’Q pj A 7 p is the FermiDirac distribution function;d -j Q"Yis the

reduced band energy is the Boltzmann constarf,is the temperature * is the density

of states (DOS) effective massthe band edge, whilé * is the DOS effective mass at
energyz, | andq are constantdhe parameterg k andd * are all functions of, and their

detaikedexpressionaregiven later.
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Therefore, the formutafor the carrier mobility €, carrier concentratiom, electrical
conductivityd, Seebeck coefficiertd, Hall factorA, Hall coefficientR, Lorenz numbet.,,

andelectronic thermal conductivitge are:

_elt)
== (2.13)
(i k1) 24w g a2
30%h° ro]éeE gz /922) dz (2.14)
S =ner (2]5)
=z - P ) 2.16)
MM@ (2.17)
(2K +1)° (z)
=e—/; (2.18)
_ak, 7)) t2) o 219
~TF § 0 6 b 219
k=L s (2.20)

whereei s t he el ementary char gedklhigdthereducesl t he Pl
chemical potentialt * is the conductivity effective mask;is the ratio of the effective

massi- &, reflecting the anisotropy of the band

2.2.2.Modified Kane band model

IntheKane band model, the constant energy surface for any evetgyisassumed to be

ellipsoidal. It is also assumed that the longitudinal and transverse effective masses of
electrons and holes are governed by the interaction of the lowest conduction band with the
highest valence banavhereaghe contributions of other bands are negligibly small. This

modd is also calledit vo@ando model . The relationship bet

momentum iexpressed g5 3,74]
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21,2 2102
LSS -

{
AR £ (2.21)
m, 2m, éﬁ e

y
here(y is the band gap and'Q are the transverse and longitudinal components of the
momentumk; a* anda< are the transverse and longitudinal components of the
effective mass tensor at the band edge. The part in parentheses indicates the

nonpaabolicity of the band. Then, the energy dependence of the effective mass is
. : 2e g s
m=m @ £= g #(1 263 (2.22)
(; -

with b= ke T/, i denoes’ or U. The DOSeffective masss expressed as

1/3

m = Ny =N°(p ) (2.23)

whereN is the degeneracy of the band due to the symmeélrg.conductivity effective

masss
1 181 1 (2.24)
m, 385m, m ¢

Whenthe effective masis known thevalue ofthemomenturnk can be defineds

(2k ™),

k(=1 8A1 43 (2.25)

and the density of states is

2T i
r(2)= %gzl (L+m F(1 2 4 (2.26)
Al t hough the mbdedoi modal | esdo Mmthewalencelsandb ands b
maximum(VBM) andconduction band minimurfCBM) should also be considered. For
example,in p-type PbTe, there is a second band near the VBM in energy and this band
becanes dominant at high temperatsdn our model, one more band canthken into
accountfor n- or p-type situation if it exists. Such a second band is assumed to be
independent athe CBM or VBM.
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2.2.3.Scatteringnechanisms fatherelaxation timeof electrors

Three scattering mechanisn@& acoustic phonon scattering, polar optical phonon
scattering and ionized impurities scatteriigare considered heravith corresponding
relaxation timestico, Wpt, Ghnp. The total relaxation timis the sum of these relaxation times

according to Matthiessenods rul e:

1 1 1 1
—_ = = 4 (ZZD
Uk of

Here we onlypresent thefinal expressions for ehcrelaxation timeand discuss the

imp

parameters involved and application range of each mechanism. Detailed derivations can be
found inthe literaturg73,74].

2.2.3.1 Acoustic phonon scattering

At high temperatures and carrier densities, scattering by acphsinons predominates.

The strength of the acoustic phonon scattering can be represented by the deformation
potential constantandthe correspondingelaxation time is almost isotropic. The main
expressiotior this type of scatteringgasoriginally provided by Bardedi71] and is widely

used. Ravich added the effect of band nonparabolicity as well as the dependence of the
matrix element of the interaction of carriers with the acoustic phonons on the energy in the

nonparabolic region. Th@fmula is given by74]

, € !
RO & z[zl(zb&;) | (2.28
where? is the deformation potential constantjs the elastic constant related withe
longitudinal and transversea@ustic wave velocity. The factor in brackets describes the
energy dependence of the squared matrix element of the elpbimoon interaction.
2.2.3.2 Polar optical phonon scattering
In a polar crystal,at some temperatures the polar scattering by -\eagelength
longitudinal optical phononshowsapproximately the same temperature dependence as
the acoustic phonon scattering. The polar scattering is strongly inelastic at low
temperatures. However, it can be gDelyar ded

temperature, and the relaxation time concept can be used. As in the case of the acoustic
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phonon scattering, nonparabolicity should be allofeedVioreover, free carrierdecause
of their highdensityin real applications, screen the electric digiroduced by optical
vibrations in polar crystals. This screening effect reduces the strength of the polar scattering

and should also be included. The formula for the polar scatterjiid]is

1 _2”2kBTe2nj0”2(e;1- d91) 1+ 2b7

tOPt(Z) hz(ZKS T)llz (1+ b 31/2 (2 29)
é‘ o ~ 122 é ° i .
18 gnd 1 g2o(z+ &) 1824 2% 1B +

ig é% d gﬁ (1+262° & w, %

where(y and($ are the higkHrequency and static dielectric constant; ¢'Q with

the screening radius of the medium with3,

rf:M (2.30)
&,
In theoriginal formula proposed in ref. [74], the density of state in the abgyg)jsvhich
is aFermi integraof J (z). Howeverwe found thatusingj (e) would make the calculation
of <& in eq. 2.12 extremely slow due to the appearance of double intéByathanging
to J (2), the results just have small difference, while the computing sisesdproved
several order of magnitude.
2.2.3.3. lonized impuriies scattering
Scattering by ionized impurities and vacancies is the dominant mechanism at very low
(liquid helium) temperatusein highly degenerate samples, whichdscribed by the

formula[73]

AN (14
timpl( 3:29 N (3; ;iz) i (2.31)
w h e r @) isi@ihé logarithmic factor:

F(d)=m(1+¢) (1 ) (2.32)
with cQi androisthe screening radiud a medium witlthedielectric constant

. In highly degenerate samples,

rf:“peT’()z (2.33)
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wherej (¢) is the density of states at theduced chemical potential kr is expressed in

terms of the carrier concentration fareovalley

szg% g (2.34)
En &

In the simplest casehé concentration of carriers is equal to the concentratiompuirities.
Notethat Ul is a function otthe chemical potential directly, which is different frodso
andUp. In the implementation of this codim, get the total relaxation tim&lc,andW: are

first added and applied ieg. (2.12 to transform to a function dhe chemical potential,

the resultsarethenaddedto Ghnp.

2.2.3.4. Deformation potential constant

The ceformation potential constant is a key parameter for the relaxation time of the acoustic

phonon scattering. It care calculated as:

_DEy
X, o, (2.35)

wh e r By istthe energy differencef the band edge at different volumeV; |vdp the
dimensionlessolumetricstrain. Wherthis strainis small,it can be assumed that the same
band edge belonging to different volumes has the same reference energy; thus, these
energies can be compared directfpr a given materialhtee calculations of the band
energiesre requiredone at the equilibrium voluméhe other twaould bedoneat slightly

smaller andarger volumes. Therysing our code the calculatons of the deformation
potential constant of each band edga be donautomatically.

2.2.3.5. Elastic constant

The elastic constautis also an impdant parameter for the relaxation time of the acoustic
phonon scatteringdnlythel ongi t udi nal acoustic wave was cc
and this leads to @@mmony underestimation ofhe scattering rate, thus, overestimation

of mobility accordingto our test. ldre we take into account contributions from both
longitudinal and transverse acoustic waves. Using the Memiss Hill approximation

[1071 109], the bulk modulu® and shear modulus can be calculated:

9B, =(C, +G, &) 20C £ & (2.36)
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15G\/Z(Q1 +gz {a\) ('9 2@ 3Q}3( 4'53 55C+6)5 (2-37)

gl € %5 3 (2:38)
cTUn e 9 s 3 A S S (2:39)
BEJ%;&) (2.40)
G = (GR; G) (2.41)

whereC and S are the elastic constant mataxd its inverse matrix. Then the acoustic
phonon velocity can be obtained

AR +4/3

L%g%+i Jigz (2.42)
C -

3; -%3“— g (2.43)
(; -

1 1&1 2

Z == 2.44

o .

where} is the mass density of the compound sqds the average phonon velocity. The
directionaveraged elastic constanis calculatedas

c=rv (2.45)
2.2.3.6. Effective mass of the band edge

Under an external electric field, the effective mass of a charge carrieimsdias:

41 §_ 1y En(k) _
%F Jg_hZ uka‘ ! =x.,Y¥.,z (246)

wheretheindicesi andj denote reciprocal components, dfk) is the dispersion relation
of then-th band. The derivatives can be evaluated numerically, tisafmite difference

method.The explicit form of the righhandside symmetry tensor &q. (2.46) is:

45



SAE FEFE
% dk? dk.dk,  dk dk
d’Ek) _E ’E  FE FE
2 -
dk g@d@ d¢  dk dk
& d°E d’E odE
Rk dk  dkdk dk]
where second and mixed derivatives are evaluated oipdive stencil, with error of the
order ofO(h%).

The above methods have bemplemented inheEffective Mass Calculator (EM@)10].

(2.47)

| A -

In our program,we modified the original EMC code to obtain the effective masses

internally during the calculation of the transport coefficients.

2.3.Implementation

2.3.1.Workflow and technical issues

The above modelsf the lattice thermal conductivitynd electrical transport properties
have been implemented MICON program[111112], which is writtenin Python3
programmindanguage. The program is open source under the GNU general public license
version 3 (GPLv3)The curent version is developed and maintained using Git and is
accessible dtttps://github.com/Baijianlu/AICON2.gifThe code can be run on computing
clusters or personal laptoprheprogramcan be called from a commadide interface or

from a script.

Fig. 2.1 shows the workflow of calculatinige lattice thermal conductivityThe main
inputs for AICON are POSCAR, band.yaml and gruneisen.yaml files geneteied
Phonopy combined witlDFT software,from which AICON can extractthe phonon
dispersion cwes, phonorvelocites and mode Grineisen parametddoting that the
phonon curves an@riineisen parametesfiould be calculated on high symmetry paths as
AICON suggests Additional settings, such athe temperature, can be specified as
commandine argunents.

Fig. 2.2 shows the workflow of calculatirige electrical transport propertieshe kand

structure calculation at three different volumes is for determthiedeformation potential
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constantsThe dfective mass calculation is for determiniaifective masses at CBM and
VBM (and thesecond band ifit exists). The delectric constant calculation is for
determining the high-frequency and static dielectric constant$ie dastic constant
calculation is for determininglastic constant tensor. After these calculatemedinished,

the resulting files (such as vasprun.xml) should be collected in a directory and the naming
rule should be exactly the same as the examples distributedhgithrogram Then,
AICON can be céd¢d to calculate the transport propertgiher froma commaneline or

python script Additional settings, such abke temperaturendcarrier concentratigrcan

be specified at the same time.

The program stores results as pandas.DataFrame objeéch, itilexible and easy to
manipulate, analyze, and plot the data. It can also be saved in any file format supported by
pandag113].

When calculatinghetransport properties using AICONe mosttime is spent on those
DFT calculations for obtainmmkey parameters. For exampde Jeast 13 DFT calculations
need to be doneefore calling AICONto calculatethe electrical transport properties
Although each othese calculationis relatively simple, managing the workflow becomes
an intensive task, with involves checking the results of each step and copying the
necessary files from the last step. To alleviate this problem for-thighghput
calculatiors, in AICON we also implemente automatic workflow tools based on
pymatgen[114], Atomate[115 and FireWorkg116]. The users only need to provide
structural files and some necessary settings for each DFT calculation, then the whole
wor kfl ow can run automatically. Besi des,
this way.

Installation ad usage of AICON are documented in the user maandl examples

distributed along with the source code package.

a7



Structural optimization | VASP

|

‘ Relaxed structure )

Phonon spectrum Griineisen paramenter
calculation Phonopy + VASP calculation
band.yaml AICON2

(phonon.py)
Modified Debye-
Callaway model

Lattice thermal conductivity

Phonon relaxation time
Specific heat

Figure2.1. Workflow of thelattice thermal conductivity calculatiemsing AICON.Gold
boxes represent steps of the calculation, blue boxes for the results ofstepsegand
computer programs are denoted as black text outside of the box.
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Figure2.2. Workflow of the electrical transport properties calculation using AICGHNd
boxes represent steps of the calculation, and computer programs are denoted as black text

outside of the box.

2.3.2.Testingof themodel of lattice thermal conductivity

The model wa tested on a data set containirg@vell-studied compoundshe list of
materials includes semiconductors and insulators that belong to different structural
prototypes, such as diamond, rocksalt, and fluorite. Meanwhile, to maximize the
heterogeneity ofhie data set, materials are selected containing as many different elements
as possibleThe comparison dhecalculated and experimental valuesofs summarized

in Table2.1 and Fig.2.3. Two statistical quantities are used to measure qualitatide
guantitative agreement between the calculated and experimesidts (Table2.2). The
Pearson correlation efficientr, which is a measura the linear correlation between two

variables X andy, is
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The rootmeansquare relative deviation (RMSrD), which is a measure ofjtiaatitative

(2.46)

difference between two variables, is

(2.47)

Lower values of RMSrD indicate better agreement

As shown in Tabl@.2, thecalculated resultstronglycorrelate with experimentahlues
(Pearson cdécient is 0.9999). However, the RMSrD valigeratherlarge. In order to
reduce the RMSrD value, we introducesdcale factor, which can be obtained by doing
theleast squaEfitting between the experimental and the calculated g4kig.2.3). The
factorvalue we calculated is 0.6037. Therefore,dbeectedattice thermal conductivity

can be calculated as,

k=wi{h +k &k o} (2.48)

The calculatedvalues of the lattice thermal conductivigking intoaccountthe scale
factor are listed in Tab[2 1asacacor The Pearson correlationefficient and RMSrD were
againcalculated andhown in Tabl€.2 Ther value doesti change, wareaghe RMSrD
valueis reduced to 50.13%, much lower than that without scallifge testing results
suggest that it would be better use this scaling factor if a compound has high lattice
thermal conductivity, while not use it if its lattice thermal conductivity is already quite low
(8cal < 2 WA 1K1 at 300 K. In this way, the RMSrD could be redudesither to~ 30%.
Note that this scaling factor is just used to match the calculated results with experimental
values axloseas possibleThe factor itself is flexible and the users can train their own
values according to the materials they study.

Fig. 2.47 2.6 show tlk calculated lattice thermal conductivity compared with
experimental values and othab initio results for three typical compounds in a wide

temperature rangdl) diamond,an insulator with very high thermal conductivit{2)
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silicon, the most studiesemiconductor witimedium values othermalconductivity, (3)
SnSean anisotropic crystal with extremely low thermal conductivityes casedurther

validate the robustness and accuracy of our method

Table2.1. Calculated and experimental lattice thermal conductj8®y117,118] of the test
compounds atAK?'B®&gs the expeviAemtal valuesais the calculated value
without multiplying scale factogca_corS thecalculated value with scaling

Form e x p oc al dal _cForm 9e x p oc al cal
C(Di 2203851 2325 Nal 1. 8 1.9 1.1
Si 141 225. 135 PbS 2.9 2.6 1.6
AgCl 1 0.5 0. 3 RbBr 3. 8 1.5 0.9
BaO 2. 3 7.0 4. 2 Rb I 2. 3 0.9 0. 6
CaoO 27 49.,: 29 . Sr O 12 24. ¢ 14. ¢
KBr 3.4 2. 4 1. 14 CdJF 4 . 3 3.7 2. 2
KCI 7.1 4 2. 4 Sr Ll 2. 3 2.8 1.7
Kl 2.6 1.2 0.7 MgSi 12. 1 22.°%¢ 13. ¢
LiF 17. 27. 2 16. ¢« MgGe 15. 33.¢ 20. ¢
LiH 15 55.1 33. 72 M@Sn 11. 16. C 9.6
Mg O 60 108. 65. ¢ CalF 9.7 11. ¢ 7.2
NaBr 2. 8 3.3 2.0 CeD 10. 13.2 7.9
Na Cl 7.1 6. 6 4.0 ZnoO 37. 31. (C 18. 7
NaF 16. 21.¢ 12. ¢ SnSe¢ 0.7 0. 3 0.1

Table 2.2. Root mean square relative deviation (RMSrD) and Pearson correlations
coefficientr for the calculated results

Sca | S9cal _co
r 0. 9999 0. 9999
RMSr D 85. 77% 50. 13
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Figure2.3. Calculated lattice thermal conductivity versus the experimental values for test
materials at 300 K. A red line shows the fitting values obtained by multiplying the

calculated values by the scale factor
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Figure2.4. Lattice thermal conductivity of diamond calculated using our method compared

with the experimental and full ab initio calculation results.
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Figure 2.6. Lattice thermal conductivity of SnSe calculated using our method compared

with the experimental and full ab initio calculation results.
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2.3.3.Testingof themodel of electrical transport properties
In order to further test the accuracy of our model, we calcuthtecharrier mobility and
Seebeck cdé cient for 17 common semiconductond compared the results withe
experimental values. Thestsetincluded both isotropic and anisotropic materials having
awide range of chemistries addpingpolaritiesto make itrepresentative. A summary of
key parametertha we usedfor calculaing the carriertransport propertiearelisted in
Table 2.3 The range of temperatures and cargencentrations at whickhe carrier
mobility and Seebeck cliecientwerecalculated arésted in Table2.4and2.5.

Fig. 2.7 shws the calculated mobilitiesompaed with experimental values for thettes
set. The calculated valuemree reasonablyith experimentcross all materials, covering
several orders of magnitude frd@rcn?/Vs for p-type CUAIGQ at 300 K to1x10¢ cn?/Vs
for n-type GaAsat 300 K. Most exampleshow aslightly large difference at lower
temperature, while the fflerence becomesmaller at higer temperaturelhe difference
between calculation and experiment has several origins. From the aspect of the model, for
example, for electreacoustic phonon scattering, the deformation potential theory is a
rough approximation because of its basic aggions, such as isotropic crystal, elastic
scattering.Also, we only consider three scattering processes. Other pescessh as
scattering from grain boundary, could be important winilebeing included in our model.
From the aspect of the experimdnmtsults,for example, theneasured Hall concentration
could be different from real carrier concentratiém addition, the carrier concentration
could change with temperature, whereas we use el fialue from the experimental
measuremerit calculation Noting such a arrangemenis reasonablesince for extrinsic
semiconductor above certain temperature, the carrier concentration is decided by the
concentration of donor or accep{suppose fully ionized)oefore the intrinsic excitation
becomes dominant

Fig. 2.8 shows the calculated Seebeck coefficients against those obtained
experimentally. Again, reasonable agreemetith experiment is achieved for these
samplesThe reasons for deviation betweamlculation and experiment are the same as the

above.
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Table 2.3. Key parameters of the test materials at the CBM and VBbfiductivity
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Figure2.7. Calculated and experimental carrier mobility values for the test materials at
temperatures and carrier concentrations specified in Table 2.4.
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Figure2.8. Calculated and experimental Seebeck coefficient values for the test materials
at temperatures and carrier concentrations specified in Table 2.5.
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2.3.4.Testing of the figure of merit
The above shows the tests for model of lattiegmal conductivity and model of electronic
transport properties, respectively. Howevtre thermoelectric figure of merit is the
combination of these quantities; thus, how accurate of the program for this combinatorial
propertyAwe calculated thégure of meritfor 3 well-known thermoelectric materiadsd
compared the results with the experimental vallibs. Table 2.6 lists the compounds and
their experimental conditions.

Fig. 29 shows the calculatdyure of meritcompared with experimental values for the
tesing set. The situation could be quite different for different compoukds. example,
for PbTe, the calculatedT matches with the experimental values quite well for beth n
type and ptype transportt-or SnSethe calculation agrees with the experiment well below
700 K. Above 700 K, the differ e®nBegoebecomes
through a phase transition frdiiphase (s.g°nma to b phase (s.gCmcn) at around 700
K; second, the concentratiof holesincreases due to thleermal excitation instead of the
constant value (3.3e17 cihused in the calculatiotHowever, if using a higher hole
concentration (5e18 cf from the experimental measurement) tphase SnSe, the
calculatedZT is closeto the average experimental values measured along different
directionsin the high temperaturegange Thus, the calculation is still reasonable. For
Bi-Tes, ZT is overestimatedreatlyby the calculationlt is mainly becauseur calculated
lattice thermal conductivity is much lower than that from the experiment (for example, Cal.
0.36WA K tversusExp. 1.7WA K2, at 300 K. Moreover, BiTesis a typical narrow
gap semiconductorin which both electrons and holes argcieed at an elevated
temperature. It has been shown in experiment that the concentrations of both electrons and
holes increase greatly abo®80 K [143]. This bipolar effect diminishes the Seebeck
coefficient and increases the electronic thermal condtyctiv our method, tis bipolar
effect is not included, and the trendshagher temperatures cannot be correctly reflected.
Therefore, this case reminds us, for a compound with narrow bandgap and very low lattice
thermal conductivity (< WA K at 300 K), itsfigure of merit values are most probably

being overestimated by our methods.
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Table2.6. Temperature and doping conditions used for calculatiadigure of merit

Mat er.i Dopi n T( K) n( ) Ex p .
PbTe ntype 30i800 1.1B8° [ 77]
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Figure 2.9. Calculated and experimentdigure of merit for the test materials at

temperatures and carrier concentrations specified in Table 2.
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Chapter 3. ScreeningFor Thermoelectric Materials

In this chapterwe applied the metlds introduced in th€hapter2 to search for promising
thermoelectric materialdmongthe structuresakenfrom a databaseAn overview of the

calculationresults analist of all promising compoundare presenteldere.

3.1. Structures andFirst-Principles Settings

All structures werdakenfrom the Materials Projedatabasg¢151] on the basis ofive

search criteriafl) S, Se and Te as anions; (2) the band gap should be larger than 0 eV but
smaller than 1.2 eVbecausegood thermoelectric materials are usually narrow gap
semiconductors; (3) the energy above the convex hull line should be less than 0.1 eV per
atom to ensure thestructure is thermodynamically stable or at least potentially
synthesizable in experimental conditions; (d&londng to cubic tetragonal and
orthorhombiccrystal system(5) nonferromagnetic phaseecausehe band structures of
ferromagnetigphases neeaspecial consideration withithe DFT and are thus unsuitable

for an automatic approadtke the one used herd@hese criteria resulted iover 1000
entries out of the database. Currend3 structures(127 cubic, 38 tetragonaland
orthorlrombic) have beesent to run the transport properties calculatiothe future, more
compounds, belonging to hexagonal or other low symmetrical crystal system, will also be
calculated.

All first-principles calculations were performed using the VaeAb initio Simulation
Package (VASP) with the PerdeBurke Ernzerhof generalized gradient approximation
(PBE GGA) and the projector augmented wave (PAW) psquatentialg 1521 154]. For
structure relaxation, the plane wave kinetic energyoffutvas set @ 600 eV and the
Brillouin zone -ceaesedsesmp Witk ttie recipresphge rasolution
o f xP.03 A Kohri Sham equations were solved sathsistently wittthetotal energy
tolerance of 10 eV/cell and structures were relaxed until the maximum force became
smaller than 1G eV/A. The dielectric constants were calculated usirgDFPT [155],
and the elastic constants were calculated using the finite difference method as implemented

in VASP. To obtain the deformation potential constants of a compound, three band
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structure calculations were run: one at the equilibrium volume, the other two at volumes
larger by 0.1% and 0.2%. For compounds containing heavy atoms (Z thé&§pjn-orbit
coupling(SOC) effect was included in all banelated calculations.

The phonon related properties, includitige phonon frequency, phonon velogignd
the Griineisen parameter, were calculated using Phonopy pafks&jecombined with
VASP. The forces were kalated for a minimal set of supercells withe atomic
displacements generated by Phonopy, and then collectedtéon the secondorder
interatomic force constants (IFCs). In order to calculageGriineisen parameter, three
phonon calculations have be run: one at the equilibrium volume, the other two at slightly

smaller (0.4%) and largef+0.4%)volumes.

3.2.0Overview of the Results

For some structuredhe calculations coulthil because o¥arious reasons. For example,
since GGA is known to underestate the band gap, the calculated band gaps of some
structures with very small gapluescould be zeroln addition the eigenvalues ahe
elastic constanmatrix of some compounds have negative val8ashstructures were just
discarded. Finallythe mmplete calculations of the electronic transport properties were
finished for361 compoundg$94 cubic, 2@ tetragonabndorthorhombic)

Fig. 3.1 shows the maximum power facteith respect to the carrier concentration
reaching this maximum valder the 3@ compoundsn the temperature range from 300 K
to 1000 K A compound is thought as promising if its maximum power fasti@rger than
10 eWAMIA? (above the red line) and it will go forward fone lattice thermal
conductivity and figure ofnerit calculationsln total, we found 9 possible candidatder
either ntype or ptype thermoelectric materials. Amotigem, PbTe, PbS, PbSe, GeTe,
SnTe and SnSe are already welbwn thermoelectric materialsur calculations show

high power factor a&luesfor these compoundsvhich validates our methods.
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Figure3.1. Maximum power factor as a function of the corresponding carrier concentration
for the studied compounds in the temperature rérmge 300 K to 1000 K for (a)type
and (b) ptype transport. Some compounds with high power factor are marked.

Letd ok at some statistical data of thes& 86mpounds to have an overall impression
about what they ardn Fig. 3.2, ve grouped thecompounds according to their (1)

composition (2) number of atoms ithe primitive cell, and (3) crystal systemThe
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statistical datashowsthat compounds with high power factor tend to havsimple
structuremostof the promising candidates are binaryternary compounds with number
of atoms ina primitive cell less than 20. Moreovdralf of the promising compounds have
cubic symmetry (47 cubic vs74tetra. & ortho.), althougtthe proportion ofcubic

compoundsamong all compounds muchsmaller(94 culbic vs 2& tetra. & ortho.).

mm Total
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= Total 150 A
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200 o

150 A

[y

o

o
1

Numbers
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o
o
1
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50 A
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(a) binary ternary quaternary (b) <=10 10-20 >20
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1
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() cubic tetragonal orthorhombic

Figure 3.2. The number of calculated compounds in different classifications: (a) by the
number of chemical elements in the composition; (b) by the number of atoms in the

primitive cell; (c) by the crystal system.

In Table 3.1, all novel compounds we foungromisingto be good thermoelectric
materialsare listed with theithermoelectric propertieIhe lattice thermal conductivity
and figure of merit data of some cooymnds are missing in the table, because there is
serious imaginary frequency in their phonon spectrum. Therdfeese compounds are
dynamically unstable at least at 0 K amat model cannot calculate their lattice thermal

conductivity properly. Howevet, hi s d o etleeseCampaureds cannot exsince
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they could become stable and their phonon spectrum could have no minus frequency at
high temperaturéA representative compound like this is culdeTe, it is unstable and its
phonon spectrum has sersomnaginary frequency at 0 K, Howeverbé@comes stable and
wasalsoverified to have high figure of merit in experiment at high temperaWeestill

markthese compounds as promising due to their high power factor values.

Table3.1. Novel compounds found to be good thermoelectric mateNMdgimum power
factor and figure of meriwere calculated within temperature range from 300 K to 1000 K

E_ab:
_ P Fma x AL, 300K
Formu Entr _hul Dopi o o Z hax
ewh fk?)  (WATAD
(e Y
mp
C aPsSey 0. 03 p 106. 3 22.2 0.9
1226
mp
PsR S 0 p 10%. 5 18.0 1.2
1102
mp
A SR RBS g 0 p 10%. 2 1688 1.1
1228
mp
CoAsSe 0.01 p 10n.9 13.3 1.2
1226
mp
C oPsS&s 0 p 10D.5 32.6 0.7
1226
mp
Shr d@ 4 0 p 968 1 10.0 1. 14
1102.
mp
C oA 8& 0.00 p 90.5¢& 1584 1.1
1636
. mp
Bil 68 0 p 73. 27 6. 77 1.1
1103
. mp
BT @l ar 0. 07 p 71.6¢ 7.63 0.9
1227
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(Cont i

m
HgALS e b 0.04 p 6727 5.74 1.6
1103
mp
ShreRh 0 p 65.1C 9.12 0. 8
1219
mp
SuwPiSe 0 p 632 2 4.38 1.5
1218
m 82 .(M
GeTeSe P 0.03 np (03
1224 612( ()
mp 13.(99 0.74
MaT e 0.06 np 4 82
1008 52 (99 1.QCR
mp
CaS s 0.01 p 51.47 10.3 0.7
1102.
mp
Gel eP1 0 p 4585 7.80 0. 4
1224
mp
Hal 45 0 p 41. 04 2097 1.3
2235
mp- 218 (5n) 0.25
M@C oS 0o.7@ np 20. 3
1390 18.(99 020p
mp
N BS bT eo 0 p 37.1% 5.21 1.1
5695
. mp
L iC @Ss 0.0ft p 17.8% 7.28 049
1176
mp
ACuS e 0.0: p 354 5 8.22 0.6
3740
16.(69 2.06r8
BaHiSs mp9 32 0 np 0.89
34.(09 3.(7®
: mp
BiRRkS g 0 p 298 2 6. 05 0.3
1101
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P bS:
R uSs

D yA S &

PbSe

B aZ S o
F 6

B &Z 1S

EfSe

B&ZiS 4

CeSe

Y4P 4S1 4
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50.( 9 2. 22
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The PBE functionals known tousually underestimate the band gap valigch has a
profoundimpact on the electronic transport properiresur modelIn order to explore the
influence of a more accurate band gaptla thermoelectric transport properties, we
selected two representative compoyi@isAs:S, and CdSe;, and recalculated their ban
structurerelated key parameters, includitite band gap, deformation potential constant
and band effective mass, using thedified Beck&Johnsor{MBJ) method157,158. The
MBJ potential in combination with LD&orrelation yields band gaps with an a@cy
similar to hybrid functional, but computationally less expensive (although still expensive
than PBE functional)Then,their electronic transport properties were calculatedhe
basis ofthe newly obtained parameteiGompared with the PBE approacihe MBJ
methodyields larger values of the band gap for both compouhds. eV(MBJ) vs0.85
eV (PBE) forCuAssSs and1.47 eV(MBJ) vs0.58 eV(PBE) for CdSes. Fig. 3.3 shows
the power factofor CasAssSs and CdSe; calculatedusingthe PBE and MBJarameters
the use of MBJ parameters results in lagg@wer factor valuefor both compoundd-or
example,the maximum PF value for CaAssSs is 99.11¢ WemA2 (MBJ) vs 90.58
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g WemA2 (PBE); for CiSe;, it is 23.50e WEMA 2 (MBJ) vs 21.77 ¢ WEm1AK 2
(PBE) As can be seethegain is quite small using a more accurate gapevdiloreover,
the main function of band gap in our model i
in the eq. 2.21. The | arged tbesbagbegpparabhb

model . Usually, single parabolic band model

carriers because it doesnot invol ve the in
relaxation time model, ,wepmlndry acmptnisda alerp hacma
i mpurity scattering processes, while other

phonon scatvakelemg,scahtering, grain boundary
intentionally hopebthestmomgarabBol itdhiatty t dieu Isc
current i mplemented model could be | arger to
this way, the calcul ated transport propert.i

Therefore the PBE methodis still the best choicproviding a balance between accuracy

and speed.
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Figure 3.3. Power factor of CfAss& and CdSe calculated using the PBE and MBJ

parameters.

3.3.Simple Indicator for Screeningfor Thermoelectric Materials

It would be convenient to hav@me simple indatois that helpquickly evaluag¢ the
thermoelectric performance afmaterial Recently,researchers haugegun to usesome
easily obtained properties, such #® averag@ atomic mass, volume per atoamd
electronegativity, combadwith machine learning odelsto predict the figure of merit or
other complex propertidd59 161]. The key to success for such a method is identifying
easy to calculatproperties which are nsbrelevant to the complex propertegfsnterest

In Fig. 3.4, the materialsunder studyare presented according to their average atomic
mass and the number of atoms in the primitbedl, which are two commonly used
indicators. Materials witha high power factor are found all across this chemsgelce,

showing quite a high diversityfhus, these two properties are aoideal index.
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Figure3.4. Maximum power factowalues, represented by color for (ajype and (b) p
type transport, of the studied compounds in the chemical space defined by the average

atomic mass and the number of atoms in the primitive cell.

What simple propertieare strongly correlated witite thermoelectric properties, such
asthe power factor?As shownin Sedion 2.2, the effective mass() appears in many
places ands the key parameter to determitie scattering rate of each scattering process
involved According to single parabolic bang@oximation the Seebeck coefficient is
proportional to the density of states effective nas474],

20" ks Ty

whereasthe carrier mobility is inversely proportional to the conductivity effective mass

ao (r 8/2)

a° (eq. 2.13)&° can be increased either by increasing band degendfacy by
increasingd-a“ (eq. 2.23. However, increasing the latter will also incred@se (eq
2.24).Therefore, the ideaituationwould be the band degenerasys very large while

&< anda ® keep smallin this case, a material should have large power fattus is
possible if the conduction band or valence band locates along specific directions in
Brillouin zone for those higlsymmetrical compoundésuch as cubiones), or make
several different bands converge to the same energy lgel35 shows the mamum

power factor values in the chemical spdeéined byd “ andad *. At similar values ofx *,

a material with smallelt “ tends to have higher power factorat similard * values a
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material withlargera * tends to have higher power factdhe maximum power factor
plotted againstt “j & * for the studiedtompoundgFig. 3.6) shows generallyrising trend,
which is clearer for ptype transport than-type transportecauseof higher Pearson
correlation coefficien{0.5857for p-type transportvs 0.4030 for ftype transpoijt By
adding one more parameter;  at the denominatoFig. 3.7 shows the maximum figure
of merit plotted againsti “j a”’ll for the promising compoundsThere isalsoa

cleartrend that the higher tiie*j &Il , the higher the maximum figure or merit.

The Pearson correlation coefficient fotype transport is 0.7%, while that is 0.820for
p-type transportHowever, sich a correlation coefficient is still a bit loand these
parameters cannot be used directly to predict figure of merit ¥adeverthelesswe
believe thatusing these three parameters or thecatdis most related with them as an

input in a machine learning model could results in a-aicguracy pediction of the figure
of merit.
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Figure3.5. Maximum power factor values, represented by color for {gpe and (b) p

type transport, of the studied compounds in the chemical space defined by the density of

states effective mags® and conductivity effective mass”.
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Chapter 4. Promising Thermoelectric Materials

Thenovel compounds we found as promisamgl most interestinipermoelectric materials
are introduced in detail in this chapter, witteir crystal structures, band structyrasd
transport properties (mainlye power factor, lattice thermal conductivjitgnd figure of
merit) displayed and analyzedther information can be found Appendix

4.1.XaYaZs(X=VIIB;Y=IVA VA;Z=VIA)

Compounds with this chemical formula, including RhAsSe, RhSbTe, IrSoBiSe,

IrBiTe, RhBiSe, RhBiTe, CoAsS, CoAsSe, CoPS, CoPSe, RhPSe, CoSbS, PtSnSe, and
PtGeTe,were found to be goog-type thermoelectric materialsecause otheir large

power factor. These compounasvethe same structure (space gré#h3) andbelong to

the pyrite structure type, ahown in Fig4.1. The transition metal X atoms are bonded to

six Y and Z atoms, forming a distorted octahedrorenelighe Y (Z) atoms are tetrahedral,

being bound to three X atoms and one other Z (Y) atom.

Figure 4.1. Crystal structure of RhAsSe.

Fig. 42 shows the band structures of these compounds, taking RhAsSe, CoAsS,
CoAsSe, and PtSnSe as examplHsey are all indirect gap semiconductovgth the
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CBMs located along théi R or{ii M or Gii X paths. However, the energy difference among
these conduction bands is quite small, and they are probably all involved in electronic
transport. Moreover, the CBMs of these compounds are quite flat, implying large effective
masses. On the contrary, their VBMs are vaelfined and located along tli@&M path.
Besides, the VBMs are dispersive and the corresponding effective masses are expected to
be small. The merit of RhAsSe and other compouredsnging to this group is thate
degeneracy of points alonthe GiM path is large N = 12). Therefore, forp-type
conduction,these compounds hawelarge DOS effective mass baiall conductivity

effective mass (see Tablel). This will lead tolarge power factor values.
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Figure4.2. Band structures of (a) RhAsSe, (b) CoAsS, (c) CoAsSe, and (d) PtSnSe. The
CBM and VBM are shown by red and green dots, respectively.

Table 4.1. Key parameters for fype transport: conductivity effective mass$, DOS
effective mass *, deformation potential constamt band degeneradyl, band gagE,,
directionaveraged elastic constanthighfrequency and static dielectric constadtsind

o

v
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G°(m) a°(m) 2@V)N E(eVcec(GP & G
CoAs 0.51 2.85 13.!'12 0.8:13®0 24. 311
CoAs¢0.44 2.49 125:12 0.76 12%5. 289 36.
CoPS 0.48 2.74 14.:12 141 164.21. 27.
CoPS 0.43 2.46 13012 048 145.24. 311
CoSb 0.53 2.91 143 ¢12 055 1050 28. 387
RhPS 0.38 2.17 134¢12 1.1 126.19. 24,
RhnAs¢0.37 2.08 12.¢12 0.38 109.22. 27.
RhBi ! 0.35 1.91 135:12 0.1: 74.¢¢34. 480
RhBi "0.27 1.51 13.¢12 0.0 698 {419 53.
RhnSb~0.29 1.65 14.¢12 0.73 84.:28. 362
IrBi $0.36 1.94 124 ¢12 0.83 90.(29034%.0
rBi ~0.31 1.78 13.:12 033 875!289 38.
Ir Sb10.30 1.85 1420 12 070 102.20. 27.
PPSn!0.32 1.92 13.¢12 024 739:27. 364
PP Ge 0.23 1.43 15.:12 0.71 8480 33. 41.

In order to explore the origin of high band degeneracy and low band effective mass of

theVBMs of these compounds, we also calcuddtes orbitalprojected band structures for
them using LOBSTERprogram with the pbeVaspFit2015 basis dSgi62i 164]. For
example, inCoPS (Fig. 4.39, the VBM includes contributions from all three types of
atoms the orbitalprojected band structure mairdgnsistsof the 3d and 4p orbitatsf Co,

3p orbitalof P,and3p orbitalof S. The variation othe effective mass ofhe VBMs for
these compounds could be partly explained by the amount of contribirbom these
orbitals. For example, in the series COR8AsS CoSbS, the effective mass increases as
Table4.1shows A comparsonof theorbitalprojected bandtructurs of these compounds
(Fig. 4.3) shows thathe contribution of the8d orbitalof Coincreases whil¢hose of the p
orbital of sulfur and ¥type atom decrease as the Y atomangedrom P to Sb. Since d
electrons are more localized than p electrtims effective mass is supposed to be heavier.
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Figure4.3. Orbital-projected band structure () CoPS, (b) CoAsS, and (c) CoSbsS.

Fig. 4.4 shows the power factor as a function of temperature amgicaoncentration
for this group of compound3he power factor of these compournsiextremely high in a
wide range oftemperatureand carrier concentratisnThe maximum values of some of
them, such as CoAsSe, CoPS, CoPSe, RhPSe, and RhAsSe, add begher than 100
eWAMAX2 For comparison,the maximum power factor of the statef-the-art
thermoelectric materials, such as; Bk and PbTejs usually 3050 eWAMA 2 As
explained above, suehlarge power factor is due to the speckaracteristics of thebrand
structureslarged * aroundthe VBM resulting fromhigh degeneracy, but small’ for
each carrier pocket. Therefotkey could achieve both a high Seebeck coefficiethhagh

electrical conductivity.
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Figure4.4. Power factor at varying temperatures and carrier concentrations for (a) CoAsS,
(b) CoAsSe, (c) CoPS, (d) CoPSe, (e) CoSbsS, (f) PtSnSe, (g) RhAsSe, (h) RhPSe, (i)
IrBiSe, and (j) IrSbTe, (kRhSbTe, (I) IrBiTe, (m) RhBiSe, (n) RhBIiTe, (0) PtGeTe.

However, the problem with these compounds is that they also have high lattice thermal
conductivity, as shown in Figt.5. Because othat, thar figure of merit values are not
muchlarger than tloseof thestateof-the-art thermoelectric materials (Fig.6). Still, some
of them could have figure of merit values above 1 at high temperatures, SUOASS,
CoAsSe, PtSnSe, RhAsSe, RhPSe, IrBiSe, and IrSbTe. Furthermore, there are ways to
reduce thdattice thermal conductivity of these compounds. For example, by alloying to
form compounds like CoP(As,Sb)S(Se) that could reduce the lattice thermal conductivity
efficiently while retaining the high power factor. Therefore, this group of compounds is

quite promising for thermoelectric applications.
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Figure 4.6. Figure of merit at varying temperatures and carrier concentrations for (a)
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4.2.CdSe

The structure of CdSdias a space growe-3 (Fig. 4.7), with the unit cell contaiimg 12
atoms (4 Cd and 8 Se).ifta pyritetype structure. Cd atoms occupy the corner and face
center of the unit celleach of thenforming an octahedron with six Se atoms around.
Different octahedraomare connected by one Se atof@ur calculations show thahis
compound is a promising-type thermoelectric material. Interestingly, we found an
independent preprint also declares thég CdSeis a good thermoelectric materjab5].

Below, we compare our results withose from the previous study.

Figure4.7. Crystal structure of CdSe

In the band structure of Cdséts VBMisl oc at ed a,whetedgkeCBMip 0i nt
a |l o n giRtpdthéFig.i4.8) The orbital projected band structure of CglSkeows that
both Cd and Se contribute to the formationtioé CBM (Fig. 4.9, which is mainly
composed ofhe 5s orbitalof Cd and 4porbital of Se The CBM is dispersive and has a
small conductivity effective mas&d® m& @ (0.43n in ref. [165]). The band
degeneracyN of CBM is 8 and the density of states effective mass p#® v
Therefore, CdSecould also have both a higheebeck coefficient and high electrical
conductivity.
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Figure4.9. Orbital-projected band structure GdSe.

90

1.0

0.8

0.6

0.4

0.2

0.0

1.0

0.8

0.6

0.4

0.2

0.0



Table4.2. Key parameters for-type transport

(e}

G°(m) a°(m) 2@V)N E(evVc(GP B G
CdSe 014 1.6¢10.:8 0.5 236¢11. 19.

Fig.4.10 shows the calculated power factor, lattice thermal conductimitg figure of
merit of CdSe at different temperatures and carrier concentrations-fgpe transport.
The power factor is generally high in a wide temperature range4E@n), whereaghe
lattice thermal conductivity is low, especially at high temperatures4Higp). Therefore,
the figure of meriZT canbe larger than 1 at higkemperatures (Figt.10c). Our figure of
merit is generally ircloseagreement with the results from rgf65]. The maximunzZT
value at 900 K is 1.22 at a concentration of X 7@ cm according to our calculations,
while it is 1.16 at 1.9% 10?° cm® according to ref[165]. However the power factor and
lattice thermal conductivityalues calculated in this woikre higher than tise in ref.
[165]. For exampleat 300 K, themaximum power factor is 21.79WAMAX? (9.7
e WA A7 in ref. [165])and lattice thermal comtivity is 2.06 WK1 ( 0. 75 WAmM
IXtin ref. [165]).In the end, both studies independeripve that pyrite CdSehas a

highZT and is a promising thermoelectric material.
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Figure4.10. Thermoelectric properties of Cdfer n-type transport. (a) power factor, (b)

lattice thermal conductivity, and (c) figure of merit.

43.MAcTez(M= A 0 rA)

Compounds with this chemical formuiacluding NaAcTe, KAcTez, RbAcTe, CsAcTe,
GaAcTe, InAcTe: and TIAcTe, could be both goodh-type andp-type thermoelectric
materials. These compoundsavethe same structure (space grdup-3m), as shown in
Fig.4.11
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Figure4.11. Crystal structure of GaActe

Fig. 412 shows the band structures of these compodurusse in whichiM belongs to
group Aare indirect gap semiconduct oXpath Their
(N = 6), whereagheir VBMs can be athe high symmetry X or L point (XN =3, L: N =
4). Thecompoundsn whichM belongs tayroup A are direct gap semiconductors. Their
band extrema can be locat@ithertheX ori  p olrhesetbanéxtremaare dispersive;
thus, the carrier mobilities are relatively highere are multiple extrema near thend
gap for either stype or ptype conductancendthe energy difference among these bands
is small(for example, VBMs at Xand L forM AorVBMsa X and= A). for M
Therefore,they all are probablyinvolved in electronic transpost a certain chemical
potential
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Table4.3. Key parameters for-type and ptype transport

a’ a’ = C o o
m m VN (ev(gp ¥ U

CBM 0.9 O0.7%! 9.49 6

GaAe Upm o 5 2 Biage s 0.420..17.132.
CBNM 0.8 0.4:101 6 , ,

|l nAg VBM 0.2 0.5¢11. 4 9-3 242 188 956
VSB O.3:1.5:10. 3 0.5
CBM 03D 0.9¢10. 6 |

TiAg Sow o 5 2010 2 015 27. 159 640
CBM O.®B. 0.4 8.85 3 |

NaAe oov o 2 DT 9853 0.5 15. 9.4 313
CBM O0.B' 0. 7¢ 8 42 3

KAca coM 0 -30 0. 118423 0.8 25..87627.
CBM 0.8.0.6: 8813 . g
VBMO.3 0.9:8.73 09

RbAG ~gp 1.4 1.4¢3291 0,9 2°118.2629.
VSB 28D 2.1¢12. 1 059
CBM 1.5 1.5:6.91 _
VBM 1.2 1.2(9731 9

CsAe -gpo0.3 0.Bt8843 0.9g 223'8.39936.
VSBO.®' 0.8 847 3 0.8

Fig. 4.13 4.14 and 4.15 shothe power factor, lattice thermal conductiviggnd figure
of meritfor this group of compound3heir power factor is generally high, as indicated by
their band structureét the same timgtheir lattice thermal conductivity extranely low:
for most of thenitis alreadyl o we r t hi/A&hatrdom WiAparature. Therefore, these
compounds haveuite largeZT values in a widerange oftemperature and carrier
concentratioa However, radioactive elemeAt that they contain makés mpractical to

manufacture devices based on these compounds.
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