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ABSTRACT

Widespread application of the Materials Genome Initiative IGI) promises to revolution-
ize the discovery and realization of next-generation mateis for a diverse set of applications.
Fundamental to the success of the MGI is the synergistic e eof computational and ex-
perimental material science, wherein computation serves @ guide for experimentation,
as opposed to theex-post-factoapproach which has dominated the literature in the prior
decades. The eld of thermoelectrics, in particular, has bktorically been dominated by exper-
imental work motivated largely by chemical intuition. Comgex coupling between scattering
phenomena, electronic transport, and thermal transport reders optimization in thermo-
electric systems di cult, both experimentally and computaionally. We have formulated a
computationally inexpensive metric, deemedsg, which was applied in a high-throughput
computational survey of over 40,000 compounds. This metrizas validated and re ned
through the experimental work within this thesis.

Our survey revealed many intriguing material classes, twd which were examined exper-
imentally in detail: 1) the n-type Zintl phases, and 2) the gaternary diamond-like semicon-
ductors. The n-type Zintl phases are a particularly interestg example of where chemical
intuition and historical precedent can mislead the discovg of new materials. The p-type
Zintl phases are a well-known and historically successfarily of thermoelectric materials.
The thermoelectric community has long-held that Zintl phags must be p-type due to the
proclivity of the typical chemistries to form alkali or alkdi-earth vacancies. However, our
computational search indicated that the n-type Zintl phase should both outnumber and
outperform their p-type counterparts. We proceeded to disver and dope two n-type Zintls,
KAISb, and KGaSh,, nding them to be promising thermoelectric materials.

The quaternary diamond-like (DLS) semiconductors are anbér class of materials iden-

tied through our search. The quaternary materials were preicted to exhibit both high



electronic mobility and low lattice thermal conductivity, properties that are generally in-
versely related to each other. We experimentally investi¢ged the 3x3 matrix of composi-
tions Cu,(Zn,Cd,HQg)(Si, Ge, Sn)Te, nding the Hg-containing DLS to have an unusually
high electronic mobility and abnormally low lattice therma conductivity- ideal for thermo-
electrics. However, while computations predict high perforance when doped n-type, all
of the quaternary DLS present as degenerately doped p-typensiconductors. To overcome
the degenerate p-type doping, applied the concept of \phas®undary mapping" to reduce
the carrier concentration nearly 5 orders of magnitude thrggh intrinsic defect manipula-
tion alone. Our work within the quaternary DLS demonstratedthat material discovery in
thermoelectrics is also an optimization problem with manyidhensions { which is onerous to
perform using classical synthesis techniques.

The complex optimization problem presented by the DLS was &impetus for the last
study presented in this work. We demonstrated that high-thoughput experimental syn-
thesis (particularly with bulk ceramics) has the potentialto dramatically increase the rate
of material optimization, potentially allowing better synergy with existing high-throughput
computational e orts. Together, our work ultimately movesthe eld of thermoelectrics to-
wards the vision described by the MGI. We have produced new tnes for understanding
thermoelectric materials, identi ed potential materialsfor thermoelectric applications, and
built-upon existing experimental techniques to acceleratmaterial optimization. Together
these e orts have begun to unravel the complex structure-pperty relations that dictate

thermoelectric performance.
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A thermoelectric generator (TEG) is an alternatig stack of heavily

doped p- and n-type semiconductors, connected by metal cants.

When placed across a temperature gradient, di usive transpbof

charge carriers generates a electrical potential which cée used to

drive current. . . . . . .. e 2

Graphical representation of the transport disthution function, Fermi
function, and the transport coe cients under the single paabolic band
assumption and acoustic phonon scattering. The function&rm and

impact of the window function (grey) is clearly evidenced in the
geometrical shape of the integrand for the transport coe @nts. As
suggested in the text, the integrand of the Seebeck coe ciemill su er
reduced values a&r is pushed deeper intotheband. . . . ... ... ...

Graphical representation of the phonon scattegnphenomenon that
dominate within thermoelectrics. Due to the Mattheisen reltionship,

the scattering mechanism with the fastest relaxation time iN dominate

the e ective phonon scattering. Depending on chemistry and

processing, the various e ects may emerge as dominant e sctFor

example, nanostructuring and alloying (e.g. SiGe) causesindary
scattering and point defect scattering to eclipse Umklapp. . . . . . . . .. 9

Schematic showing the functional forms of the traport coe cients ( ,

, ) on the carrier concentration at xed temperature. We note hat
the competing trends between the Seebeck coe cient and theal
conductivity (optimized at low carrier concentrations) arm the electrical
conductivity (optimized at high carrier concentration) yields a peak in
zT at an doping concentration within the 18°-10?° cm 3 range. . . . .. 10

For to be a robust metric, it must have correlate withzT across a

diverse range of compounds. Using experimentally measuredrtsport
measurements from literature, we found excellent agreentdretween

and zT, despite di erences in peak temperature. . . . . ... ... .... 3

Generally our semi-empirical model for the chargarrier mobility is
predictive of the experimental data within half and order oimagnitude
(dashed lines). Orange data is for p-type transport, blue fa-type.
Horizontal bars on the experimental mobility indicate the spead in the
literature values. Single crystal data is unmarked, while gdycrystalline

data is indicated withan . . . ... ... ... ... ... ... ..., 14



Figure 1.7

Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Our semi-empirical model for the lattice thermalanductivity is
predictive of the experimentally measured values within Hian order of
magnitude. . . . . 16

Crystal structure of KAISh, is comprised of in nite chains of

corner-sharing AlSh tetrahedra extending in the b-direction. The

chains of AlSh tetrahedra are interconnected by two chains of trigonal
pyrimidal Sb chain linkages (1) and one zig-zag Sb chain liage (2).

This structure creates in nite K-containing channels paréel to the
b-direction. . . . . . . . . 21

Radar plots showing the average computed transpqroperties of
p-type and n-type Zintl compounds ( >10) with PbTe for comparison.
The values for PbTe come from our calculations of for sake of
self-consistency. a) Comparison qf-type Zintl with p-type PbTe,
demonstrating that, on averagep-type Zintls have low hole mobility

but exceptionally low thermal conductivity. Relatively fev (8%) of
studied Zintls exhibit >10, due in part to the reduced hole mobility. b)
Comparison ofn-type Zintl with n-type PbTe, demonstrating that
n-type Zintls have intrinsically high electron mobility, canparable to
PbTe. ¢) Comparison ofn-type and p-type Zintls, demonstrates the
drastic di erence betweenn and p-type Zintls. . . . . ... ... .. ... 26

Representative Rietveld re nement (red) of KAISh di raction pattern

(black) and associated di erence pro le (blue). ICSD di raction pattern
300157 for KAISh is shown for comparison. Rietveld results indicate

that material is phase pure KAISh and yields a reduced > 25. . . . . 28

Trend in electron carrier concentration with nonmal dopant

concentration is roughly linear up to the solubility limit of Ba. We nd

that the dopant e ectiveness of Ba is approximately 50% thaexpected

of a perfect substitutional defect Ba yielding one free electron per Ba
atom. Solubility limit of Ba is extrapolated to bex 0.007, which is
consistent with the appearance of a secondary phase in sagl

containingx  0.010 Ba. Note that the plot is constructed at 25T,
however, the qualitative results are identical for all tempratures. . . . . . 29



Figure 2.5

Figure 2.6

Figure 2.7

Figure 2.8

Hall e ect measurements on K \Ba,AlSb, are consistent with the
n-type doping of an intrinsic semiconductor. Measurementsxaindoped
KAISb, (black) yield high resistivity (a), high mobility (b), and | ow
n-type carrier concentration (c). With Ba doping, the mobility and
resistivity decrease, consistent with increased chargedpurity
scattering. Carrier concentration increases with Ba dopgup to the
solubility limit of Ba (  0.7%). In all samples, the mobility and
resistivity exhibit strong temperature dependence at lowemperatures
(<250C). Due to the temperature invariance of the carrier
concentration, we conclude that the temperature dependem@t low
temperatures is likely a combination of grain boundary oxigtion and
contact resistance. . . . . . . . ...

Seebeck coe cient measurements on; K,Ba,AlSb, are consistent with
n-type doping of a nominally intrinsic semiconductor. Intmsic KAISb,
(black) demonstrates a high Seebeck coe cient which peaks a

-495 VK ! at approximately 170C before thermally induced bipolar
transport reduces Seebeck at high temperatures. From theglein
Seebeck, we estimate the thermal band gap of KAIgIo be
approximately 0.5eV. For samples containing 0:010 Ba, the Seebeck
coe cient continues to fall, despite the carrier concentrdon remaining
constant. Further reductions in Seebeck beyond this pointra

attributed to the deleterious e ect of the secondary phase.. . . . . . ..

Pisarenko plot for K ,BasAlSb, generated using the single parabolic
band (SPB) model to t experimental data with the e ective mass
Mpos as the only free parameter. For K ,Ba,AlSb, we obtain

Mpos 0:5me. The Pisarenko plot is constructed at 25T, however,
we note that the e ective mass obtained from the data is unchrged for
measurements at other temperatures. The undoped samplegbk) is
not explicitly included in the mathematical t, as the e ect of bipolar
transport makes the temperature dependence unreliable farPisarenko
t. Samples with x  0:010 are not included due to presence of

secondary phase. . . . . . . ...

The lattice thermal conductivity in doped sampless largely unchanged
with respect to Ba concentration. Intrinsic KAISh, exhibits a strong
bipolar contribution beyond 200C, consistent with an undoped,
small-gap semiconductor. Due to relatively high electritaesistivity,

the subtracted electronic contribution to the thermal condctivity is

only OAWm K L

Xi



Figure 2.9 We nd that K ¢.990Bag.010AISb, exhibits a peakzT of 0.7 at 370C.
Consistent with carrier concentration optimization, peakzT rises with
doping up to the solubility limit of Ba. All samples with x  0:010
exhibit reducedzT due to deleterious e ects of the secondary phase. . . . 37

Figure 2.10 Calculated band structure of KAISh. The shaded regions denote 100
meV energy windows from the corresponding band edges. Ca#tions
con rm that KAISb 4 is a small-gap semiconductor. The conduction
band e ective masses along -X and -Y are small while -Z is
signi cantly larger. A second, isotropic, more dispersiveonduction
band converges well within the 1200meV window, and may play @le in
maintaining high mobility in the n-type material. . . . ... .. ... .. 38

Figure 2.11 Charge density isosurfaces of the electronictsmthat lie within 30
meV of both the valence (a and b) and conduction (c and d) band
edges. We note that both conduction and valence band edgeg ar
dominated by Sb-derived states. The valence band is commikof lone
pairs, which are concentrated on the trigonal pyramidal chas and
oriented towards the cationic potassium channels. The couaction band
consists of anti-bonding states spread along both the trigal pyramidal
and zig-zag chainsof Sb. . . . ... ... ... .. .. .. ... . L. 39

Figure 3.1 The crystal structure of KGaSh is isostructural to KAISb, and is
comprised of ini nte chains of corner-sharing GaShtetrahedra
extending in the b-direction. The chains of GaShtetrahedra are
interconnected by two chains of trigonal pyramidal Sb chas(1) and
one zig-zag chain (2). The structure creates in nite chani of K ions
parallel to the b-direction. . . . . . .. ... .. ... ... .. L. 45

Figure 3.2  Representative Rietveld re nement (red) of the K@Sk, di raction
pattern (black) and associated di erence pro le (blue). Réerence
di raction pattern (ICSD: 300158) is shown for comparisonRietveld
indicates that material is>98% phase pure with a trace amount of
KGaSh,. Minor texturing is evident in all samples. . . . .. .. .. .. .. 2

Figure 3.3  High temperature Seebeck coe cient (blue) and Hallarrier
concentration (green) measurements on undoped KGaSton rm
intrinsic transport. Bipolar transport strongly contributes to the
functional form of both the Seebeck coe cient and Hall carrie
concentration over all temperatures. Note that carrier corentrations
are <10 cm 2 over all temperatures; the steep curvature near the
transition at 275°C is an artifact of the Hall voltage switching sign and
the subsequent calculation of the Hall carrier concentratio . . . . . . . . 53
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Figure 3.4

Figure 3.5

Figure 3.6

Figure 3.7

Figure 3.8

Formation enthalpy Hp.q as function of Fermi levelEg for 10 di erent
native defects, including vacancies (e.g.J and antisites (e.g. Sk,) in
KGaSh, under Sb-rich conditions.E¢ varies from zero (top of the
valence band) to the band gagE, (0.39eV). The line slope is equal to
the defect charge state. The defect chemistry is such thatl) Ef is
pinned close to the mid-gap with almost intrinsic charge caer
concentrations, and (2) the high Hp.q of native defects allow the
possibility of introducing e ective extrinsic dopants with  Hp, lower

than 0.3 eV for acceptors ( E4c) and 0.5eV for donors (Egon). . . . . . 54

Trend of electron carrier concentration as a funiain of nominal doping
in Ba-doped KGaSh. We observe that the carrier concentration

increases linearly with doping up to the solubility limit ( 0:017) of Ba.
Termination of doping e ectiveness coincides with impurit evolution in
both XRD and SEM at Ba concentrationsx  0:020. Apparent doping
e ectiveness is approximately 50%. Note that the plot is comucted at

400C to coincide with observed maxzT. . . . . . . . . . . . . ... ...

Hall e ect measurements on K ,Ba,GaSh, are consistent with the
n-type doping of an intrinsic semiconductor. Measurementsn undoped
KGaSh, (black) are only shown for the resistivity (a) due to the sign
change associated with the bipolar transition from p-typed n-type
transport at high temperature. The carrier concentration ) increases
with nominal Ba concentration and is relatively independenof
temperature. Electrical resistivity (a) and electron moHity (c) exhibit
strong temperature dependence at low temperatures for liiyr doped
samples ¥ 0:010), vanishing as the doping level increases. Peak
mobility in samples of KGaSh actually increases with doping level at

low temperatures before decaying classically at high tenmagures. . . . .

Seebeck coe cient measurements on;K,Ba,GaSh, are consistent with
n-type doping of a nominally instrinsic semiconductor. Not¢hat the
undoped sample is not shown due to bipolar transport leading a sign
change at high temperatures. For all phase pure samples (Ba

x  0:020), the Seebeck coe cient decreases monotonically with
increasing Ba content, consistent with the behavior of a medately

doped semiconductor. . . . . . ...

Pisarenko plot of K BasGaSh, generated using the single parabolic
band (SPB) model to t experimental data with the density of gates

e ective mass (Mpog) as the only free parameter. We obtain

Mpos 0:6me for Ba doped KGaSh. Note that the Pisarenko plot is
constructed at 400C. Undoped KGaSh is not included in the data due

58

to the bipolar transport observed at high temperatures. . . . . . . . .. 61
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Figure 3.9

Figure 3.10

Figure 3.11

Figure 3.12

Figure 3.13

Defect diagrams for p-type and n-type dopants ofterest in KGaSh,

are shown with the formation enthalpy Hp.q as a function of Fermi

level EE. The lowest energy native defects in KGaSbare also shown

for reference (Figure 3.4). a) The low Hp.q of Bax and the absence of

Fermi level pinning suggests that Ba is an e ective n-type dmant for

KGaShy,. The relatively higher formation energy for S¢ con rms that

Sr should be a poor dopant when compared to Ba. b) The highHpq

of Zng, suggests that Zn is an weak p-type dopant. . . . . ... ... .. 63

The lattice thermal conductivity in doped sample is unchanged with
respect to Ba concentration. Intrinsic KGaSh exhibits a strong bipolar
contribution beyond 200C, consistent with an undoped, small-gap
semiconductor. Onset of bipolar behavior coincides with ébipolar
transport in both the Seebeck coe cient and Hall carrier conentration
measurements for the undoped sample. The subtracted elextic
contribution to the thermal conductivity is relatively small,

0:1Wm K 1. The lattice thermal conductivity for KGaSh,
approaches the glassy minimum, estimated to be 0:33Wm K 1. ... 65

High temperaturezT exceeds 0.9 at 40C for samples doped with

1.5mol% Ba. It is worth noting that all samples, regardlessfaopant
concentration, excee&T 0.8. We do not observe a peak iaT up to

400°C, driven by a continually increasing Seebeck coe cient. Hig
temperature measurements are limited by KGaSQbstability in Hall

e ect, if stability can be improved, zT > 1 should be readily obtainable
inthissystem. . . . . . . . . ... ... 67

Cell volume as a function of Ga concentration inlays of KAISb, and
KGaSh,. As expected by Vegard's Law, cell volume trends linearly wit
alloying concentration. Unintuitively, KGaSh, actually possesses a

smaller cell volume when compared to KAISh No phase separation

into the constituent ternary phases is observed over the cqusition

range, consistent with the Rietveld re nement. Minor impuities of

KGaSh, are present for Ga>50%, although the impurities are directly
related to the Sb-poor growth conditions, and do not indica limited
solubility of KAISb, inKGaSh, . .. ... ... ... ... ... ..... 68

Trends in lattice thermal conductivity | (a) and intrinsic electron

mobility o (b) as a function of alloying composition. While a decrease
(relative to the pure endpoints) is observed in the latticetliermal
conductivity at room temperature, there is a negligible deession of

lattice thermal conductivity at 400°C. The intrinsic mobility su ers
approximately 20% loss due to alloying. . . . . . .. ... ... ..... 70
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Figure 4.1

Figure 4.2

Figure 4.3

The zincblende, chalcopyrite, stannite, and kestte structures are
derivatives of the diamond lattice. Simple electron coumtg rules
permit cation mutation so long as the net valence electron ot is
unchanged. All structures are tetrahedrally coordinated wh a 1:1
cation:anion ratio (e.g. GaAs, ZnS, ZnSip, CulnSe, Cu,ZnSnTe).
The quaternary DLS exhibit multiple cation ordering motifs(e.g.
stannite and kesterite) which are in close energetic proxity to one
another. As expected from the relative stability of the strutures, the
DLS can be particularly prone to cation disorder and antisé defects.
For simplicity, we do not consider other modi cations to thediamond
lattice that preserve tetrahedral coordination but shift e unit cell
away from the cubic and tetrahedral Bravais lattices (e.g. wrtzite,
wurtz-stannite). . . . . ... L e 76

Relationship between intrinsic hole mobility andeciprocal of the

lattice thermal conductivity for our computational survey of all

zincblende (blue), chalcopyrite (green), and stannite (B structures in

the ICSD. Among the most promising compositions lies a clustef
guaternary compounds (outlined) with compositions of CillgIVTe,4

(IMg: Zn, Cd, Hg) (IV: Si, Ge, Sn). Experimentally realized transpi

coe cients at 50 C are shown for the CullgIVTe 4 family of materials.

We nd that the experimental lattice thermal conductivity i s

signi cantly lower than the computational predictions, increasing the
potential thermoelectric performance. . . . . .. ... ... ... .... 83

High-temperature lattice thermal conductivity aml electronic mobility

data con rms that the Hg-containing quaternary DLS exhibit unusually

low lattice thermal conductivity (<0.25W/mK for Cu,HgGeTe, and
Cu,HgSnTe, at 300 C) and relatively high hole mobilities

(>50cnt/Vs). We note that both the thermal and electronic transport
show a strong dependence on the group Il element (Zn, Cd, Hg)cha
nearly negligible dependence on the group IV element (Si, Gen).

Dashed black lines indicate the calculated minimum latticéhermal
conductivity as dictated by di uson mediated transport. . .. .. .. ... 86
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Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

Predicted thermoelectric performance (color) fdhe quaternary
CuyllgIVTe, DLS compounds using the single parabolic band (SPB)
model at 300C. Compounds generally present as near degenerately
doped (1G° { 102*cm 3) p-type semiconductors. Experimentally
realizedzT with as-synthesized carrier concentration (black) is ovkid
on the predictions. The improvedzT in all Hg-containing samples can
be attributed to the signi cantly reduced lattice thermal conductivity,
although the improvement in CyHgGeTe, and Cu,HgSNTe, is also due
to improved electronic mobility. Optimization of zT will require an
order of magnitude reduction in carrier density for the Hg-a@taining
samples. . . .. e 89

Heat maps demonstrating the peak shift in the Hg-caasihing DLS as a
function of temperature. All peaks shows some degree of namekr

peakshift accompanied with subtle changes in relative peahtensity.

The Cu,HgSnTe, sample exhibits the strongest non-linear peak shift

with evidence of a potential peak merger at temperatures ab® 250C.

Note that the 2 axis is not continuous and has been adjusted to allow

for ease of comparison. Similarly, peak intensity within &a 2 range

has been normalized tounity. . . . . . . ... ... ... ... ....... 2]

Rietveld analysis for high-temperature XRD yieldgrends in c=aratio

which vary signi cantly between di erent chemistries (a). Both the Cd

and Hg-containing samples exhibit=awith a strong temperature and
composition dependence. We also show tlearatio decomposed into

the individual ¢ and a lattice parameters (b) to examine the cause of

the non-linear c=aratio for Cu,HgSnTe,. Note that there exists a

critical temperature at approximately 125C wherein thea lattice

parameter begins contracting. Coupled with the progressiy slower
expansion ofc, this yields to a dramatic increase irc=aand the onset of

a negative coe cient of thermal expansion (see Figure 4.7). .. . . ... 94

Rietveld analysis yields the percent change in tloell volume as a

function of temperature for the Cuy(I1)(IV)Te 4 family of compounds.

From the experimental data, we can estimate the volumetricoe cient

of thermal expansion \, for each compound. The range ofy is shown
numerically and visually via the dashed black lines. Note that the
Hg-containing samples exhibit negative CTE at elevated tengpatures,
which supports the presence of an order-disorder transitio Within the

linear regime, v is remarkably similar for all compounds, varying by

20% across the entire chemical series. . . . . . . ... ... ... ... 95
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Figure 4.8

Figure 4.9

Figure 4.10

Figure 4.11

The temperature-dependent speed of sound data (@yeals strong
dependence on both the group gl and group IV elements. The addition

of a heavier element always decreases the e ective speedamfrsl

within this series, regardless whether it is a group 1V or gup llg

element. Many samples exhibit changes in slope at elevated
temperatures, consistent with the presence of &Rorder phase

transition (e.g. order-disorder). To emphasize the changen slope, we
show a magni ed view (b) of the temperature-dependent speext

sound in the Hg-containing systems. . . . . . . . . . .. ... ... ... 98

Debye-Callaway, frequency independent, mean pilom lifetimes as
calculated using the high temperature RUS and thermal condtieity
data. We note that both the Zn and Cd-containing DLS share
relatively similar . The Hg-containing samples possess signi cantly
lower . All samples show the relative independence of the phonon
lifetime with the group IV element, consistent with the lattice thermal
conductivity observations. All Hg-containing samples exhib

signi cantly reduced phonon lifetimes, suggesting that tare may be a
fundamental di erence in the scattering phenomena between
chemistries. Owing to the Hg-samples dropping to the glassyimmum,
the high temperature is e ectively zero in those systems. . . .. ... 101

To rst order, the dispersion relations for the Cy(ll g)(IV)Te 4 family of
compounds share remarkably similar features. A represetite
dispersion relation (top) is shown for CeHgSNnTe;. The
atom-decomposed partial density of states (PDOS) (bottomdeveals a
more nuanced picture of the chemical contribution to the syported
phonon frequencies. A dramatic shift in the location of thelg atom
frequencies is noted as one transitions from Zn (primarily BHz) to Cd
(split between 5THz and 1.5THz) to Hg (primarily 1 THz). A striking
shift in the frequency of the group IV modes are also observeathough
even the lowest modes (Sn) remain among the highest frequiescin
the PDOS and are unlikely the source of low thermal conductityt . . . 103

Comparison between the overlap integrals for tif@u and group Il (Zn,

Cd, Hg) phonon density of states (a) and the experimentally nasured
lattice thermal conductivity (b). Note that the PDOS overlap

essentially yields the \similarity" of the vibrational contributions from

the Cu and group Il elements. Smaller numbers indicate lessrslarity

and a stronger potential for scattering in the event of Cu-J§ antisite

defects. The qualitatively similar trends support point déect scattering

and cation disorder as potential reasons for the unusuallpw lattice

thermal conductivity in the Hg containing DLS. . . . ... ... .. .. 106
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Figure 4.12 Pisarenko curves for the quaternary DLS do not shastrong
dependencies on the elemental composition or temperatuf@espite
nearly an order of magnitude improvement in the hole mobiltbetween
the Cu,ZnGeTeg and Cu,HgGeTe, samples, the SPB e ective masses
only di er by a factor of 2. Thus, changes in the electronic sticture at
the band edge cannot explain the increased electronic matyilin the
Hg-containing DLS. Analysis of the structural and thermal trasport
data suggests that all systems have strong point-defect $aing,
which is also evidenced by the high-temperature Hall mobijitdata. . . 109

Figure 5.1 Phase boundary mapping is a process that leveragles intentional
synthesis in multi-phase regimes to control defect energes. To
highlight the fundamental principles of phase boundary mapng, a
schematic (a) ternary and (b) quaternary diagram are used.dF dilute
impurities, synthesis in the multi-phase regime (black dytproduces
samples with the matrix phase (ABC or ABCD) tied to the c-invarant
point (red points). Using the quaternary diagram as an exame)|
repeating the synthesis for each unique three-phase or fepitase region
creates a sample set that maps the vertices of the single-gka
polyhedron. . . . . . . . . . . . . ... 116

Figure 5.2  Shown are four isometric projections (a-d) of thexperimentally
determined phase diagram under our process conditions (300 For
clarity, Cu,HgGeTe, is not shown, but can be presumed to exist in
equilibrium with every colored tetrahedra. To obtain a more
transparent representation of the data, we can transform th
3-dimensional phase diagram by \unfolding” the colored vame (e). As
Cu,HgGeTe, is the only quaternary compound in the volume, we
obtain a 2-dimensional representation of the phase diagrawhere each
colored region is also in equilibrium with CeHgGeTe,. . . . . . . . .. 121

Figure 5.3  The newly discovered ternary compound HGeTe, crystallizes in the
defect chalcopyrite structure. Our analysis indicates thaHg,GeTe,
and Cu,HgGeTe, share a full solid solution. Signi cant o -stoichometry
is noted on the Cu-rich side of CeHgGeTe. A Cu-rich diamond-like
semiconductor (CyGeTe;) exists as well, although it does not share a
full solution with Cu,HgGeTe,. The facile swapping of Hg and Cu is
surprising, although transitions between each structurera well
modeled by considering Hg, and Cuyg substitution { simple reaction
schema are shown to highlight this point. . . . ... ... ... ... . 123
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Figure 5.4

Figure 5.5

Figure 5.6

Figure 5.7

Continuous changes in the lattice parameters anti¢ cell volume as a
function of Cu/Cu+Hg ratio indicate that Hg ,GeTe; and Cu,HgGeTeg
share a full solid solution (region I). A signi cant amount ¢ excess Cu
can be integrated into CyHgGeTe, as Cuygy (region Il) before
termination of solid solution occurs around CusHgo.5GeTe, (region
[11). We note that Cu ,GeTe; will incorporate a signi cant amount of
Hg (region V), consistent with literature results. Changesn slope
within region | and Il can be rationalized by considering th&eompeting
e ects of Cuyg substitution versus vacancy annihilation. Solid black
lines serve as guides to the eye within the single-phase wllo. . . . . .

The electronic structurs of HgGeTe, and CuwHgGeTe, are remarkably
similar, consistent with the formation of an alloy. We note however,
that Hg,GeTe, possesses a signi cantly larger band gap. The electron
localization functions (right) help visualize the most loalized electrons
in each system. As expected from charge counting arguments,
Hg,GeTe exhibits lone-pair electrons oriented towards the vacant
cation Sites. . . . . . . . e e

Projection of the average atomic volume onto our pke diagram reveals
a strong volumetric contraction towards the Cu-rich c-invaant points.
As the c-invariant points related to HpGeTe, are formally three-phase
and lie upon the HgTe-GeTe-Te ternary face, they are composihally
distant from the bulk of the single-phase region (note the tge volume
change and discontinuous scale). However, as seen previpuslFigure
5.4, the alloy demonstrates a smoothly varying average at@rvolume
as we transition from HgGeTe, to Cu,HgGeTe,. . . . . . . . . . . . ..

Projection of the carrier density on our c-invaria point phase diagram
reveals a wide range of achievable carrier densities depigdon the
composition. Consistent with the creation of Cy, defects, degenerate
carrier densities in excess of #bh* cm 2 are observed in Cu-rich
regions. Inversely, c-invariant points associated with #n Hg.GeTey-rich
end of the HgGeTe-Cu,HgGeTe, alloy exhibit intrinsic transport with
carrier densities on the order of Z3h*cm 3. We nd the decrease in
carrier concentration near HgGeTe, intriguing, as the charge-balanced
substitution of 2:1 Cu'* for Hg?* is not expected to change the carrier
density. . . . . . e e
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Figure 5.8

Figure 6.1

Figure 6.2

Figure 6.3

Recall that the full solid solution between HgseTe,-Cu,HgGeTey

precludes the existence of a formal four-phase c-invarigpbint in the

region bound by GeTe-HgGe-Te. As such, we investigate alongetbdge
formed by GeTe-HgTe-CyHg, GeTe,. We nd that plots of the

electronic resistivity and hole concentration vary smootly with Cu
integration. A schematic of the edge formed by the three-pbka region

Is also shown with compositions colored to be consistent withe

c-invariant point heat map shown in Figure 5.7. This result corms

full carrier density control from the degenerate to intringc regime. . . . 135

The Pb-Sn-Te-Se phase diagram (left) contains theur 1:1 binary
compounds PbTe, PbSe, SnTe, and SnSe. Alloys between the four
binaries are constrained to a square plane, where the corser

correspond to the pure binary compounds (right). PbTe, PbSeand

SnTe share the rocksalEm3m prototype, but SnSe crystallizes in the
distorted-rocksalt Pnma structure (bottom). Despite including the

most heavily studied materials in thermoelectrics, a rewe of the

literature indicates that experimental studies (blue cirtes) are

constrained to pseudobinary combinations. The present sty considers
alloys on an evenly spaced grid (10% increments), denoted ¢may dots. 143

Cell volume heat maps for the (a) rocksalt alloy an(b) SnSe alloy are
shown with sample compositions evenly spaced in 10 mol% iecrents.

The cell volume for both the rocksalt and SnSe phases are simoin

their respective regions (colored Il) for all samples whera re nable

guantity exists. Black outlines roughly denote phase boumdies; we

observe two well-de ned two-phase regions (grey bracketahd one
three-phase region (light grey Il). All experimentally determined

solubility limits are in excellent agreement with literatue. . . . .. .. 148

Hall and Seebeck e ect measurements at room temptna on the
PbTe-PbSe-SnTe-SnSe alloying system reveal smoothly viauy
electronic transport as a function of composition. PbTe an®bSe
exhibit carrier concentration (a) and electronic resistiity (b)
measurements consistent with lightly doped semiconductor
Additionally, our results agree that SnTe is a heavily dopedesni-metal
and SnSe is intrinsic and resistive. We observe that the caer
concentration within the rocksalt phase depends heavily ahe Sn
content, with free carrier concentrations varying over 3 alers of
magnitude in what are nominally iso-electronic alloys. Camstent with
literature, SnSe remains intrinsic over the single-phasegion. The
Seebeck coe cient (c) is particularly interesting as it comolutes
changes in the carrier concentration and the underlying el@onic
structure. The anomalous \pocket" of low Seebeck coe cienmay
indicate an extended region of band inversion. . . .. ... .. .... 152
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Figure 6.4

Figure 6.5

Figure 6.6

Figure 6.7

Under the single-parabolic band (SPB) model, we caxtract the

carrier concentration-independent intrinsic mobility fo the
PbTe-PbSe-SnTe-SnSe alloying plane. Despite expectindpsl

scattering to decrease the electronic mobility, we note senal regions

where high mobility material is observed. The in uence of bash

inversion on the mobility is of particular interest, as the mversion at

60% SnTe also appears to correspond with a transition to lowe

intrinsic mobilities. . . . . .. ..o 1%

Consistent with historical models of point-defé¢alloy) scattering,
depressions in the lattice thermal conductivity are obseed with

increased alloying. This yields a wide region of low latticeaermal
conductivity near the center of the alloying grid. Notably, he thermal
conductivity exhibits very low values over a wide range of copositions.
Furthermore, at room-temperature, the lowest values are hdormally
centered around the exact center of the diagram (BBSny.sTegsS&:5). . 159

The thermoelectric quality factor serves as a carrier
concentration-independent proxy for the gure of meritzT. As

convolutes the trends seen in the lattice thermal conductity and

intrinsic mobility, we can see that the optimal compositionis neither at

the maximum intrinsic mobility nor the minimum lattice ther mal
conductivity. While this study did not include doping or

temperature-based e ects, it still shows that the optimal omposition

may not lie upon the intuitive compositions (e.g. psuedobaries,
high-entropy mixtures). . . . . . . . . . . . . .. ... . 16

Sankey plot demonstrating the time investment regred (per sample)
throughout this work. At room-temperature, the synthesis ime is
moderately larger (198 min) than the characterization timg130 min).
To investigate individual contributions, we can subdividehe
characterization and synthesis times into technique-spectime
allotments (colored) and further into \machine time" and \human
time" speci c processes. The division between \machine tia¥ and
\human time" is a key distinction, as the means used to alleaie
\machine time" intensive processes (e.g. parallelizatiprare di erent
than those used to alleviate \human time" (e.g. automation) This

e ort is a pilot case for the use of HTP synthesis and charactaation
as a means to screen for e ective compositions. While highrtg@erature
and HTP methods are the ultimate goal, an addendum to the Sanke
diagram (right, light gray) demonstrates the large increasin time
associated with performing subsequent high-temperature
measurements. Overcoming this bottleneck will require sigcant time
and capital investment. . . . . . ... Lo 163
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Table 2.1

Calculated band e ective masses, of KAISb, along certain high
symmetry directions in the Brillouin zone. Due to the proxinity of a
secondary band well within the 100meV window on tha-type side,

both the e ective masses for the and Z points are given. Onlythe

e ective masses at are given for thep-type material. . . . . .. ... ..
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CHAPTER 1
INTRODUCTION

Modern technology hinges upon our ability to manipulate, eohange, store, and generate
energy. Vast swaths of material science are dedicated to tdescovery of new or more e -
cient ways to manipulate energy. In this work we focus on theeglelopment of thermoelectric
materials for energy applications. On the most basic level,thermoelectric materials is noth-
ing more than a converter { a device which can transmute therat energy to electricity and
vice a versa Understanding theemergenceof thermoelectric phenomena draws from a wide
breadth of disciplines, ranging from statistical mechang; thermodynamics, and quantum
mechanics. Understanding thenanipulation of the thermoelectric e ect draws even further
from material engineering, synthetic chemistry, and compational material science. While
many models well approximate material performancex post facto the community has been
constantly challenged to identify promising materials whout a healthy dose of empiricism.
As such, thermoelectric materials are still plagued by relately low conversion e ciency,
reducing their market penetration and application space.

We begin our discussion surrounding thermoelectric matais and transport phenom-
ena by starting with a macroscopic, practical example. We nathen slowly decompose
the individual components to understand the physics and matial science that drives the
thermoelectric e ect. Figure 1.1 shows a simple thermoelett generator (TEG), which
is assembled by alternating \legs" of heavily doped n- and fype semicondcutors (orange
and green, respectively). The legs are connected by metadld contacts (gray) which are in
contact with thermal reservoirs.

The complex interplay of diusive heat and charge carrier @nsport within the TEG
are intimately related to the properties of the semiconduatg legs. We generally consider

three primary transport parameters that determine the e cacy of our device: the Seebeck
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Figure 1.1: A thermoelectric generator (TEG) is an alternatig stack of heavily doped p-
and n-type semiconductors, connected by metal contacts. Whelaced across a temperature
gradient, di usive transport of charge carriers generatea electrical potential which can be
used to drive current.

coe cient, the electrical conductivity, and the thermal conductivity. Here we brie y describe
the parameters in a conceptual light, with the expectationtiat a more detailed treatment

(e.g. Boltzmann transport equations, Landauer transportill be performed later.

1. Seebeck coe cient,
The Seebeck coe cient describes a di usive voltagedV generated across a material
by a temperature gradientdT. Conceptually, this e ect is analogous to the density
gradient observed when a temperature gradient is placed ass an ideal gas. We de ne
the Seebeck coe cient = dV=dT, which is a useful form for analyzing experimental

data.

2. Electrical conductivity,
The electrical conductivity, normally de ned by Ohm's Law,J = E , describes the
material's ability to conduct charge carriers. It is intimaely tied to the electronic
structure and relevant scattering phenomenon (e.g. ionidempurity, grain boundary,

inter/intravalley scattering).

3. Total thermal conductivity,

The total thermal conductivity is a composite term ( = | + ) which accounts for



heat carried by the crystal lattice via lattice vibrations (phonons) |, and the heat
carried via electrons .. It is intimately tied to the phonon dispersion and relevant

scattering phenomenon (e.g. grain boundary, impurity, phn-phonon scattering).

These parameters combine to yield th&hermoelectric Figure of Merig zT, which is the
experimental standard for comparing the thermoelectric pperties of di erent materials.
The gure of merit zT is a dimensionless quantity, and materials witzT 1 are considered
\good" thermoelectrics. The applicability of thermoelectic devices for power generation and
refrigeration increase signi cantly aszT increases. The traditional form ofzT is provided

as Equation 1.1
zT= —T (1.1)

Equation 1.1, clearly demonstrates thazT depends explicitly on the average tempera-
ture of the deviceT. However, the traditional form of zT vastly underplaysthe intricate
interdependencies of the transport parameters. For a givanaterial, all of the transport
coe cients depend intimately on the electron chemical potetial (doping) ., the tempera-
ture, the electronic structure E), and the phonon dispersionl (k). Many of the transport
coe cients also dependstrongly on scattering phenomenon (point defect, grain boundaries,
etc.). We will collect the various scattering phenomenon tagher and designate them sim-
ply as ¢ and p for the electron and phonon scattering, respectively. Thust is perhaps
more instructive (although signi cantly less pleasant to he eye), to write the dependencies
explicitly:

(e T;EK)? (o oT;EK))
LCps TV KD+ e e o THE(K))

The equation above is not doping type (e.g. n-type or p-typegpeci c, although materials

zT(; o T E(K) (k) = T (1.2)

often exhibit dramatically di erent properties dependingon whether they are doped n-type
or p-type. Furthermore, any dependency on K(, ! (k), e, pn are critical { but will change
for each material depending on the exact features of the diemic structure and crystal

structure. To optimize a given material, then, requires a c¢oplex balancing act between



the dependencies of the various transport coe cients. Heneilies the crux of thermoelectric
materials engineering. To highlight the interplay betweethe transport coe cients, however,
we need to examine the transport coe cients in a more mathentaally rigorous framework.
The thermoelectric transport coe cients can be derived fran rst-principles either within
a Boltzmann or Landauer framework. The end result is equivaht, regardless of the frame-
work evoked (one of the surprising successes of classicahgport models!). For the sake of
this work, we will consider the Landauer approach. There arextbooks dedicated to the
derivation and assumptions contained within Landauer { we i not cover the derivation
in detail. At heart, the derivation invokes a di usive ow of charge carriers motivated by
a temperature gradient or a gradient in the electron chemitgotential. In a bulk solid
at the diusive limit (as opposed to a ballistic model) the diusion of charge carriers can
be described by Fick's First Law of di usion. Careful derivaton yields a critical quantity,
G(E), known as theTransport Distribution Function, which depends on the di usion coe -
cient D, (E) and the electronic density of stateg(E). In 3D, the di usion coe cient can be
further decomposed into the charge carrier velocity(E) and the time between scattering

events (E), summarized in Equation 1.3.

G(E) = Da(E)9(E)
G(E)= (E)* (E)g(E)
Each of the thermoelectric transport coe cients can then bealerived by setting up models

(1.3)

for charge transport driven by both di erences in the Fermiével and the temperature. The
coe cients can all be expressed in terms o&(E). Equation 1.4 summarizes the electronic
transport coe cients. Note that we have only considered . in this analysis, and have

neglected the phonon contribution to the thermal transport.

z
2k E Ef @f

" h . kT @E G(E)dE
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_ 2Tek”™ E Ef *° @f

eT T KoT @E G(E)dE



Besides some variation in the fundamental constants, the ta@l functional form of the
individual transport coe cients are remarkably similar. Note that the energy derivative of
the Fermi function @{E)=@Eappears in each coe cient. This function is known as a
windown function and its job is to weigh the integrand such that only charge cders near
the Fermi level can contribute appreciably to transport. Caceptually, this is e ectively a
consideration based upon the Pauli exclusion principle, whein electronic states deep within
the band have neither states above nor below to transition o { making them irrelevant
for transport purposes. The transport coe cient G(E) appears in each integrand as well,
demonstrating the di usive (scattering dependent) derivion underling Landauer transport.
For the Seebeck coe cient and the electronic contribution @ the thermal conductivity, we
also note that the position of the Fermi level E  Eg) appears independently of the Fermi
function f (E) itself. Note that the integrand of Seebeck coe cient, in paticular, can adopt
a negative value depending on the position d&r. This is unigue amongst the transport
coe cients, as the integrands of the conductivity and eleabnic heat conductivity must be
strictly positive. This suggests that the Seebeck coe cienwill su er reduced values asEr
is pushed deeper into the band (e.g. higher doping levels).

Inspection of the equations is useful, but it can be even monestructive to examine the
functional form of the transport coe cients under a simpli ed example. Let us invoke the
single parabolic band model (SPB), wherein the electronidrscture is simply represented

by:

~2k2

Using the SPB model, we can decompose the transport distriboh function down into the
carrier velocities (E) and the charge carrier lifetime (E). We will assume that acoustic
phonon scattering is the dominant scattering mechanism (vidh is generally true for most
typical thermoelectric materials), allowing the assumptin that (E) E 2. The charge

carrier velocity can be derived from the semi-classical latic energy of a charge carrier (e.g.



KE / m v?). The density of states has the standard dependency gfE) / E? as would
be expected from a single parabolic band. Figure 1.2 providegraphical representation of
the decomposed transport coe cients, alongside the indidual components of the transport

distribution function.
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Figure 1.2: Graphical representation of the transport distbution function, Fermi func-
tion, and the transport coe cients under the single parabak band assumption and acoustic
phonon scattering. The functional form and impact of thevindow function (grey) is clearly
evidenced in the geometrical shape of the integrand for theahsport coe cients. As sug-
gested in the text, the integrand of the Seebeck coe cient Wisu er reduced values asEr
is pushed deeper into the band.

Figure 1.2 highlights the parameters key to the optimizatiorof thermoelectric materials,
the Fermi levelE (e.g. doping), the shape of the density of stateg(E)), and the scattering
rates (E). Recall that our discussion above neglected the lattice ¢éhmal conductivity
(phonon contribution). Thus, one nal piece is required to dilly understand zT: the lattice

thermal conductivity .



The simplest model for the lattice thermal conductivity | in thermoelectric materials is
given by Equation 1.6:

1
=G (L.6)

Where C, is the volumetric heat capacity, is the phonon velocity (which is often approx-
imated as the speed of sound), and is the phonon relaxation time. Equation 1.6 assumes
a constant velocity and a constant (uniform) scattering ra¢. While simple, Equation 1.6
does not accurately describe experimental data and does mobvide su cient conceptual
depth to design new materials. To this end, we commonly appéysimpli ed Debye-Callaway
formalism to describe the lattice thermal conductivity. Spci cally speaking, our modeling
breaks the thermal conductivity into independent contribtions from the acoustic ., and

optical ., phonon branches:
L= Lot La (1.7)

Within the Debye-Callaway formalism, we can write a generabfm for the lattice thermal
conductivity using the spectral heat capacityCs(! ), the frequency dependent phonon velocity
('), and frequency dependent phonon relaxation time(! ):
Z,

L= ey 02 ) (1.8)
3,

The bounds of the integral can be tailored to model the acoustor optical contributions ap-
propriately. The upper bound for the acoustic contributionis typically estimated within
the Debye model, wherein the maximum phonon frequency is giv by ! 1ax Ip =
(6 2=V)™ ,. Note that within thermoelectrics, we generally estimate th phonon veloc-
ity by the appropriate average of the longitudinal and trangerse speeds of sound. The
functional form of the spectral heat capacityCs(! ) is provided in Equation 1.9:

Z,

3.._2 * max | 4e~!:k bT

C(') = =—5—
s(*) 2 2k, T2 ngg(e~!=ka 1)2

d! (1.9)

Where the heat capacity is explicitly dependent on the groupy and phase , phonon ve-

locities. The phonon relaxation time (! ) in Equation 1.8 is generally considered to follow



Matthesien's Rule, wherein:

X
(')= I (DR (DRI (DR (1.10)
:
We have explicitly written the three most commonly considesd contributions to (! ):
1) Umklapp (phonon-phonon) scattering y, 2) grain boundary g, and 3) point defect
scattering pp. The frequency dependence of the relaxation times is sumnzad in Equation
1.11

639 My,

)= T VS 27T

d
s(!)= Y (1.11)

14 X 2 X o2 !
v fi1m+ f,lr—l

2
4Iogi m : r

po(!) =

Where Umklapp scattering ¢ follows a general 2 form and also shows the dependence on
the Gruneisen parameter, . The variablesM and V represent the average mass per atom
and average volume per atom, respectively. The boundary $&ging g is actually frequency
independent, but instead depends on the average grain size,Point-defect scattering pp
can adopt many variations{ the one shown here depends prinilgron geometrical consider-
ations of the speci c point defect (e.g. the fraction of atomf; with mass m; and radiusr;
that reside on sites with average mass and average radius). Which scattering parameters
are invoked depends on the system, the temperature regimeioferest, and the observed
dependence of the experimental thermal conductivity dataFigure 1.3 shows a graphical
representation of the functional forms of the scattering nehanisms, and the functional form
of the net phonon relaxation time.

The optical contribution to the lattice thermal conductivity can be estimated by adopt-
ing glass-like behavior. Within the Cahill approximation, he dominant scattering e ect
in glasses is estimated by gjass =! . Evaluating the general expression for thermal

conductivity (Equation 1.8) from the minimum optical frequency of ! ; =N*=2 to the high
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Figure 1.3: Graphical representation of the phonon scatterg phenomenon that dominate
within thermoelectrics. Due to the Mattheisen relationslp, the scattering mechanism with
the fastest relaxation time will dominate the e ective phomn scattering. Depending on
chemistry and processing, the various e ects may emerge asnginant e ects. For exam-
ple, nanostructuring and alloying (e.g. SiGe) causes bousy scattering and point defect
scattering to eclipse Umklapp.

temperature limit of Cs(! ) yields a relatively simple formula:

_ 3kb S 1=3 1
R VS =

(1.12)
Conceptually, the optical contribution to the lattice thermal conductivity acts as a static
o0 set that maintains a non-zero thermal conductivity even &the amorphous limitN = 1 .
Recall that at the amorphous limit, the acoustic contributon to the lattice thermal conduc-
tivity will approach zero, even though glassy materials psgss nite thermal conductivity.
Summarizing, we have shown that the lattice thermal conduntity can be expressedia:

Z,
'p

I e ey e @)
3 o

_ 3kb s 1=3 1
R VR N2
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*Phew* We have everything we need to put together the functimal forms of the Seebeck
coe cient , electrical conductivity , and the total thermal conductivity . Let's examine

the functional form of zT as a function of the carrier concentration. Figure 1.4 show$e



di erent functional dependencies of the transport coe ciets as a function of doping at a

xed temperature.

zT

0% 10  10° 107
Carrier Concentration (cm)

Figure 1.4: Schematic showing the functional forms of the tngport coe cients ( , , ) on
the carrier concentration at xed temperature. We note thatthe competing trends between
the Seebeck coe cient and thermal conductivity (optimizedat low carrier concentrations)
and the electrical conductivity (optimized at high carrierconcentration) yields a peak ireT
at an doping concentration within the 10%-10%° cm 2 range.

Figure 1.4 is a very simpli ed view of the thermoelectric optnization problem { it as-
sumes that we can trivially alter the carrier concentrationwithout any deleterious e ects.
As we have only shown the properties at a xed temperature, itlao underplays thermally
driven changes in scattering and transport. In practice, th problem requires optimization
of both the operating temperature and doping level to realehigh-e ciency thermoelectric
materials. Regardless, Figure 1.4 is a useful schematic to tiwate the complex interplay
between the fundamental transport parameters. It is clearhat the classical expression for
zT vastly undersells the nuanced optimization problem inheng¢ to thermoelectrics. The
complex interplay of the electrical and thermal transport,coupled with the non-trivial re-
lationship between fundamental materials parameters anche transport coe cients makes
searching for new materials di cult. Furthermore, the strong dependence on doping means

that a signi cant amount of e ort (defect engineering) must be invested to experimentally

10



survey a single system. Accordingly, the community has higioally been dominated by
Edisonian trial-and-error. Some chemical intuition guide the process (heavy elements, soft
materials, complex structures), but often material discary is slow and iterative.

These realizations were the impetus for a high-throughpubmputational study we pub-
lished in Energy and Environmental Sciencan 2015.[1] While high-throughput computa-
tional e orts had be previously implemented in photovoltacs, there had been limited e orts
within thermoelectrics to create a screening methodologyrartially due to the complex in-
terplay between the thermoelectric transport parameterghe strong in uence of scattering
phenomenon, and defect engineering, prior e orts in thernabectrics had focused on limited
chemical systems or had used generous simplifying assuraps. For example, a study by
Madsen considered 570 antimonides, utilizing the ground state DFTral the constant re-
laxation time approximation to solve the Boltzmann transpat equations.[2] By restricting
the search problem to antimonides, and by further utlizinghe constant relaxation time ap-
proximation, Madsen was able to identify several promising thermoelectric matals (e.g.
LiZznSb). However, one of the critical weaknesses of the worky IMadsen as assuming
that all of the compounds had the same lattice thermal condtigity. Later work by Cur-
tarolo would evaluate 2500 compounds, again making simplifyingsasnptions to the lattice
thermal conductivity.[3] Several other thermoelectric grups have also begun integrating
computation as a way to screen for e ective compounds, usingrying approaches to eval-
uating the structure-transport relationships.[4] Our ulimate goal was to screen the entire
Inorganic Crystal Structure Database (ICSD) for potentialthermoelectric materials using
Density Functional Theory (DFT) calculations. However, to doso successfully required a
reformulation of the fundamental transport parameters inb computationally accessible met-
rics. To enable high-throughput computational searches #re were two key developments:
1) we could eliminate the dependence on doping by using theaijty-factor , and 2) we

contended with the dependence on scattering by using semmarical data-driven models.
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As explained before, the gure of merizT is the widely accepted metric used to judge
the potential of a thermoelectric material. However, consatation of the solutions to the
Boltzmann transport equation within the relaxation time agproximation yields an alternative
expression forzT:

u
ZT = 1.14
va—— (1.14)

Where u and v are functions that depend strictly on the chemical potentia(doping)
and charge carrier scattering. The parameter is known as the \quality factor,” and is a
material-dependent parameter that does not depend on theatge carrier chemical potential.

We can explicitly write  as:

ke 2e(ksT)32T o(Mpog =Me)32

= — 1.15
e (@) L (119

We often absorb the constants and expressas a simpli ed expression:
j —oMoos =Me)™ 15, (1.16)

L

Where , is the intrinsic charge carrier mobility, mpog is the density of states e ective
mass, and | is the lattice thermal conductivity. Under the assumption that the optimal
carrier concentration can be achieved, quite successfully serves as a way to evaluat@.
Figure 1.5 shows a correlation of with zT for a diverse range of compounds.

Figure 1.5 indicates that is a useful proxy forzT. The quality factor , however, has the
distinct advantage of being carrier concentration indepalent. The astute observer notes that

still depends critically on parameters which are scattergndependent (o, ). Scattering-
dependent DFT is prohibitively expensive, particularly forhigh-throughput methodolgoes.
Thus, we next turn our attention to modeling the mobility and lattice thermal conductivity
via data-driven semi-empirical modeling.

The simplest approach to the mobility invokes the constantalaxation time model o =
e e:mblz2 { which suggests that / mblzz. This approximation naively suggests that high

band e ective mass is desirable. However, a more nuanced vietv nds that this is often
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Figure 1.5: For to be a robust metric, it must have correlate withzT across a diverse range
of compounds. Using experimentally measured transport memements from literature, we
found excellent agreement between and zT, despite di erences in peak temperature.

misleading. In general, there are four distinct electronkpnon scattering mechanisms that
are of importance in semiconductors: 1) acoustic deformatis potential scattering, 2) optical
deformation potential scattering, 3) polar optical phononscattering, and 4) piezoelectric
scattering. Depending on the nuances of the electron and ptan dispersions the di erent
scattering mechanisms will contribute di erently to both inter- and intra-valley scattering

events. For this analysis we will neglect piezoelectric stering (which is normally a low-

temperature phenomenon).

The deformation potential scattering can be thought of in aglatively conceptual frame-
work. Phonons displace ions o of their equilibrium positias, which in turn changes the
electronic structure. The change in the supported electrandispersion is represented by the
deformation potential. In essence, however, the scattegrnphenomenon boil down to the
displacement of ions from the equilibrium positionsia phonons. As one might expect, the
charge carrier relaxation time (e.g. scattering) can be wten in terms of the deformation

potential:

| Cym, %% 2 (1.17)
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Where C;; is the elastic constant for longitudinal vibrations and is the deformation
potential of the relevant band edge. Taking into account theeciprocal additivity of the re-
laxation times (Matthiessen's rule), we postulate that thentrinsic mobility can be described,

to rst order, by the bulk modulus (B) and the band e ective massmy,:
0= AB3(my) ! (1.18)

Note that A, s, andt are empirical parameters, which are to be tuned using experental
literature data. Under these assumptions both the bulk moduk andm, can be evaluated
from DFT calculations alone. To test the validity of our modeland to derive values forA, s,
and t, an extensive literature search was performed to extract p&rimentally measured n-
and p-type intrinsic mobility. Figure 1.6 shows the results foour literature review alongside

our predictions of ¢ using the equation above.
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Figure 1.6: Generally our semi-empirical model for the chaggcarrier mobility is predictive
of the experimental data within half and order of magnitude dashed lines). Orange data is
for p-type transport, blue for n-type. Horizontal bars on theexperimental mobility indicate
the spread in the literature values. Single crystal data isnmarked, while polycrystalline
data is indicated with an

Using a training set of 31 thermoelectric compounds, our semmpirical model for the
intrinsic mobility succeeded at predicting the experimeral values within half an order of

magnitude (nearly within error of experimental data alone) Furthermore, the band e ective
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masses and bulk modulus are quantities which are amenablehigh-throughput DFT cal-
culations. While the model uses fairly generous assumptioasd a relatively small learning
set, it allows us to circumvent expensive electron-phonomugpling calculations and enables
the electronic transport properties to be readily evaluatk by DFT.

We adopt a similar approach to the lattice thermal conductiity { we rst use physics
driven models to construct a rst guess functional form, andhen subsequently allow degrees
of freedom to be t using experimental data. As we derived eaelr, the lattice thermal
conductivity can be expressed as:

Z,
'p

2 Te) (02 (Har (@19)
3 o

_ 3kb s 1=3 l
R VEEI NEE

- L;o+

Under the high-temperature limit for the heat capacity and tle assumption that Umklapp
scattering is the dominant scattering source, the acoustmntribution to the lattice thermal
conductivity reduces to:

_ 62 MV

La =™ Tg 2 Ty2=38 213 (1.20)

Simplifying the expression for the lattice thermal conductity from before, we nd that:

s 1 MVS
1 + A1V2=3n1=3

L= Azﬁ N 2=3

(1.21)

Where A; and A, are tted parameters from literature data. Note that we have n-
corporated the Gruneisen parameter into A; as a material-independent parameter. This
is not strictly true, and is expected to vary from 0.5-3 in most materials. Under these
assumptions, however, the lattice thermal conductivity aa be readily calculated from the
crystal structure. Note that a later study performed by Samal A. Miller further re ne our
lattice thermal conductivity model to include the average eordination number as a proxy
for the Gruneisen parameter, signi cantly improving the mdel accuracy. Figure 1.7 shows

the calculated lattice thermal conductivity against the eperimentally measured values.
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Figure 1.7: Our semi-empirical model for the lattice thermatonductivity is predictive of
the experimentally measured values within half an order of agnitude.
We nd that the lattice thermal conductivity model is predictive of the experimental

data within half an order of magnitude. With the success of batthe intrinsic mobility and

lattice thermal conductivity models, we can de ne a new meic gg:

o(Mpos =Me)>=2

L

/ T (1.22)

where the intrinsic mobility and lattice thermal conductivity are determined using semi-
empirical models from the bulk modulus, electronic strucne, and fundamental crystallogra-
phy. The creation of sg allowed us to evaluate over 2000 unique compounds { all of wehi
have been integrated into our open-source website www.tatnlab.org.

The computational e orts highlighted here were a collabortave e ort between our en-
tire program. My primary role as the lead experimentalist irthe program was to synthesize,
validate, and provide feedback to computation. However, weaigkly discovered that the real-
ization of new thermoelectric materials cannot be achievdry expedited computation alone.
The bulk of this thesis demonstrates our experimental e og to accelerate the discovery of

new thermoelectric materials. The thesis can be divided imtthree arcs:
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" Papers 1 and 2 examine cases where experimental and compiotadl e orts synergize
to identify, optimize, and publish a new class of thermoel&tc materials. Investigating
the compounds KAISh and KGaSkhy, these papers present the discovery of two n-type
Zintl materials with potential for zT > 1. Before publication, historical bias had

commonly believed all Zintl materials to be p-type.

Papers 3 and 4 examine the quaternary diamond-like semicaradors, exemplifying
how computational screening is insu cient to realize new foctional materials. The
dopability of a given material is not currently accessible yocomputation in a high-
throughput way, nor are computations tractable in all systms. In these cases, op-
timization is led by experimental methods. These papers regsent a philosophical
transition wherein we demonstrate how \smart" experimentaon can be used to inves-

tigate complex chemical spaces that are computationally phibitive.

Paper 5 is an investigation into high-throughput synthesisf bulk thermoelectric alloys
within the PbTe-PbSe-SnTe-SnSe system. This paper represga complete paradigm
shift, relative to our computationally-driven material seéence, instead placing experi-

mental methods at the forefront of material discovery and delopment.

This thesis only investigates several of my key publicatienduring my thesis. | have
also diversi ed my interests into photovoltaics, crystal gowth, and quantum materials. A

complete list of papers (as of October 2018) can be found inetiAppendix.
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CHAPTER 2
POTENTIAL FOR HIGH THERMOELECTRIC PERFORMANCE IN N-TYPE ZINTLS:
A CASE STUDY OF Ba DOPED KAISb,

A paper published in the Journal of Materials Chemistry A (Rogl Sociey of Chemistry)t

Brenden R. Ortiz> Prashun Gorai? Lakshmi Krishna,* Rachel Mow® Armando Lopez®

Robert McKinney,” Vladan Stevanovic® and Eric S. Toberef

This paper focuses on the transport and properties of n-typZintl material, KAISD 4.
When this paper was published, the thermoelectrics commupwistrongly believed Zintl ma-
terials to be predominantly p-type due to cation vacancy fonation. With the discovery of
n-type KAISb,, we demonstrated that historical bias may be clouding the aech for new
thermoelectric materials. At the time of publication, thiswas one of the only n-type Zintl
materials. To remove conceptual bias from future searchese provided supplementary cal-
culations on a host of unstudied Zintl materials. We predi&d that many Zintl materials
should have n-type properties which surpass their respegti p-type properties, particularly
with respect to the electronic mobility. In recent years, tle thermoelectric community has
become much more interested in Zintl materials, includingheir n-type properties { gar-
nering whole sections at the International Conference on €mmoelectrics. Our work on
KAISb, highlights the synergy between computation and experiment identify and realize

new materials without the hinderance of historical bias.

1Reproduced fromJ. Mater. Chem. A, 2017, 5, 4036-4046 with permission from the Royal Society of
Chemistry. Electronic supplementary information available online.

2Graduate student, primary researcher and author

3Postdoctoral researcher, performed DFT calculations

4Postdoctoral mentor, aided in synthesis

SUndergraduate, aided in synthesis

6Undergraduate, aided in synthesis

"Graduate student, aided in characterization

8Secondary P.I., DFT analysis

®Primary P.l., Graduate advisor
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2.1 Abstract

High-throughput calculations have the potential to guide tle discovery of new thermo-
electric materials. Herein we have computationally assesdsthe potential for thermoelectric
performance of 145 complex Zintl pnictides. Of the 145 Zindompounds accessed, 17%
show promisingn-type transport properties, compared with only 6% showingrpmising p-
type transport. We predict that n-type Zintl compounds should exhibit high mobility
while maintaining the low thermal conductivity | typical of Zintl phases. Thus, not only
do candidaten-type Zintls outnumber their p-type counterparts, but they may also exhibit
improved thermoelectric performance. From the computatital search, we have selected
n-type KAISb, as a promising thermoelectric material. Synthesis and clasterization of
polycrystalline KAISb, reveals non-degenerate-type transport. With Ba substitution, the
carrier concentration is tuned between 8 10 e cm 2 with a maximum Ba solubility on
the K site of 0.7%. High temperature transport measurement®o rm high , (50 cn? V !

s 1) coupled with near minimum | (0.5 W m ! K 1) at 370°C. Together, these properties
yield a zT of 0.7 at 370C for the composition Ky.99Bag.01AlSbs. Based on the theoretical
predictions and subsequent experimental validation, we ¢h signi cant motivation for the

exploration of n-type thermoelectric performance in other Zintl pnictides
2.2 Introduction

The discovery of new materials with high thermoelectric gre of merit zT remains a
challenging and societally important problem within mateials physics.[5{7] Historically, the
search for new thermoelectric materials has been led by expsent with little knowledge
of the underlying reciprocal space properties (e.g. eleotr and phonon band structures)
due to the di culty of accurately predicting the electronic and phonon transport entering
zT.[5, 8{10] However, with the rise of high-throughput rst-piinciples calculations, models
for predicting transport properties and metrics for quanfying thermoelectric performance

are beginning to emerge. Current high-throughput methodsaa be broadly classi ed into two
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categories: (i) those that determine charge carrier eneeg and velocities from calculations
to predict performance within a Boltzmann transport model 11{16], and (ii) those that
use semiempirical models that combine experimental data @nrst-principles calculations
to predict performance.[1, 17, 18] Despite advances in comt@tional throughput, the eld
has seen few experimental e orts that validate thermoelegt performance predictions or
harness these searches to realize new classes of thermwoiglenaterials.

We have previously developed a metric for quantifying the pential for thermoelectric
performance of materials.[1] The metric is based on the qiglfactor and can be evaluated
directly from rst-principles calculations and semi-empiical models in a computationally-
tractable, high-throughput fashion.[19] Using as the metric, we have performed a high-
throughput search to identify promising families of mateals.[20]

The Zintl pnictides, a historically successful class gktype thermoelectric materials (e.g.
Yb14MnSh;1,[21, 22] S§GaSh,[23] and CaAl,Shks [24]) was one such family identi ed as
having the potential for high zT. However, contrary to the vast amount of experimental
literature on p-type Zintl thermoelectrics, we nd that n-type Zintl materials with high
are more numerous and have the potential to outperform thep-type counterparts. In this
work, we employ a high-throughput search of 145 Zintl pniddies to investigate the di erences
in the intrinsic transport properties within Zintl compounds. We identify that n-type Zintls
are a understudied, extremely promising class of material§o validate our computational
preductions we have selected KAISbas one of many promisingn-type candidates.

The p-type Zintl antimonides excel as thermoelectrics due to tlireextremely low lat-
tice thermal conductivity; their critical weakness is ofta low charge carrier mobilities € 10
cm? V 1s 1). The predicted mobility of n-type KAISb, is quite high ( 100 cnf V s 1),
suggesting that the conduction band edge states may enablaproved charge transport
without compromising the low lattice thermal conductivity typical of Zintl compounds. In-
terestingly, few Zintl compounds have been experimentalhgalized asn-type thermoelectric

materials. The key exceptions are the lled skutterudite ad clathrate compounds. Both of
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Figure 2.1: Crystal structure of KAISh, is comprised of in nite chains of corner-sharing AlSp

tetrahedra extending in the b-direction. The chains of AlSptetrahedra are interconnected
by two chains of trigonal pyrimidal Sb chain linkages (1) anene zig-zag Sb chain linkage
(2). This structure creates in nite K-containing channelsparallel to the b-direction.

these materials achieven-type performance due to large guest sites that permit unusiia
exible chemistry. Excluding skutterudite and clathrate dructures, we have only identi ed
BasIn,Shy (zT  0:02)[25] and SrA}Si, (zT ~ 0:35)[26] as materials withn-type perfor-
mance. Several Mg-containing compounds have also been tded in the literature as
n-type Zintl compounds (MgShk;[27, 28] and Ba.yCa,.4sMge.7Sk; [29]). However, given the
electropositive character of Mg, it is not clear that such aopounds contain the requisite
polyanionic framework to be considered traditional Zintl ompounds.

Figure 2.1 shows the crystal structure and extended bonding KAISb4.[30] The structure
is charge balanced, with a in nite AISly ! polyanionic structure surrounding K ions. KAISb,
is comprised of in nite chains of corner-sharing AlSptetrahedra extending in the b-direction.
Within the a-c directions, the AlSh, chains are interconnected by two varieties of Sb chains

(denoted (1) and (2) in Figure 2.1). For each AlSptetrahedra, the connections are:

1. Two Sb-chains consisting of trigonal pyrimidal Sb groupsxtending in the b-direction.

2. One zig-zag chain of Sb extending in the b-direction.
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The total anionic framework created by the Al and Sb creates inite channels of K atoms
in the b-direction. The structure is reminiscent of BaGgSh,, which also contains channels
of Ba atoms surrounded by a anionic framework of Ga-Sb.[31,]3rior work on KAISb, is
limited to the original structural study.[30] In that work, the compound was synthesized for
the rst time from the elements at 920 K.

Guided by our high-throughput search of Zintl pnictides, weaeport the synthesis and
thermoelectric properties of K yBasAlSb,. Synthesis is conducted via high-energy ball
milling followed by reactive uniaxial hot-pressing to yiel dense, single-phase ingots. A
combination of X-ray di raction and carrier concentration measurements are utilized to de-
termine the solubility limit of Ba in K ; yBasAlSb,. High temperature resistivity, Hall and
Seebeck coe cient, and thermal di usivity measurements a& used to reveal the electronic
and thermal transport properties. Electronic structure ckulations and analysis within the
Boltzmann transport framework provide further insights ito the underlying transport mech-
anisms. Overall K 4Ba,AlSb, proves to be a promising thermoelectric material with aT
of 0.7 at 370C. For comparison, PbTe possessed of 0.8 and 1.0 at 378C under optimal
doping with iodine and lanthanum, respectively (this compa@son does not include the ex-
tensive microstructural optimization PbTe has undergoneni the last 30 years).[5, 33] The
experimental work serves to validate the computational sezh and further encourages the

exploration of n-type Zintls for high zT.

2.3 Methods
2.3.1 Experimental

K, xBaxAlSb, (0 x  0.050) are synthesized through high-energy ball milling Ifo
lowed by reactive uniaxial hot-pressing. All sample prepatian, handling of powders, and
measuring of raw reagents is performed in an argon dry box Wwitoxygen concentration
<lppm. We have empirically determined that the purest sampdeare obtained by adding
elements according to Koo xBaxAl1.00Shs.go t0 suppress formation of Sb impurities. Elemen-

tal aluminum shot (Alfa 99.999%) is sectioned into small{1mm) pieces and loaded with
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antimony shot (Alfa 99.999%) and barium shavings taken fromasium rod (Alfa 99+%) into
a tungsten carbide mill vial with two 7/16°°tungsten carbide balls. Aluminum, barium, and
antimony are ball milled for 60m to pre-react aluminum and eanly disperse barium. Potas-
sium chunk (Alfa 99.5%) is cleaned by cutting away surface @ation and then added to
the aluminum/barium/antimony mixture. Mixture is milled a gain for 15 cycles of duration
1m. The vial is rotated between each cycle to prevent adhesiof powder to walls of vial.
Powders are sieved through a 106n mesh adhering to ASTM E11 standards.

Polycrystalline ingots are formed via reactive hot pressiin a high-density graphite die
under dynamic vacuum. Samples are heated to 5@within 3h under 50MPa of pressure.
Densi cation occurs during a 500C soak for 15h under 50MPa. Sample then undergoes a
stress-free anneal at 50CQ for 1h, followed by a controlled cool to 5@ in 1h. Samples
are sectioned into 1.5mm thick discs and characterized. Spla densities were measured by
geometrical method and were consistentby 97% of the density predicted by X-ray di raction.

X-ray diraction patterns are collected on a Bruker D2 Phaserdi ractometer in an -
2 con guration using Cu K radiation. Re nement of the patterns utilized pure KAISh,
(ICSD: 300157) as the base pattern and the GSAS Il software page.[34] Re ned param-
eters include: lattice parameters, isotropic domain sizeand atomic positions. Instrumental
parameters are re ned using a NIST LaB sample to increase delity of results. Energy
dispersive spectroscopy (EDS) mapping of sample fracturartaces is performed on a FEI
Quanta 600i Scanning Electron Microscope (SEM).

Hall e ect and resistivity measurements are performed usinthe Van der Pauw geom-
etry on home-built apparatus.[35] Measurements were conttad to 400C under vacuum
(<10 “Torr). Contacts are pressure-assisted nichrome wire. Afteontacts are established,
samples are coated with boron nitride spray to suppress subhtion. A test sample was
measured with and without the boron nitride coating; no chage in resistivity was observed
as a result of the coating, but high temperature stability uder high vacuum was signi -

cantly improved. Seebeck coe cient measurements were camntted using the quasi-steady
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slope method to 408C under high vacuum & 10 ®Torr).[35, 36] Boron nitride coating is
removed before Seebeck e ect measurements are made.

Thermal di usivity is measured using a Netzsch Laser Flash Appatus (LFA) 457 and
the resulting di usivity data t using a Cowen plus Pulse Correction (CPC) numerical model.
Samples are coated with graphite spray to reduce errors inrsple emmisivity. The total

thermal conductivity of the alloyed samples is calculatedsing:
=DC, (2.1)

where D is the thermal di usivity, is the mass density, andC,, is the volumetric heat
capacity. The heat capacity is estimated using the Dulong€®it approximation.

Speed of sound measurements are performed using an Olymp0gZPR Pulser/Receiver
system with a gain of 20 dB and a 5 kHz signal. Both longitudinand shear measurements
were made, using Olympus V112 (longitudinal) and Olympus V158hear) transducers and

an Atten ADS 1102C oscilloscope.
2.3.2 Computation

Density functional theory (DFT) calculations were performd with plane-wave basis
VASP code [37], with the exchange correlation functional inhe Perdew Burke Ernzerhof
(PBE) functional form within the projector augmented wave érmalism [38]. For relaxing
the structures of 145 Zintl compounds (arsenides, antimates, and bismuthides) shown in
Figure 2.2, a procedure similar to that described in Refs. 18was used with a plane-wave
cuto of 340 eV. A suitable on-site correction in the form of Hubard U in the rotationally
invariant form proposed by Dudarevet al.[39] was applied for transition metals.[40]. The
guality factor is de ned as:

2 3=2 =
2_e k_B k_B OmDOS ° 2T5:2 (2 2)
~3 e 2 L '

where ¢ is the intrinsic charge carrier mobility, my,g is the density of states (DOS) e ective

mass, | is the lattice thermal conductivity, kg is the Boltzmann constant,e is the electronic
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charge and~ is the reduced Planck constant. To address the challengessasiated with
direct calculation of the transport properties, o and | were calculated using semi-empirical
models.[1] To determine , one needs to calculate the density of states e ective masg,qg,
the band e ective masam,, and the bulk modulusB. The band e ective massm, is evaluated
from mpog and the band degeneracy N using the relation myog = NthSmb (assuming
spherical and symmetric electron/hole pockets). The bandegieneracyNy is determined from
the electronic structure calculated on a densk-point grid using our previously-developed
algorithm.[1] The bulk modulusB is calculated by tting the Birch-Murnaghan equation of
state to a set of total energies computed at di erent volumesThe density of states e ective
massmpyg is determined from the DOS within the parabolic band approxnation, such that
the parabolic band reproduces the same number of states a®tBOS within a 100 meV
energy window from the relevant band edges.

For KAISh,4, the electronic structure and the energy-decomposed charglensities are
calculated on a dense&-point grid (6 14 4). The band e ective massesn, along high
symmetry paths of the orthorhombic Brillouin zone are caldated on a densek-point grid
by tting a parabolic band ( = ~?k?=2m ,, where = E Eg and Eq is the energy at
the bottom/top of the band) to the band edges. Where the band egs signi cantly deviate
from a parabolic band, a Kane dispersion model ¢ 2 = ~?k?=2m,, where is the

non-parabolicity factor) is used to obtainm,,.

2.4 Results and Discussion

2.4.1 Predicted Properties of Zintl Pnictides

First-principles calculations of 145 Zintl arsenides, antionides, and bismides were ana-
lyzed within the framework developed for .[1] Compounds with > 10 (roughly comparable
to PbTe) were analyzed in aggregate to study general trends transport properties that
make the Zintl pnictides promising thermoelectric materis. Of the 145 compounds, 17%
are predicted to have > 10 forn-type transport whereas only 6% are predicted to have 10

for p-type transport. Please note that all calculations are aviable (alongside>2000 other
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materials) on www.tedesignlab.org.[20] Furthermore, wend that the sources of large are
fundamentally di erent in Zintl compounds depending on then or p-type transport. Figure
2.2 provides a visualization of the average intrinsic trap®rt properties of Zintl pnictides
with > 10 forn and p-type transport. For reference, the transport properties @ compared
with those of PbTe. All results used to produce Figure 2.2 can Heund in ESI, Table S1.
We note that there are many antimonides and bismuthides thatio not explicitly appear in
our data set due to the propensity of DFT to underestimate the &nd gap (yielding many
antimonides and bismuthides as zero gap materials). Howeye&re expect that many of the

arsenide results will generalize to their antimonide and &inuthide analogues.

a) p-type Zintl / p-type PbTe b) n-type Zintl / n-type PbTe C) p-type Zintl / n-type Zintl
(B> 10) (~10 comp.) (B> 10) (~25 comp.)
By Bn B
(0 - 25) (0-25) (0-25)
Mo K ' K M k!
(0 - 300) (0-0.8) (0 - 300) (0-0.8) (0 - 300) (0-0.8)
cm?V-ls! W-'mK cm?V-s! W-'mK cm?V-ls! W 'mK
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(0-3) (0-1.5) (0-3) (0-1.5) (0-3) (0-1.5)
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Figure 2.2: Radar plots showing the average computed trangp@roperties of p-type and n-
type Zintl compounds (> 10) with PbTe for comparison. The values for PbTe come from ou
calculations of for sake of self-consistency. a) Comparisontype Zintl with p-type PbTe,
demonstrating that, on averagep-type Zintls have low hole mobility but exceptionally low
thermal conductivity. Relatively few (8%) of studied Zintls exhibit > 10, due in part to the
reduced hole mobility. b) Comparison oh-type Zintl with n-type PbTe, demonstrating that
n-type Zintls have intrinsically high electron mobility, canparable to PbTe. ¢) Comparison
of n-type and p-type Zintls, demonstrates the drastic di erence between and p-type Zintls.

In Figure 2.2a, we nd that p-type Zintl pnictides with > 10 are characterized by
lower hole mobilities, higher band degeneracies, and heave ective masses compared to
PbTe. These predictions are consistent with experimentaksults from well-knownp-type

high zT Zintl compounds (e.g. YhsMnShb;;;[21, 22] CaAlISbs,[41, 42] S§GaSk;,[23] and
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CasAl,Shs[24]). Poor hole mobility requires a lower thermal conduactity to maintain > 10,
which is likely responsible for the relative scarcity gi-type Zintl pnictides with large . Con-
versely, Figure 2.2b demonstrates that the transport propées of n-type Zintl pnictides are
comparable to those oh-type PbTe. The n-type Zintls boast high electron mobilities, low
e ective masses, and low thermal conductivity. Additional, due to high electron mobility,
the requirement for extremely low lattice thermal conductiity is relaxed; consequently, the
number of n-type Zintl candidates is larger than thep-type candidates. Figure 2.2c directly
compares the average properties of theand n-type Zintl pnictides. While both p and n-
type Zintls have comparable average, we see that the underlying transport properties are
drastically di erent. The performance of p-type Zintls is driven by extremely low thermal
conductivity, whereasn-type Zintls boast both high electron mobility and low thermé con-
ductivity. The greater frequency ofn-type Zintls with high  combined with the intrinsically
high electron mobility strongly motivates further experinental work into the n-type Zintl
family. This is in stark contrast with the vast majority of Zintl literature, which is almost

exclusively p-type.
2.4.2 KAISb 4 Structure and Composition

To test the validity of these calculations fom-type Zintl compounds, KAISh, is explored
experimentally. Our synthesis procedure yields dense 7% theoretical density) discs of
KAISb,4. Crystal structure and phase purity of sintered K ,BayAlSb, samples was accessed
by X-ray di raction (XRD) and subsequent Rietveld re nement. Figure 2.3 shows a typical
XRD di raction pattern collected on pure KAISb,4. Additional XRD results can be found in
ESI, Fig S1.

For all hot-pressed samples, we identify a small (1-2 vol%npurity phase which cannot
be indexed by XRD. Additionally, for Ba-containing samples vih Ba concentrationx 0.01,
an additional impurity phase appears. However, due to possbpeak overlap with KAISk,
and the weak di raction intensity of the secondary phase, ialso cannot be indexed. Appear-

ance of impurity phase with increasing Ba content suggestermination of solid-solubility
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Figure 2.3: Representative Rietveld re nement (red) of KAISh di raction pattern (black)
and associated di erence pro le (blue). ICSD di raction patern 300157 for KAISk, is shown
for comparison. Rietveld results indicate that material igphase pure KAISh and yields a
reduced 2 2:5.

around x =0.010. However, due to the similar ionic radii of B& and K* and generally low
concentration of Ba, no trend is observed in the lattice paraeters or cell volume. Energy
dispersive spectroscopy (EDS) con rms that the average cqusition of samples is consis-
tent with the KAISb 4 crystal structure, within the error of EDS. EDS nds that the primary
impurity phase (1-2 vol%) is an Al-rich K-poor phase, consient with AISb (which we have

observed as a common contaminant in the KAISksystem).
2.4.3 Electronic Properties

Unlike many charge-balanced Zintl compounds commonly stuadl in the thermoelectric
community, KAISb, is intrinsically n-type at room temperature. We note that samples of
KAISb, synthesized with di erent impurities (e.g. AlISb, Sb) are als n-type. Ba-doping
successfully increases the electron concentration, catsnt with Ba, substitutional defects.
Figure 2.4 demonstrates the trend in carrier concentrationsaa function of nominal doping

concentration at 250C.
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Figure 2.4: Trend in electron carrier concentration with nonmal dopant concentration is
roughly linear up to the solubility limit of Ba. We nd that th e dopant e ectiveness of
Ba is approximately 50% that expected of a perfect substitignal defect Bg yielding one
free electron per Ba atom. Solubility limit of Ba is extrapaited to bex 0.007, which is
consistent with the appearance of a secondary phase in saagktontainingx  0.010 Ba.
Note that the plot is constructed at 250C, however, the qualitative results are identical for
all temperatures.

As suggested by the evolution of a secondary phase in XRD, theeetiveness of Ba as
a dopant in KAISb, appears to plateau aroundx =0.010. Assuming a linear relationship
between the electron concentration and the Ba content, we teapolate that the solubility of
Ba in KAISb, is approximatelyx 0.007. Assuming that each Ba yields one free electron,
the expected doping e ciency of Ba in KAIShy, is approximately 50%. This is consistent with
the relatively low doping e ciency observed in chemically elated Zintl compounds such as
Zn-doped CaAlSb,, Na-doped CaAl,Shs and Zn-doped S§GaSk.[23, 24, 42]

Successful doping of KAISpwith Ba at concentrationsx 0.010 yields decreases in the
electrical resistivity and electron mobility consistent with n-type doping. Figure 2.5 shows
the temperature dependence of the electronic resistivitynobility, and carrier concentration
for samples of K yBa,AlSh,. Electrical resistivity (Figure 2.5a) decreases monotorady up
to the solubility of Ba (x = 0.010), consistent with doping via Ba, . The electrical resistivity

and electron mobility in KAISb, are strongly temperature dependent from 5% to 25C°C.
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The temperature dependence cannot be ascribed to carrietigation, however, as the carrier
concentration is largely temperaturendependentfor doped samples (Figure 2.5c¢). Similar
activated behavior has been observed in samples of 8&bs, Sr;AlSbs, and SkrGaSk; and
has been attributed to oxidation at grain boundaries.[23,443]

We also see strong evidence that the increased resistivitylaw temperatures is, at least
partially, due to contact resistance with the Van der Pauw lads. Changes in lead metal
(copper, tungsten, nichrome, etc.) has no e ect on the resigity, but repeated anneals
of the contact consistently yield reductions in the “activieed behavior' observed in samples
of KAISb, at low to moderate temperatures. We note that replacing theantacts requires
another annealing cycle to recover the reduced resistivjtyonsistent with a contact annealing
process. During repeated cycling, we note no change in th@lhitemperature transport. The
activated character of resistivity and mobility is never aminated completely and is likely a
combination of contact resistance and grain boundary oxitian. By 25CC, the activated
character is largely eliminated. To reduce uncertainty in @y comparisons done with Hall
e ect measurements (e.g. Pisarenko), the comparisons arere at 250C.

Figure 2.6 shows the temperature-dependent Seebeck coemieneasurements for sam-
ples of K; BasAlSb,. Seebeck measurements on;K,Ba,AlSb, are negative, consistent
with Hall e ect measurements and the introduction of Bg defects via doping. The Seebeck
coe cient for doped samples decreases with increasing Banmentration, as expected for a
moderately doped semiconductor. We note that the Seebeckeotient continues to decay
for samples beyond the solubility limit of Ba. We attribute he decrease to the deleterious
e ect of the secondary phase, as the carrier concentratioorfall samples abovex = 0.010 is
largely constant (Figure 2.5c).

We see signi cant bipolar contribution in undoped KAISh. The Seebeck coe cient
peaks at -495/K ! at 200°C. From the peak in Seebeck, we estimate the thermal band
gap of KAISh, to be approximately 0.5eV.[44] All doped samples exhibit neéinearly rising

Seebeck coe cients, consistent with the behavior of a modately doped semiconductor.
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Figure 2.5: Hall e ect measurements on K ,Ba,AlSb, are consistent with then-type dop-
ing of an intrinsic semiconductor. Measurements on undopdtAISb, (black) yield high
resistivity (a), high mobility (b), and low n-type carrier concentration (c). With Ba doping,
the mobility and resistivity decrease, consistent with ineased charged impurity scattering.
Carrier concentration increases with Ba doping up to the sability limit of Ba (  0.7%).
In all samples, the mobility and resistivity exhibit strongtemperature dependence at low
temperatures € 25C°C). Due to the temperature invariance of the carrier concerdtion, we
conclude that the temperature dependence at low temperaies is likely a combination of
grain boundary oxidation and contact resistance.
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Figure 2.6: Seebeck coe cient measurements on; K;Ba,AlSb, are consistent withn-type
doping of a nominally intrinsic semiconductor. Intrinsic KAISb, (black) demonstrates a high
Seebeck coe cient which peaks at -495/K ! at approximately 170C before thermally in-
duced bipolar transport reduces Seebeck at high temperags. From the peak in Seebeck, we
estimate the thermal band gap of KAISh to be approximately 0.5eV. For samples contain-
ing x 0:010 Ba, the Seebeck coe cient continues to fall, despite thearrier concentration
remaining constant. Further reductions in Seebeck beyondhis point are attributed to the
deleterious e ect of the secondary phase.

Figure 2.7 illustrates the e ect of doping on the Seebeck coeient measured at 25%C.
Consistent with Ba-doping, the Seebeck coe cients are netige and decrease with increasing
electron concentration. We model the e ect of doping on theegbeck coe cient in KAISb, by
solving the Boltzmann transport equation (BTE) within the relaxation time approximation
for the Seebeck coe cientS as a function of the reduced chemical potential (Equation
2.3). For ease of comparison with other thermoelectric workve assume the system adheres
to the single parabolic band model (SPB). However, due to theugsi-2D nature of the band
structure surrounding , care must be taken when drawing coelusions from the SPB model.
By performing the calculation at elevated temperatures (250°C), we assume that acoustic
phonon scattering is the dominant scattering mechanism (alving = 0).The full form of

the Fermi integral F () is given by Equation 3.4 where is the reduced carrier energy.[45]

@+ e ()
SO= e @+ O

(2.3)
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Z 1 1+
F1+ ( ) = . Wd (24)
We can now de ne the carrier concentration as a function of #nreduced chemical potential

and the density of states (DOS) e ective massnog (Equation 2.5):

3=2

n=4 2
where n is the carrier concentration, T is the temperature, k;, is the Boltzmann constant,
and h is the Planck constant.

From Equations 2.3 and 2.4 we can generate a hypothetical $eek coe cient S as a
function of the chemical potential . Substitution of Equation 2.5 further allows us to write
the Seebeck coe cient as a function of the carrier concenttian and the DOS e ective mass.
The resulting expression is t to the experimental data in Figre 2.7 to determine the DOS
e ective mass. We nd that electrons in KAISh, have an approximate DOS mass of O1g..
We obtain similar results for calculations and ts performd at 150°C, 250°C, and 350C.
Note that the point at x = 0.000 Ba is not explicitly included in the tting as the tempera-

ture dependent Seebeck measurements (Figure 2.6) indicatsigni cant contribution from

bipolar e ects.
2.5 Thermal Transport

The thermal di usivity of KAISb 4 was measured to 40C. The total thermal conductivity
can be found in ESI, Fig S2 as a function of temperature and doyj concentration. The total
thermal conductivity is a combination of the lattice, electonic, and bipolar contributions
to thermal conductivity. To decouple the electronic contfution to thermal conductivity
from the lattice and bipolar contributions, the Wiedemann-iFanz relation = LT= is used
to estimate the electronic contribution to thermal condudtity. The Lorenz number L is

calculated within the SPB model according to Equation 2.64p]

%2(1+ )B+ JF (OF 2() @+ )PF () (2.6)

1+ )2F ()2
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Figure 2.7: Pisarenko plot for K BasAlSb, generated using the single parabolic band
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eter. For K; xBasAlSb, we obtain mp,s  0:5m.. The Pisarenko plot is constructed at
250°C, however, we note that the e ective mass obtained from theada is unchanged for
measurements at other temperatures. The undoped sampledtk) is not explicitly included

in the mathematical t, as the e ect of bipolar transport makes the temperature dependence
unreliable for a Pisarenko t. Samples withx  0:010 are not included due to presence of
secondary phase.
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Figure 2.8: The lattice thermal conductivity in doped sample is largely unchanged with

respect to Ba concentration. Intrinsic KAISh exhibits a strong bipolar contribution beyond

200C, consistent with an undoped, small-gap semiconductor. Buo relatively high elec-

trical resistivity, the subtracted electronic contribution to the thermal conductivity is only
0:1Wm K 1.
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Where the reduced chemical potential is calculated from the experimentally observed
Seebeck coe cients according to Equation 2.3. Again we asserthat scattering is dominated
by acoustic phonon scattering ( = 0). However, we acknowledge that the low temperature
electronic transport has signi cant contributions from the activated transport which will
increase error in the calculation of the lattice thermal caductivity at low temperatures.
The calculated Lorenz numbers for all samples can be found &8I, Fig S3. We nd that
the electronic contribution to the thermal conductivity is relatively low ( 0.1Wm K 1) for
most temperatures and compositions. Subtracting the elechic contribution to the thermal
conductivity results in the curves seen in Figure 2.8. Only tnundoped sample demonstrates
a signi cant bipolar contribution at temperatures >200°C. Due to the low concentration of
Ba and the similarity of the Ba and K ionic radii, we see littleto no change in the lattice
thermal conductivity as a function of Ba concentration.

We can apply the Debye-Callaway model to t the lattice thernal conductivity in KAISb 4
as a function of temperature. We assume that the total thermaconductivity is composed
of two terms, the contributions from acoustic phonons , and the contribution from optical
phonons . Under the high-temperature limit for the Debye-Callaway spctral heat capacity,
and assuming only Umklapp scattering plays a signi cant rolen the scattering of phonons,

the acoustic component of the lattice thermal conductivityreduces to Equation 2.7.[46]

_ (6 2)2=3 M g 1
am 42 TV23 2 N 1=3

2.7)

Here,M is the average mass (per atom),q is the phonon group velocity, is the Gruineisen
parameter, V is the average volume (per atom), andN is the number of atoms in the
primitive cell.

For the optical mode contribution to the lattice thermal corductivity, we assume that the
optical modes exhibit a glass-like conductivity. Again assning the high temperature limit

of the spectral heat capacity, we obtain the temperature irependent glassy limit, Equation
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2.8.[46]

°T v 6 LN

(2.8)

Where k;, is the Boltzmann constant. We approximate the phonon groupelocity 4 by the
average speed of sound/{(! ) vs). Ultrasonic measurements performed on KAISbnd
that Vrrans 3230m/s andvspear  1900m/s, which yields an average speed of sound of
Vs 2350m/s. The speed of sound in KAISpis consistent with chemically similar Zintl
compounds like CgAl,Shs, SrsGaSh;, Sr;AlSbz, and CaAlSbs.[23, 24, 41, 43] For KAISh,
we nd the glassy contribution from optical modes to be 0:34Wm K 1.

We t the sum of the acoustic (Equation 2.7) and optical (Equéion 2.8) contributions to
the lattice thermal conductivity for the sample containingx = 0.01Ba (ESI, Fig. S4). The
calculated t utilizes 3. We note that the thermal transport near room temperature
exhibits a stronger temperature dependence than predictdry the Debye-Callaway model.
At high temperatures, however, the data is observed to roughfollow a 1/T dependence
(consistent with phonon-phonon dominated scattering). Inhe the calculation of the Lorenz
number and the electronic contribution to thermal conductrity, we assumed that scattering
is dominated by acoustic phonon scattering (= 0). However, it is evident in the electrical
resistivity and electron mobility (Figure 2.5) that the eledronic transport at temperatures
<25CC is not entirely dominated by acoustic phonon scattering. Thus, wexpect the low
temperature Lorenz number and electronic correction to théhermal conductivity to be less
accurate than the high temperature correction. This couldantribute to the deviation in

the Debye-Callaway t at low temperatures.
2.6 Figure of Merit

The gure of merit zT for K, «BayAlSb, is shown in Figure 2.9. We nd that a maximum
zT value of 0.7 is obtained at 371 for the nominal composition Ky.ggoBao.010AISbs. PeakzT
in samples of KAISkh generally increases with Ba-doping until the solubility oBa is reached

at x = 0.010. Further addition of Ba after this point causes secatary phase formation that
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is deleterious to the Seebeck coe cient, electrical resistty, thermal conductivity, and thus

zT.
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Figure 2.9: We nd that K ¢.990Bag:010AISb, exhibits a peakzT of 0.7 at 370C. Consistent
with carrier concentration optimization, peakzT rises with doping up to the solubility limit

of Ba. All samples withx  0:010 exhibit reducedzT due to deleterious e ects of the
secondary phase.

The SPB model can be used to evaluate thel of a particular material as a function of the
reduced chemical potential given the experimental mobijif density of states e ective mass,
lattice thermal conductivity, and temperature. ESI, Fig. S5shows predictedzT values for
KAISb, at 370°C. The experimental data points for phase-pure samples areeslaid on ESI,
Fig S5 to evaluate the accuracy of the prediction. We see thaxgerimental samples are well
represented by the model. Furthermore, the doping levels @ined in the x = 0.010 sample
are approximately equal to the predicted optimal doping lesl, although further optimization

may allow zT >0.8.
2.7 Electronic Structure Calculations

Electronic structure calculations were performed on KAISpto provide further insight
into the fundamental electronic properties. The calculattband structure of KAISh, is shown
in Figure 2.10. KAISh, has a direct gap ( 0.2 eV) at the point and an additional low-

lying conduction band at Z, 20 meV above the conduction band edge. The DFT estimated
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bandgap ( 0.20eV) agrees well with the thermal bandgap estimated frone8beck coe cient

measurements ( 0.5eV), considering the propensity of DFT to underestimate # bandgap.
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Figure 2.10: Calculated band structure of KAISh The shaded regions denote 100 meV
energy windows from the corresponding band edges. Calcubais con rm that KAISb 4 is

a small-gap semiconductor. The conduction band e ective rsaes along -X and -Y are
small while -Z is signi cantly larger. A second, isotropic more dispersive conduction band
converges well within the 100meV window, and may play a rola maintaining high mobility

in the n-type material.

Both the conduction and valence bands exhibit signi cant aisotropy in the band e ective
massesify,). The conduction band forming the band edge is highly dispsive (low e ective
mass, high velocity) along -X and -Y directions in the Bril louin zone. However, in the -Z
direction, the same band issigni cantly heavier. We observe the presence of a second band
at the Z-point which is highly dispersive and signi cantly nore isotropic (see Table 2.1). Due
to the energetic proximity of the band atZ ( 20meV o the true conduction band edge)
and the polycrystalline nature of the samples studied her#he secondary band likely plays
a role in maintaining high charge carrier mobility inn-type KAISb,. Conversely, the band
corresponding to the valence band edge is relatively heavipag -Y and -Z directions but
much more dispersive along -X. A second band that converges within 106 meV from the

valence band edge, is almost at (non-dispersive) along -Z
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To investigate the orbital contributions to the band edge sdtes, we calculated the atom-
projected DOS (ESI, Fig S6). The conduction band edge is primb composed of states
derived from Sbp and s orbitals while the valence band edge is dominated by the caitiution
from Sbp orbitals. While relative contributions to the DOS from the ariimony and aluminum

atoms are expected to be accurate, it is not clear if a simplecomposition top and s orbitals

is applicable in Zintl compounds where signi cant hybridiation of orbitals may occur.

Figure 2.11: Charge density isosurfaces of the electroniat&s that lie within 30 meV of both
the valence (a and b) and conduction (c and d) band edges. Weteadhat both conduction
and valence band edges are dominated by Sb-derived statefieTvalence band is comprised
of lone pairs, which are concentrated on the trigonal pyramal chains and oriented towards
the cationic potassium channels. The conduction band costs of anti-bonding states spread
along both the trigonal pyramidal and zig-zag chains of Sb.

Figure 2.11 shows the charge density derived from electrorstates that lie within 30
meV of the valence and conduction band edges. Both the valenand conduction band

edges are dominated by Sb states, consistent with the atomegected DOS (ESI, Fig S6).

Table 2.1: Calculated band e ective massem, of KAISb, along certain high symmetry
directions in the Brillouin zone. Due to the proximity of a seondary band well within the

100meV window on then-type side, both the e ective masses for the and Z points are
given. Only the e ective masses at are given for thep-type material.

X Y -Z Z-T1T ZU Z-
mpcg 0.07 0.09 5.11 0.09 0.07 0.02
mywe 013 0.64 070 - - -
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Aluminum and potassium contribute negligibly to the atomic tates at the conduction and
valence band edges. The shape of the charge density isosigfan the valence band (Figure
2.11a) is suggestive of lone pairs that extend towards thetmaic channels of potassium.
However, not all Sb atoms contribute to the valence band edg&ates since the charge density
is primarily concentrated on Sb atoms that form trigonal pyamidal chains (Figure 2.11b).
In the conduction band, the charge density is associated \Wwitooth the trigonal pyramidal
and zig-zag chains of antimony (Figures 2.11c and d). However, thends appear to exhibit
nodes, characteristic of Sb-Sb anti-bonding states. Whileoth the valence and conduction
band edge states are derived from Sb orbitals, the valencenidais dominated by Sb lone
pair states, whereas, the conduction band is composed of idmonding states along the
polyanionic framework. These interpretations are consestit with simple molecular orbital
arguments and the calculated atom-projected DOS (ESI, Fig.6%

Both the pDOS and electron density isosurfaces indicate thahe conduction band is
strongly determined by antimony states. As such, these calations highlight opportunities
for enhancing the thermoelectric properties ai-type KAISb,. Alloying on either the potas-
sium or aluminum sites may enable tuning of other transport neperties while leaving the

intrinsically high n-type mobility of KAISb 4 una ected.

2.8 Conclusion

Our high-throughput computational search reveals thain-type Zintl compounds with
high outnumber and possibly outperform theimp-type counterparts. Furthermore, we nd
that n-type Zintls should possess high electron mobility while m&aining the low lattice
thermal conductivity characteristic of Zintl compounds. These results inspired us to consider
the n-type Zintl compound KAISb, doped with Ba. A combination of XRD and Hall e ect
measurements yielded a solubility of Ba of 0.7%, which cosmonds to a doping level of
approximately -2 10'%cm 3. Combined with the extremely low lattice thermal conductiity
( 0.5 Wm K ! at 370°C), the relatively high electron mobility (50 cntV !s ?) yields a

peakzT of 0.7 at 370C. Further, these results begin to validate our semi-empgal model
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as an e ective search strategy.

Our calculations of the electronic structure of KAISh reveal that the material is a small-
gap semiconductor with valence and conduction band edge t&s dominated by antimony
states. Band masses on the conduction band edge ( point) afeeavily anisotropic, charac-
terized by a mix of extremely light masses (0.07qn0.09m,) and a heavy mass (5.11@). The
presence of a light, secondary, and more isotropic band at Alp 20meV above the primary
band edge likely plays a role in maintaining high mobility inKAISb 4

Computationally guided material development has the potdial to revolutionize material
science and hasten the development and commercializatioh rew materials. This work
begins to lay the foundation for an unstudied class of thernetectric materials: then-
type complex Zintl phases. Despite plentiful work om-type Zintls, this work is one of
the only reports of the thermoelectric properties of a-type Zintl. Additionally, our work
demonstrates the potential for highzT in many other n-type Zintls. Coupled with the fact
that almost twice as manyn-type Zintls are predicted to be good thermoelectrics (when
compared to p-type Zintls), we stress that further e ort should be direced towards the

characterization and synthesis oh-type Zintl compounds.
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CHAPTER 3
THERMOELECTRIC PERFORMANCE AND DEFECT CHEMISTRY IN N-TYPE
ZINTL KGasSb,

A paper published in the journalChemistry of Materials (American Chemical Society):°
Brenden R. Ortiz! Prashun Gorail? Vladan Stevanovicl® and Eric S. Tobere#*

When we published the properties of n-type KAISh we did not have a mechanistic ex-
planation for the n-type transport. Many of the most in uential p-type Zintls are well known
to exhibit signi cant concentrations of cation vacancies.This work examined KGaSh, which
is isostructural to KAISb,, with a stronger emphasis on defect energetics and dopatyililn
particular, we showed that the potassium vacancy formatiois actually quite high in energy,
providing a wide energetic window for extrinsic dopants. Wéurther demonstrated, exper-
imentally and computationally, that KGaSh, has the potential for both p-type and n-type
doping, a relatively rare trait within thermoelectrics. Ou work demonstrates how synergy
between computation and experiment can be used to provideegiter depth and insight into

new material systems { particularly when the results are cdrary to intuition.
3.1 Abstract

The rise of high-throughput calculations has accelerateti¢ discovery of promising classes
of thermoelectric materials. In prior work, we identi ed the n-type Zintl pnictides as one
such material class. To date, however, a lack of detailed def calculations and chemical

intuition has led the community to investigate p-type Zintls almost exclusively. Here, we

0Reprinted with permission from Chem. Mater. 2017, 29, 10, 4523-4534. Copyright 2017 American
Chemical Society. Electronic supplementary information availableonline.
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investigate the synthesis, thermoelectric properties, drdefect structure of the complex Zintl
KGaSh,. We nd that KGaShb 4 is successfully doped n-type with Ba and has the potential
for p-type doping with Zn. Our calculations reveal the fundmental defect structure in
KGaSh, that enables n-type and p-type doping. We nd that Ba doped K@&Sh, exhibits
high electronic mobility (  50cn?V 's 1) and near minimum lattice thermal conductivity
(< 05Wm 1K 1) at 400°C. Samples doped with 1.5% Ba achieveT > 0:9 at 400C,
promising for a previously unstudied material. We also brig investigate the series of alloys
between KGaSh and KAISb,, nding that a full solid solution exists. Altogether our work
reinforces motivation for the exploration of n-type Zintl naterials, especially in tandem with
high-throughput defect calculations to inform selection foe ective dopants and systems

amenable to n-type transport.
3.2 Introduction

The discovery of new materials with a high thermoelectric gre of merit zT would repre-
sent a great addition to the global energy portfolio.[5{7] Hitorically, however, the pursuit of
new thermoelectric materials has been driven by experimehtwork and chemical intuition.
Recent years have seen the integration of high-throughpubmputation to aid the discovery
of new material classes and novel thermoelectric materidlls 12{16] For example, we have
previously developed a metric for quantifying the thermoettric potential of a material based
on the quality factor .[19] Our metric can evaluated directly from rst-principles calcula-
tions and semi-empirical models in a computationally traetble, high-throughput fashion.[1]

However, the mere discovery of new materials is insu cient talevelop practical ther-
moelectric devices. The application of a new system depencitically on its ability to be
optimized and doped. Doping, in particular, poses a signiant challenge to the thermoelec-
tric community, as the transport properties enteringzT depend on the carrier concentration
in multiple, con icting ways. Optimized materials commony have carrier concentrations in
the 10° 10?°cm 3 range, which often requires the intentional doping of intrisic materials

(e.g. PbTe[33], SnS[47])and compensated doping in degextermaterials (e.g. SnTe[48],
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Yb14MnShy1[21], CuSe[49]). The identi cation of successful dopants is currdp dominated
by experimental trial-and-error, a time consuming and labious process. Further, the anal-
ysis of successful dopants is relatively simple, leavingstdts to be interpreted with chemical
intuition alone.

The capabilities of rst-principles defect calculations hve increased dramatically in the
past 10 years.[50, 51] Other facets of material science (e.pattery research and photo-
voltaics) have begun using rst-principles defect calcuteons with resounding success.[52{54]
With the onus thermoelectrics places on doping, the applican of defect calculations seems
a natural extension. Accordingly, several instances of tgrinciples defect calculations in
thermoelectrics have begun to emerge.[55, 56] Our ultimageal is to combine the identi ca-
tion of promising systems yia , semi-emperical models, and high-throughput calculatiohs
with high-throughput defect calculations to accelerate th development of next generation
thermoelectrics. This work, combined with our prior work onKAISb,4,[57] represents our
rst union of promising material identi cation[1, 57] with defect calculations to accelerate
material development.

In our prior work, we performed calculations on 145 Zintl puitides (a vetted class of p-
type thermoelectric materials, known for their exceptionlyy low thermal conductivity).[57]
We found that the number of promising n-type Zintls materiat outnumber and possi-
bly outperform the p-type counterparts. Characterized by lyh average electron mobility
(>100cntV 's ') and exceptionally low thermal conductivity, the n-type Zntls proved to
be a promising, unexplored family of materials. Previouslyve began to validate our compu-
tational search by synthesizing n-type KAISh, a previously unstudied material with a peak
zT of 0.7.[57] KAISh was one of the few discoveries of an n-type Zintl[25, 26]. K not
clear whether the lack of n-type materials is related to a dper phenomenon or synthetic
bias towards the p-type Zintl compounds, and our prior work idl not seek to investigate the

source of the n-type transport.
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In this work, we seek to understand the source of n-type dopiity in some Zintl materials
using rst-principles defect structure calculations. We hve chosen KGaSbhas the model
system for this study, due to its chemical and structural simtarity to KAISb 4, as well as its
predicted properties exceeding those of KAIQb The material is isostructural with KAISby,
although KGaSh, exhibits a signi cantly smaller cell volume. To our knowlede, KAISh,
and KGaSh, are the only known materials that possess this structure tyg Figure 3.1 shows
the crystal structure and extended bonding of KGaS[30] The structure is reminiscent of
BaGa,Sh,, which also contains channels of Ba atoms surrounded by ani@amc framework of
Ga-Sbh.[31, 32] Prior work was limited to the original struatral study, wherein the material

was synthesized for the rst time from its constituent elemits at 650°C.[30]

Figure 3.1: The crystal structure of KGaSh is isostructural to KAISb, and is comprised of
ini nte chains of corner-sharing GaSh tetrahedra extending in theb-direction. The chains
of GaSh, tetrahedra are interconnected by two chains of trigonal pyamidal Sb chains (1)
and one zig-zag chain (2). The structure creates in nite chanels of K ions parallel to the
b-direction.

Here we present the synthesis, thermoelectric propertieshéa defect energetics of Ba
doped KGaSh. The synthesis is conductedia high-energy ball milling followed by uniaxial
hot-pressing to yield dense, single phase ingots. A combtiioa of X-ray di raction, electron
microscopy, and Hall e ect measurements are utilized to detmine the solubility limit of

Ba in KGaSh,. High temperature resistivity, Seebeck coe cient, and themal di usivity
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measurements are used to reveal the electronic and thermedrisport properties of KGaSh.
First-principles defect structure calculations are used tinvestigate the primary intrinsic
defects in KGaSh, as well as investigate the e ectiveness of several n-typendh p-type
dopants in KGaSh,. Overall, Ba doped KGaSh proves to be a promising material with
zT > 0:9 at 400C. We also brie y discuss the series of alloys between KGaSénd KAISb,

in order to investigate the e ect of alloying on the thermoedctic potential of this system.

3.3 Methods

3.3.1 Experimental

Samples of K Ba,GaSh, (0 x  0:025) are synthesized through high-energy ball
milling followed by reactive uniaxial hot-pressing. All sample preparation, measuring of raw
reagents, and handling of powders is performed in an argorydsox with oxygen concentra-
tion <1ppm. Unlike our prior work on KAISh, (synthesized o stoichiometry as KAISh g
to suppress Sb impurities)[57], samples of KGaglre synthesized under near stoichiomet-
ric conditions (KGaShs.gg). The minor Sb de ciency intentionally generates a small aount
(< 2vol%) of KGaShk which pins all samples to the same impurity phase within the ¥Ga-Sb
phase space. For the alloying seriespkoBag.01Al1 xGaxSh, samples were synthesized under
Sb-poor conditions, similar to those in our prior work on KAI$,4.[57]

For the Ba-doping of KGaSh, elemental gallium metal (Alfa 99.999%) lique ed at 58C
is loaded with antimony shot (Alfa 99.999%) and barium shavigs taken from a barium rod
(Alfa 99+%) into a tungsten carbide ball mill vial with two 7/1 6" tungsten carbide balls. The
mixture is milled for 30 min to pre-react the gallium and evely disperse the barium dopant.
A potassium chunk (Alfa 99.5%) is cleaned by cutting deeply ia the ingot to reveal clean
metal and is then added to the Ba-Ga-Sb mixture. The mixturesi milled in a high-energy
SPEX 8000D mill for 10 cycles of duration 1 min. The vial is r@ited between each cycle to
prevent excessive adhesion of powder to bottom and walls a&lv The walls and end caps of
the vial are scraped halfway through the mill process (aftes cycles) to dislodge any stuck

material. Powders are subsequently ground in an agate mortand doubly sieved through
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a 106 m mesh adhering to ASTM E11 standards. The alloying series limhs a similar
procedure, with the addition of nely divided elemental aluminum shot (Alfa 99.999%) to
the Ba-Ga-Sb mixture prior to K addition. Furthermore, milling of the Ba-Al-Ga-Sb mixture
is increased to 60 min to ensure homogeneity of powder.

Polycrystalline ingots of K; yBa,GaSh, are formedvia reactive hot pressing in a high-
density graphite die under dynamic vacuum. Prior to use, thgraphite die, plungers, and
graphite foil liners are baked at 60%C for a minimum of 30 min under dynamic vacuum.
Approximately 5.25g of milled powder is loaded into the codledie and transferred to the
hot press chamber. The chamber is evacuatecs mTorr and purged with argonto 0.75 Atm
thrice before nally evacuating the chamber to<1 mTorr. 25MPa of pressure are applied
to the sample to achieve a rough green body density beforeieging the pressure to 15 MPa
and beginning the temperature pro le. The sample is quicklyreated to 300C at 20°C/min.
The heating rate is subsequently slowed to 0.3&/min from 300°C to 35C¢°C, during which
the sample undergoes densi cation at a linear rate. Afterwds, the sample is heated to
525°C at 20°C/min and held at 525°C for 12 h. The sample cools from 526 at a controlled
rate of 200C/min. To increase clarity with regards to the hot-pressingprocedure, a simpli ed
schematic of a typical press cycle is included in the ESI, Figs1. Hot-pressing procedures
for the alloying series follows a similar pro le.

Resulting ingots are sectioned into 2.5 mm thick discs in a Baler slow cut saw. Samples
are polished using a series of carbide sandpaper and diamgnitis to 1 m. Light mineral
oil is used as the grinding liquid as our observations inditmthat KGaSh, is mildly reactive
with liquid water and some solvents. While KAISk will tarnish in air, polished samples of
KGaSh, are remarkably stable in air, retaining their luster and eletronic properties after
exposure to ambient for> 3 weeks. Sample densities are measured by the geometricahoé
and are consistently>97% of the density predicted by X-ray diraction. Sample denses

for the alloying series are marginally lower, but stilb95% of the density predicted by XRD.
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X-ray diraction (XRD) patterns are collected on a Bruker D2 Phaser di ractometer
in a -2 conguration using Cu K radiation. Rietveld re nement of KGaSh, patterns
utilized pure KGaSh, (ICSD: 300158) as the base pattern and the GSAS Il software pac
age [34]. Re nement of the alloyed samples used a custom Clke based on the KAISh
(ICSD: 300157) and KGaSh (ICSD: 300158) structures with Al-Ga occupancies matching
the nominal concentration of Al and Ga. For all samples, re ng parameters include: lattice
parameters, isotropic domain size, atomic positions, and anostrain. We do not attempt
to re ne atomic occupancy or thermal parameters with currenXRD data. Instrumental
parameters are re ned using a NIST LaB sample to increase the delity of results. En-
ergy dispersive spectroscopy (EDS) of polished surfacepe&formed on a FEI Quanta 600i
Scanning Electron Microscope (SEM).

Hall e ect and resistivity measurements are performed usinthe Van der Pauw geome-
try on home-built apparatus.[35] Measurements are condwet up to 400C under dynamic
vacuum (<10 “#Torr). Contacts are pressure-assisted nichrome wire. Aft@ontacts are es-
tablished, samples are coated with boron nitride spray to ppress sublimation. To allow
contact annealing and bake-out of the boron nitride coatingsamples undergo one thermal
cycle before transport data is taken. Seebeck coe cient mearements were conducted us-
ing the quasi-steady slope method up to 460 under high vacuum €10 ° Torr).[35, 36]
Boron nitride coating is removed before Seebeck e ect measments are made. We note
that samples of KGaSh are more resistant to thermal degredation than KAIShH and may
not require the boron nitride coating up to 40€C.

Thermal di usivity is measured using a Netzsch Laser Flash Appatus (LFA) 457 and
the resulting di usivity data are t using a Cowen plus Pulse Correction (CPC) numerical
model. The samples are coated with graphite spray prior to rasurement to reduce errors in

sample emissivity. The total thermal conductivity of the aloyed samples is calculate using:

=DC, (3.1)
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whereD is the thermal di usivity, is the mass density, andC,, is the volumetric heat capacity.
The heat capacity is estimated using the Dulong-Petit appsomation.

Speed of sound measurements are performed using an OlympdsZPR Pulser/Receiver
system with a gain of 20dB and a 5kHz signal. Both longitudinadnd shear measurements
were made, using Olympus V112 (longitudinal) and Olympus V158hear) transducers and
an Atten ADS 1102 oscilloscope.

We note that samples of KGaShare visually unchanged after Hall, Seebeck, and thermal
di usivity measurements. Surfaces are still lustrous afteboron nitride or graphite spray are
removed with a kimwipe and mineral oil. The alloying seriesisblays similar results, although
signs of sublimation are evident near the Al-rich side, corssent with observations from our

prior work on KAISb,4.[57]
3.3.2 Computational

To understand the native defect chemistry of KGaSpand to assess the e ectiveness
of several n- and p-type extrinsic dopants, we performed tgrinciples defect calculations
with density functional theory (DFT) using the VASP software package [37]. The general-
ized gradient approximation (GGA) of Perdew-Burke-Ernzerbf (PBE) [58] in the projector
augmented wave formalism [38] was used. Total energies ofet¢ supercells containing 192
atoms were calculated with a plane-wave cuto of 340 eV and acentered Monkhorst pack
k-point grid of 4 4 4. Defect supercells were relaxed according to our prior wd@0] The

defect formation enthalpies ( Hp.q) are calculated from the total energies as:

X
HD?q(EF; )= ( ED;q EH) + ni j + qEF + Ecorr (3.2)

i
where, Ep,q and Ey are the total energies of the defect and host supercell, respively. ;
is the chemical potential of elemental speciesadded (; < 0) or removed (; > 0) from the
host supercell to form the defectEg is the Fermi energy, andE.,; comprises all the nite-
size corrections, within the supercell approach. The checail potentials ; are expressed
relative to the reference elemental phase such that = ? + i, where ? is the reference
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elemental chemical potential calculated using FERE [40] and ; is the deviation from the
reference elemental phase. The bounds on ; are set by the region of phase stability, ;=0
corresponding toi-rich conditions.

The DFT-GGA band gap underestimation was \corrected" by appling band edge shifts
determined from GW quasi-particle energy calculations, afescribed in Ref. 59. The band
edge shifts for KGaShare Eygy =-0.1eV and Ecgy=0.04eV. The resultant band gap,
after application of GW shifts, is 0.39eV. The following coections were included inE s
following the methodology in Ref. 60: (1) image charge cootéon for charged defects, (2)
potential alignment correction for charged defects, (3) bl Iling correction for shallow
defects, and (4) band gap correction for shallow donors/aggtors. The calculation setup
and analyses were performed using a software package that lvéve recently developed for
automation of defect calculations [50].

In KGaSh,, K and Ga atoms each occupy a unique Wycko position while Sb ouapies
4 di erent Wycko positions. Therefore, 6 di erent vacancies (Vk, Vea, Vsb1, Vsb2, Vsb3s
Vsps) and 5 antisites (Gap1, Gaspz, Gaspz, Gasps, Shsa) Were considered as native defects
in 7 di erent charge statesq = -3, -2, -1, 0, 1, 2, 3. The numbers in the subscripts denote
unique Wycko positions. Preliminary examination of K antigtes with Ga and Sb revealed
high defect formation energies and were therefore not comeied in the set of possible native
defects. Extrinsic dopants Ba, Sr, and Zn were considered ssbstitutional defects on all
sites (K, Ga, Sb) in 7 di erent charge stategy = -3, -2, -1, 0, 1, 2, 3.

The bounds on ; corresponding to the region of phase stability of KGaQbare ob-
tained from the National Renewable Energy Laboratory (NREL) Mterials Database (ma-
terials.nrel.gov). The ternary phase stability region of KGaShy is rather narrow such that

i of K, Ga, and Sb do not vary signi cantly in di erent parts of the stability region.
The same is true when considering the quaternary phase stilyiregion involving extrinsic
dopants Ba, Sr, and Zn. The defect diagrams (Hp,q vs. Er) are all calculated at one

point in the phase stable region where s, = 0 (Sb-rich). The position of the pinned Fermi
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level, the corresponding defect/dopant concentrationsnad the free carrier concentrations at
a given temperature were calculated self consistently bytablishing charge neutrality. The

defect/dopant concentrations were calculated using the Bamann relation.

3.4 Results and Discussion

3.4.1 Structure and Composition

Our synthesis procedure yields dense 07% theoretical density) discs of KGaSh The
crystal structure and phase purity of sintered K ,Ba,GaSh, samples was assessed by X-ray
di raction (XRD) and subsequent Rietveld re nement. Fig 3.2 iows a typical XRD di rac-
tion pattern collected on pure KGaSh and re ned using ICSD pattern 300158. Additional
XRD results for the doping series can be found in ESI, Fig. S2. Fall hot-pressed samples,
we identify a small 2 vol%) amount of KGaSh. An additional impurity phase appears in
samples containing Ba in concentrationg  0:020. Due to the extremely low intensities,
this phase cannot be reliably indexed by XRD, but is most likgl Ba;GaSk;. Appearance
of secondary phase suggests termination of solid-solutianound Bax  0:020. However,
due to the similar ionic radii of B&* and K* and the generally low concentration of Ba, no
trend is observed in the lattice parameters or cell volume.

Energy dispersive spectroscopy (EDS) mapping of sample faaes con rms phase purity
in samples with Bax  0:015 and simultaneously con rms the appearance of small (1 m)
roughly spherical precipitates in samples with Ba  0:020. The precipitates comprise an
extremely minor fraction of the total scanned area; their goposition cannot be resolved
against the KGaSh host matrix. Within the error of standardless EDS, the averag com-
position of each sample is consistent with the nominal stdimmetry of KGaSh,. Barium
concentration is not well resolved due to the low concentriain of the dopant. EDS results

are provided in ESI, Table S1.
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Figure 3.2. Representative Rietveld re nement (red) of the KaShk, diraction pattern
(black) and associated di erence pro le (blue). Referencei raction pattern (ICSD: 300158)
is shown for comparison. Rietveld indicates that materiaki>98% phase pure with a trace
amount of KGaSk. Minor texturing is evident in all samples.

3.4.2 Intrinsic Transport and Native Defects

Commonly held intuition within the thermoelectric communty dictates that Zintl com-
pounds are commonly p-type due to the proclivity of alkali ad alkali earth vacancy forma-
tion. Experimentally, however, we nd that undoped KGaSh exhibits properties consistent
with an intrinsic semiconductor. Figure 3.3 shows the high teperature Seebeck coe cient
and Hall carrier concentration measurements for undoped KGay.

Both the high temperature Seebeck coe cient and Hall carrieconcentration demon-
strate a strong contribution from thermally activated bipdar transport. Intrinsic KGaSh,
is a weakly p-type material until 275C, where a sharp transition to n-type transport is
observed. It is important to note that carrier concentratims are in the 16’cm 2 range for
all temperatures. The curvature of the Hall e ect data near tke thermal transition point
is formally an artifact of the Hall voltage switching signs ad the breakdown of the single

carrier type approximation within typical Hall analysis.
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Figure 3.3: High temperature Seebeck coe cient (blue) and Haltarrier concentration
(green) measurements on undoped KGagloon rm intrinsic transport. Bipolar transport

strongly contributes to the functional form of both the Seebck coe cient and Hall carrier
concentration over all temperatures. Note that carrier corentrations are< 10 cm 2 over
all temperatures; the steep curvature near the transitionta275°C is an artifact of the Hall
voltage switching sign and the subsequent calculation ofeéhHall carrier concentration.

Despite intuition suggesting that potassium vacancies/should be the dominant defect,
our experimental results indicate that either () there are compensating defects that pin
the Fermi level in the mid gap region resulting in intrinsic tansport behavior, or i) the
native defects have high formation energies. To better undgand the defect chemistry in
KGaShy, we have performed rst-principles DFT calculations to detamine the native defect
formation enthalpies Hp.y. Figure 3.4 shows the plot of Hp.q as function of the Fermi level
(Ef) for 10 di erent native defects in KGaSh, under Sb-rich conditions. We stress that our
computations indicate that KGaSh, is stable under a very narrow range of compositions, such
that our calculations are valid over all experimentally acessible compositions. The native
defects considered include vacancies and antisites (see kethods section for computational
details). The line slope is equal to the defect charge state.

In Figure 3.4, the predominant native defects are the accept¥, the donor Sks,, and
neutral Gagyay, Where Sh(4) represents one of the 4 unique Sb Wycko positisim KGaSh,.
Unlike many other Zintls [56], the defect chemistry of KGaSpis unique in that the defect

formation enthalpies are rather high; consequently, the €&ct concentrations are low. Our
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Figure 3.4: Formation enthalpy Hp.q as function of Fermi levelEg for 10 di erent native

defects, including vacancies (e.g. @ and antisites (e.g. Ska) in KGaSb, under Sb-rich
conditions. E¢ varies from zero (top of the valence band) to the band gdap, (0.39eV). The
line slope is equal to the defect charge state. The defect ofistry is such that: (1) Eg is

pinned close to the mid-gap with almost intrinsic charge caer concentrations, and (2) the
high Hp.q of native defects allow the possibility of introducing e etive extrinsic dopants
with  Hp.q lower than 0.3 eV for acceptors ( Esc) and 0.5eV for donors ( E gon).
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calculations indicate that the equilibrium carrier concetration in undoped KGaSh, (300°C)
is approximately 8x132e cm 3. While the absolute value of the carrier concentration may
not be precise, it con rms the intrinsic nature of undoped K@Shy. Since Gag,, (regardless
of Wycko position) is in neutral state, it does not contribute to charge neutrality. The
acceptor Vi and donor Sk, establish charge neutrality such that the Fermi level is pimed
in the mid gap region. Together with the low defect concenttens, the resultant transport
behavior is expected to be intrinsic, which is consistent thi our experimental results.

The high formation enthalpies Hp.q of native defects in Figure 3.4 have implications for
extrinsic doping of the system. The large energy windowE of >0.5eV ( Egon) and>0.3eV
( Eacc) is favorable for introduction of energetically-favorald donor and acceptor dopants,
respectively. A donor/acceptor dopant with formation entlalpy lower than the respective
energy window will dope KGaSh n- and p-type, respectively, without forming compensating
pairs with native defects. The degree to which the system iogded n or p-type will, however,
depend on the Hp, of the extrinsic dopant (typically as a substitutional defet). Based
on the relative size of the energy window E in the defect diagram (Figure 3.4), we can
expect that n-type doping will be easier to achieve in KGagb The possibility of bipolar
doping (i.e. dopable both n- and p-type) of KGaSh is exciting. Besides interstitial doping
in skutterudites and clathrates, KGaSk could represent one of the few Zintls can be doped

n- and p-type with a traditional substitutional dopant.
3.4.3 Charge Carrier Properties of Ba-doped KGaSb 4

In our prior work, we found that Ba successfully dopes KAISfn-type up to the solubility
limit of Ba (x  0.007).[57] Encouraged by our intrinsic defect structureatculations and
prior work on KAISb4, we attempted Ba doping of KGaSh. As may be expected from their
similar chemistry and identical structures, Ba doping of K@Shy is also successful, consistent
with Bay substitutional defects. Figure 3.5 demonstrates the trendhicarrier concentration
as a function of nominal doping concentration at 40C. Consistent with the appearance of

the secondary phase in XRD and the evolution of precipitates ISEM at Ba concentrations
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x  0:020, Ba doping e ectiveness ceases arourd= 0:020. Assuming a linear relationship
between the electron concentration and the nominal dopingye extrapolate that the solu-
bility of Ba in KGaSh, isx  0:017. Assuming that each Bga yields one free electron, the
observed doping e ciency of Ba in KGaSh is approximately 50%. This is consistent with
our prior work on Ba-doped KAISh and the relatively low doping e ciency observed in
chemically related Zintl compounds such as Zn-doped ¢&lSb,, Na-doped CaAl,Sh; and
Zn-doped SgGaSh;.[23, 24, 41, 57]. Note that KGaShpossesses a relatively complex band
structure (ESI, Fig. S3) with multiple low lying bands near thke band edge. The low doping
e ciency may be a consequence of nonparabolicity interferg with the single parabolic band
interpretation of Hall e ect. Additionally, as the Fermi level is driven towards the conduc-
tion band edge, the concentration of compensating, nativekWacancies is expected to rise,

complicating the analysis.
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Figure 3.5: Trend of electron carrier concentration as a fution of nominal doping in Ba-
doped KGaSh. We observe that the carrier concentration increases linda with doping up

to the solubility limit (  0:017) of Ba. Termination of doping e ectiveness coincides wnt
impurity evolution in both XRD and SEM at Ba concentrationsx  0:020. Apparent doping
e ectiveness is approximately 50%. Note that the plot is comgucted at 400°C to coincide
with observed maxzT.

High temperature Hall e ect measurements on Ba-doped KGaglyields measurements

consistent with the n-type doping of an intrinsic semicondztor. Figure 3.6 shows the temper-
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ature dependence of the electronic resistivity, mobilityand carrier concentration for samples
of K; yBa,GaSh,. Note that the undoped sample (Figure 3.3) is only shown in thdetrical
resistivity (Figure 3.6a) due to the sign change of the carmnieconcentration and mobility at
high temperatures. The electrical resistivity decreasesanotonically up to the solubility
limit of Ba. Similar to prior work on KAISb 4, the electrical resistivity and mobility at low
temperatures is strongly temperature dependent. Howeverewote that the magnitude of
the thermally activated transport decreases dramaticallyith a small increase in carrier con-
centration. For x = 0:005, the resistivity drops approximately an order of magnitde from
50°C to 25C°C. In comparison, thex = 0:015 sample exhibits almost no activated trans-
port. In our prior work on KAISb, we ascribed the activated transport to a combination of
grain boundary oxidation and contact resistance. Our prewgus assertions were supported by
similar behavior in samples of CaAlSh,, Sr;AlSb; and SpGaShs.[23, 41, 43, 57] However,
neither e ect can adequately describe the temperature depéent transport in KGaSh,. Of
particular interest is the electron mobility (Figure 3.6¢). The peak mobility at low tem-
peraturesincreaseswith increased doping levels, despite nominally increasetiarge center
scattering from the doping atoms.

As noted in the experimental methods, the rst thermal cycle bHall e ect is performed
to allow contact annealing, penetration of a thin oxide laye and bake-out of the boron
nitride coating. The rst cycle is essential to obtain repetable data, as it is common to see
greatly increased resistivity for the rst 100-200C, quickly relaxing to the "nominal’ values
by 300°C and remaining at appropriate values for all subsequent dgs. Other transport
measurements do not exhibit this di culty. This behavior is also observed in KAISR.[57]
We commonly run 3-4 sequential thermal cycles during Hall e éeneasurements to ensure
reproducible data. Past the rst cycle, data is completed awsistently and with minimal
hysteresis. If Hall e ect probes are removed from the samplée thermal cycles must be
repeated to obtain stable transport, indicative of a contadassue. However, the e ect is not

altered by changing the contact metal or polishing the surte, and experimental I-V curves
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Figure 3.6: Hall e ect measurements on K ,Ba,GaSh, are consistent with the n-type doping
of an intrinsic semiconductor. Measurements on undoped KSh, (black) are only shown
for the resistivity (a) due to the sign change associated witthe bipolar transition from p-
type to n-type transport at high temperature. The carrier cocentration (b) increases with
nominal Ba concentration and is relatively independent ofeimperature. Electrical resistivity
(a) and electron mobility (c) exhibit strong temperature dgpendence at low temperatures for
lightly doped samples x  0:010), vanishing as the doping level increases. Peak molyilin
samples of KGaSh actually increases with doping level at low temperatures b@re decaying
classically at high temperatures.
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consistently con rm ohmic contacts. We are actively workig on growth of single crystals
of KAISb, and KGaSh, to eliminate the in uence of grain boundaries and crystallgraphic
orientation on the electronic transport.

Figure 3.7 shows the temperature-dependent Seebeck coemtidor various Ba doping
levels (K; \BayGaSh,). Seebeck coe cient measurements on K,Ba,GaSh, are consis-
tently negative, in agreement with n-type dopingvia Bay. The Seebeck coe cient of the
doped series decreases with increasing Ba content, as eigefor a moderately doped semi-
conductor. We note that the Seebeck coe cient displays an wsual feature at 35CC.
The values appear to plateau around 30Q - 350C before beginning to rise again for tem-
perature >35CC. This feature is present in all n-type samples, including aeries sent to
collaborators at Northwestern University for validation. Ths e ect was not observed in
prior work on Ba doped KAISk[57]. Several samples were measured to 3D0and while the
Seebeck coe cient continues to rise, stability in Hall e et is signi cantly reduced, limiting
the maximum temperature explored in this work. We hypothege that the increase in the
Seebeck coe cient may be related to the unique band-structer of KGaSh, which contains
several low-lying bands near the band edge (see ESI, Fig. SSpeci cally, we hypothesize
that as the Fermi energy moves towards the conduction band gel at high temperatures, the
in uence of the band at the Z-point (in addition to the primary band edge at the -point)
may begin to in uence the overall Seebeck coe cient.

To investigate the e ect of doping speci cally on the Seeb&ccoe cient, we constructed
the Pisarenko diagram for Ba doped KGaShat 400°C (Figure 3.8). We model the e ect of
doping on the Seebeck coe cient in KGaSh by solving the Boltzmann transport equation
(BTE) within the relaxation time approximation for the Seebeck coe cient S as a function
of the reduced chemical potential (Equation 3.3). For ease of comparison with other
thermoelectric work, we assume the system adheres to the gl parabolic band model
(SPB). However, due to the quasi-2D nature of the band structe surrounding , care must

be taken when drawing conclusions from the SPB model. By perfming the calculation at
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Figure 3.7: Seebeck coe cient measurements on;K,Ba,GaSh, are consistent with n-type
doping of a nominally instrinsic semiconductor. Note that te undoped sample is not shown
due to bipolar transport leading to a sign change at high termgratures. For all phase pure
samples (Bax 0:020), the Seebeck coe cient decreases monotonically withdreasing Ba
content, consistent with the behavior of a moderately dopesemiconductor.

elevated temperatures (401), we assume that acoustic phonon scattering is the dominan
scattering mechanism (allowing = 0).The full form of the Fermi integral F( ) is given by

Equation 3.4 where is the reduced carrier energy.[61]

@+ ) ()
U= e @+ F O
Zl

(3.3)

1+

Fio ()= (3.4)

o l+e
We can now de ne the carrier concentration as a function of #nreduced chemical potential

and the density of states (DOS) e ective massnyog (Equation 3.5):

3=2

2mDOS ka Flzz( ) (35)

n=4 h?
where n is the carrier concentration,T is the temperature, k;, is the Boltzmann constant,
and h is the Planck constant.

Equations 3.3 and 3.4 generate the Seebeck coe cieBtas a function of the chemical
potential . Equation 3.5 allows us to write as a function of carrier concentratiom and

Mpos- Thus, we obtain a form for the Seebeck coe cient as a functioof the carrier concen-
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tration which can be t to the experimental data with myog as the only free parameter. For
KGaSh,, we nd myos 0:6. Note that undoped KGaSh is not included in the data as the
temperature dependent Seebeck coe cient measurements indte a signi cant contribution
from bipolar e ects. We acknowledge the limitations of the BB model, particularly with a
material with a non-trivial band structure. However, the SPBmodel is widely known and
widely applied within the thermoelectric community and this serves as a useful proxy for

comparison with other work.
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Figure 3.8: Pisarenko plot of K yBa,GaSh, generated using the single parabolic band (SPB)
model to t experimental data with the density of states e edive mass (n,os) as the only
free parameter. We obtainmy,s  0:6m for Ba doped KGaSh. Note that the Pisarenko
plot is constructed at 400C. Undoped KGaSh is not included in the data due to the bipolar
transport observed at high temperatures.

3.4.4 Extrinsic defect calculations and bipolar doping

We have seen experimental evidence that Ba serves as an eieetdopant in KGaSh,
via Hall e ect and Seebeck coe cient measurements. Computationwas able to suggest
that the lack of energetically favorable intrinsic defectgrovides a window for a successful
extrinsic defect. Ultimately, however, we aim to integrate @mputation as apredictive tool for
examining intrinsic and extrinsic defects. To this end, wesed the intrinsic defect calculation

and experimental survey of other extrinsic dopants to exameé ex post factothe success of
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extrinsic defect calculations in structurally complex syems.

We experimentally synthesized samples of KGaglwith a variety of n-type (Ba, Sr, Ca,
Te) and p-type (Zn, Sn) dopants. Ba (n-type) and Zn (p-type) @ping were both success-
ful in signi cantly changing the carrier concentration. Bawas by far the most e ective,
yielding an increase of approximately 28 e cm 2 for each 1% substitution. While Zn was
successful in doping KGaSpp-type, it was only was moderately e ective, yielding 5x1%
h*cm 3 for each 1% nominal substitution. The e ectiveness of Zn as prtype dopant is
well documented in chemically related Zintl compunds, prashably from the substitution of
Zn on the group Il (Al, Ga, In) elements. We note that in many réated Zintl compounds,
Zn often exhibits somewhat reduced doping e ciency. [23, 3%62, 63]. Despite chemical
similarity to Ba and a similar ionic radius with K, Sr doping failed to signi cantly increase
the electron concentration and exhibited limited experimaal solubility due to the presence
of a competing phase. Both Ca and Te negatively impacted theability of KGaSb, and
were not considered further. Sn appears to be soluble in K@aSut is ine ective in altering
the carrier concentration from intrinsic conditions.

Given the experimental results, we used rst-principles dect calculations to understand
the e ectiveness of Ba and Sr as n-type dopants and Zn as p-gpdopant. Figure 3.9
shows the defect calculations for Ba, Sr, and Zn as substitahal dopants. The formation
enthalpies of native defects are also shown in Figure 3.9. Fdarity, only the lowest-energy
substitutional defect for each dopant is shown (we calculetl Hp.q for all sites).

Figure 3.9a shows the defect formation enthalpies of Baand Sk in KGaSh,. Our
calculations nd that both Bax and Sik possess Hpy smaller than Egon (Figure 3.4)
suggesting that both Ba and Sr are be potential candidates rfm-type doping. The Ba
defect is has a particularly low formation enthalpy, placig it well below the in uence of
the lowest possible compensating defect, &b Furthermore, the much lower Hp.q of Bax
when compared to Sy is responsible for the much higher doping e ectiveness of Ba the

experimental survey (i.e. higher Hall electron concentrain). Our computations similarly
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Figure 3.9: Defect diagrams for p-type and n-type dopants afiterest in KGaSh, are shown
with the formation enthalpy Hp.q as a function of Fermi levelEg. The lowest energy
native defects in KGaSh are also shown for reference (Figure 3.4). a) The lowHp.q of
Bax and the absence of Fermi level pinning suggests that Ba is ar&ive n-type dopant
for KGaSh,. The relatively higher formation energy for S¢ con rms that Sr should be a
poor dopant when compared to Ba. b) The high Hp.q of Zng, suggests that Zn is an weak

p-type dopant.

nd that the in uence of Ba should be approximately two orders of magnitude higher than
that of Sr (6x10?°°e cm 3 vs 3x1G%e cm 3, respectively). Again, while the absolute values
for the carrier concentration calculations are not expeateto be true to experiment, their
relative values are consistent with Hall e ect measuremenisn Ba and Sr doped KGaSh
For p-type doping with Zn, we nd that the Zng, substitutional defect is the lowest-
energy defect (Figure 3.9a). However, unlike Baand Sk (Figure 3.9a), the action of Zry,
is compensated by formation of the native defect $h. The pinned position of Fermi level
(Ef) resulting from this compensation lies in the lower half offte gap resulting in a lightly
p-doped system. Ultimately, theEr pinning is responsible for the lower e ectiveness of
p-type doping with Zn. Consistent with the experimental reslts, Zn doping at maximum
solubility yields a weakly p-type material. It is worth noting that the defect diagrams are
drawn explicitly for the region of phase stability (K-Ga-SbX, X = Ba, Sr, Zn) corresponding

to the most X-rich conditions without thermodymanically desabilizing the KGaSh, phase.
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This essentially draws the plots at the e ective solubility limit of the extrinsic dopant.
Speci cally, for Zn doping, note that the formation enthalpy of Zng, is higher than the
corresponding Ba and Sk dopants, indicating a lower solubility of Zn in KGaSh. We
observe that the solubility of Ba is< 1.7 mol%, so it is likely that the 1 mol% Zn substitution
used here already approaches the e ective solubility of Zm KGaSh.

Our defect calculations reveal that the e ectiveness of exnhsic doping is driven by the
energetics of the charged native defects (§h V) and the thermodynamics of phase stability
in the quaternary K-Ga-Sb-X (where X = Ba, Sr, Zn) phase spaceThrough rst-principles
defect calculations, we now understand the underlying detephysics that is responsible
for the e ective n-type doping with Ba and the diminished dofng e ciency of Zn. The
agreement between experiments and computations allows us glace greater con dence in

future computational resultsex-ante factoin addition to ex-post facto
3.4.5 Thermal properties

The thermal properties of KGaSh are near identical to those observed in KAISH[57]
The thermal di usivity of KGaSb 4 was measured to 40C. The total thermal conductivity is
calculated using the Debye-Callaway approximation for theolumetric heat capacity and can
be found in ESI, Figure S4. As expected, total thermal condueity increases with doping
concentration due to increased contributions from the elgonic thermal conductivity. To
decouple the electronic contribution to the thermal conduwvity from the lattice and bipolar
contributions, the Wiedemann-Franz relationship . = LT= is used. The Lorenz numbeL

is calculated within the SPB model according to Equation 3.[61]

ke 2(1+ )@+ )F (OFw2() @+ )F a()?
e (L+ )%F ()2

Where the reduced chemical potential is calculated from the experimentally observed

(3.6)

Seebeck coe cients according to Equation 3.3. Again we asserthat scattering is dominated
by acoustic phonon scattering ( = 0). However, we acknowledge that the low temperature

electronic transport has signi cant contributions from the activated transport which will
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Figure 3.10: The lattice thermal conductivity in doped samms is unchanged with respect
to Ba concentration. Intrinsic KGaSh, exhibits a strong bipolar contribution beyond 20€C,
consistent with an undoped, small-gap semiconductor. Orisef bipolar behavior coincides
with the bipolar transport in both the Seebeck coe cient and Hall carrier concentration
measurements for the undoped sample. The subtracted elegtiic contribution to the ther-
mal conductivity is relatively small, 0:1Wm 'K . The lattice thermal conductivity for
KGaSh, approaches the glassy minimum, estimated to be 0:33Wm K 1.

increase error in the calculation of the lattice thermal caductivity at low temperatures.
The calculated Lorenz numbers for all samples can be found &8I, Fig S5. We nd that
the electronic contribution to the thermal conductivity is relatively low ( 0.1Wm K 1) for
most temperatures and compositions. Subtracting the elecnic contribution to the thermal
conductivity results in the curves seen in Figure 3.10. Onhhe undoped sample demonstrates
a signi cant bipolar contribution at temperatures >200°C, which roughly coincides with
the emergence of the bipolar transport in both the Seebeck ecoient and Hall carrier
concentration for undoped KGaSh (Figure 3.3). Due to the low concentration of Ba and
the similarity of the Ba and K ionic radii, we see little to no @iange in the lattice thermal
conductivity as a function of Ba concentration.

The asymptotic form of the high temperature thermal condudvity can be estimated
using the high temperature limit of the spectral heat capaty within the Debye-Callaway

model. Assuming that KGaSh exhibits glass-like thermal conductivity, we can obtain an
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estimate for the temperature independent glassy limit, Ecation 3.7.[46]

3kyV, 1=3
Glass = TbZ:% 6 (37)

Where ky is the Boltzmann constant. We approximate the phonon groupelocity 4 by
the average speed of sound/{(! ) vs). Ultrasonic measurements performed on KGagb
nd that Vviong 3090m/s andvshear 1840 m/s, which yields an average speed of sound
of vg 2250m/s. The speed of sound in KGaQbis consistent with chemically similar
Zintl compounds KAIShy, CagAl,Shs, SrsGaShk;, SrsAlSbs, and CaAlSbs.[23, 24, 41, 43,
57] For KGaSh, we nd the glassy contribution speci cally from optical mades to be
0:33Wm K 1.

We attempted to model the temperature dependence of KGaGwith the Debye-Callaway
model[46], but found that the model could not reproduce theuhctional form of the ex-
perimental data without changing the temperature depende® of the Umklapp scattering
term. The addition of boundary scattering and point defect gattering does not improve the
model. Growth of single crystal KGaSh is ongoing to better characterize anisotropy and

anharmonicity in this system.
3.4.6 Figure of merit

The themoelectric gure of merit, zT, for samples of K yBa,GaSh, is shown in Figure
3.11. We nd that a maximum zT value of 0.92 is obtained at 40C for nominal compo-
sition Kg.ggsBag.015GaSh,. We note that the e ect of doping is relatively weak in sample
of KGaSh,, as all samples, regardless of doping, haed > 0:8 at 40C0C. Driven by the
increasing Seebeck coe cient at high temperatures, we do neee a peak inzT by 40C°C.
While Seebeck e ect and thermal conductivity measurementsan be made above 40C,
we note signi cant stability issues during Hall e ect measuements at higher temperatures.
Above 450C, samples of KGaSh begin to exhibit signs of sublimation. Our collaborators
also note deleterous reactions with their alumina sample lier at 500 C. We have been

conservative with our maximum temperature for this work, btif high-temperature stability
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can be improved in KGaSh samples,zT > 1 should be easily achievable.
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Figure 3.11: High temperaturezT exceeds 0.9 at 40C for samples doped with 1.5 mol%
Ba. It is worth noting that all samples, regardless of dopantoncentration, exceedT 0.8.
We do not observe a peak ireT up to 400°C, driven by a continually increasing Seebeck
coe cient. High temperature measurements are limited by KG&h, stability in Hall e ect,

if stability can be improved, zT > 1 should be readily obtainable in this system.

3.4.7 Properties of KGaSb 4-KAISb 4 alloys

Within thermoelectrics, optimization of a new material systm is critical to its success.
Doping is the primary concern, which we have thoroughly ingigated within KAISb, and
KGaSh,. However, the introduction of point defect scatteringvia alloying is another com-
monly applied technique to improving the thermoelectric pgormance of new materials. In
our prior work on KAISb,4, we identi ed that the n-type band edge is composed primasil of
Sb p-states and Sb s-states. We hypothesized that alloying either the K or Al sites could
result in reduced thermal conductivity while leaving the actronic mobility largely intact.
With KGaSh, also proving a strong thermoelectric material, and spurreby our prior work,
we investigated the solid solution series KGay Al Shy.

Barium has proven an e ective dopant in both systems; to ense reliable Hall e ect
measurements, all samples were doped with 1% Ba. In prior wowe identi ed that KAISb 4

is best grown with a de ciency of Sb to suppress Sb impuritiesAs such, we adopted a set
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growth condition corresponding to K.g9Bag.01Al1 xGaxShs.gg (hereby referred to as KGAS),
where x = (0, 0.1, 0.3, 0.5, 0.7, 0.9, 1.0).

To con rm solubility of Ga on the Al site, we performed X-ray di raction and Rietveld
re nement on sintered samples of KGAS to generate Figure 3.18Ve observe thefull solid
solution of KAISb, and KGaSh,, consistent with the identical structure types and similar
lattice constants. Contrary to intuition, we observe that KGaSh, is actually smaller than
KAISb,, consistent with the original structural re nements of KAISb, and KGaSky[30, 64].
We note that samples with Ga>50% begin to exhibit a small percentage of KGaghas a
secondary phase. This is expected, as the synthesis of KGaSloes not require the Sb-
de cient conditions that KAISb 4 necessitates. No other secondary phases are observed. All

XRD results can be found in ESI, Fig. S8.

KAISb, KGaSh,
780k
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Figure 3.12: Cell volume as a function of Ga concentration iflays of KAISb, and KGaSh,.
As expected by Vegard's Law, cell volume trends linearly withlloying concentration. Un-
intuitively, KGaSb 4 actually possesses a smaller cell volume when compared to 84J. No
phase separation into the constituent ternary phases is aased over the composition range,
consistent with the Rietveld re nement. Minor impurities of KGaSh, are present for Ga
>50%, although the impurities are directly related to the Shpoor growth conditions, and
do not indicate limited solubility of KAISb, in KGaSh,

Figure 3.13 demonstrates the lattice thermal conductivity ad intrinsic mobility (obtained
via the single parabolic band model) for the KGAS alloys. Result®r the lattice thermal

conductivity are given at both 50C and 400C. The intrinsic mobility is only calculated at
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400°C as samples rich in Al exhibit the activated low temperature ransport observed in
our prior work.[57] The e ect of point defect scattering on hermal transport was studied
heavily in the Si-Ge system by Abeles[65]. The Abeles model hlasen applied in many
thermoelectric systems to date including the half-Heuslerskutterudites, and SnSe.[66{69]
This model predicts that the depression in the lattice therral conductivity from point defects

can be modeled approximately by Equation 3.8:

arctan (x(1  x))¥?)
(x@ x)t=2

Las)(X) 1 (T X) oa X oB) (3.8)

where |.(a:5)(X) is the predicted lattice thermal conductivity of an alloy betweenA and B
as a function of alloying fractionx (e.g. A1 xBy). The lattice thermal conductivity of pure
A and pure B is given by oA and g, respectively. The solid line in Figure 3.13a represent
the Abeles approximation for the experimental thermal conduivity data. The solid line
in Figure 3.13b represents a similar t for the mobility wherethe intrinsic mobilities of the
pure endpoints were substituted into Equation 3.8.

We observe that while the thermal conductivity (Figure 3.13pdecreases signi cantly
( 30%) at room temperature, transport at 408C is largely una ected. As KAISh, and
KGaSh, are already near the "glassy minimum' at 40Q before alloying, the substitution of
Al on Ga has a minimal e ect. Conversely, although the intring mobility is not severely
depressed, we still suer 20% loss of mobility by 50% substitution. It is important to rote
that the KGaShb, impurity in the Ga-rich samples did have deleterious e ect o the mobility
when compared with the phase-pure samples from the Ba dopiseries in Figure 3.6. While
this could potentially a ect the analysis, it is important to recall that there is a negligible
decrase in thermal conductivity at 40€C; thus, any decrease in mobility will result in a net
loss of thermoelectric potential.

Both KAISb, and KGaSh, are mobility driven systems, and while the loss of mobility
is not severe ( 20%), the decrease in thermal conductivity at high temperates is not

large enough to compensate. As a result, the net e ect on the éhmoelectric potential
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Figure 3.13: Trends in lattice thermal conductivity | (a) and intrinsic electron mobility ¢
(b) as a function of alloying composition. While a decreaseg(ative to the pure endpoints)
is observed in the lattice thermal conductivity at room temgrature, there is a negligible
depression of lattice thermal conductivity at 408C. The intrinsic mobility su ers approxi-

mately 20% loss due to alloying.
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of the alloyed systems decreases. As a result, we did not perfocarrier concentration
optimization on any of the alloyed compositions. Near glasshiermal conductivity at high
temperature is typical of Zintl materials. Thus, the impactof isoelectronic alloying on the
thermal transport is not as dramatic as in high | systems. These results highlight the need

to focus on the intrinsic electronic properties for furtheoptimization.
3.5 Conclusion

In this work we have experimentally investigated the thermelectric potential for n-type
KGaSh, doped with Ba. We also applied a series of rst-principles dect calculations to un-
derstand the underlying defect chemistry that enables n-pe transport in KGaSh,. We rst
examined the experimental transport properties in undopedGaSh,, nding that KGaSb 4
is a lightly compensated, intrinsic semiconductor. We diswvered that the substitutional
doping of Ba on the K site is quite e ective as a donor defect. Bombination of XRD, Hall
e ect measurements, and electron microscopy revealed thtite solubility of Ba in KGaSh,
is approximately 1.7 mol%, which corresponds to a doping kelvof approximately 2.2x16°
e cm 3. Combined with the extremely low lattice thermal conductiity ( 0:5Wm K 1),
a relatively high electron mobility (  50cn?V 1s 1) yields zT > 0:9 at 400°C. Furthermore,
zT is still rising rapidly at 400°C, suggesting thatzT > 1 should be easily achievable if
the high temperature stability during Hall measurements caie improved. We also brie 'y
discussed the solid-solution KGa ,Al,Shy, where we found solubility between KGaSpand
KAISb,, although the thermoelectric potential was not improved.

The relative scarcity of n-type Zintl literature prompted us to explore the fundamental
defect structure that allows KGaSh to be doped n-type. First principles calculations reveal
that no dominant intrinsic defects are present to drive the tsucture to either a n-type or
p-type carrier type. Consistent with experiment, computabns found that Ba should act as a
successful n-type dopant. We also investigated the potealtifor bipolar doping in KGaSkhy,

nding that the material is also successfully doped p-type ith Zn ( 5x10¥h*cm 2 at

1 mol%). However, the compensating native defect §blimits the e ectiveness of Zn as a
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p-type dopant. This represents one of the few instances of gblar dopable Zintl compound
and one of the rst that doesn't require interstitial doping to accomplish this (as opposed to
skutterudites and clathrates). The minimal role of \¢ (commonly assumed to be the source
of p-type behavior in Zintl compounds) suggests that chenac intuition is limited even on

the most basic level and highlights the need for calculatisn
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CHAPTER 4
ULTRA-LOW THERMAL CONDUCTIVITY IN DIAMOND-LIKE
SEMICONDUCTORS: SELECTIVE SCATTERING OF PHONONS FROM ANTISITE
DEFECTS

A paper published in the journalChemistry of Materials (American Chemical Society)-

Brenden R. Ortiz,1®* Wanyue Peng!’ Lidia C. Gomes!® Prashun Gorail® Taishan Zhu?°
David M. Smiadak?! G. Je rey Snyder,?? Vladan Stevanovic?® Elif Ertekin, 4 Alex

Zevalkink,2® and Eric. S. Toberer?®

This section switches focus to a system of materials idenid as potential thermoelectrics
in our original high-throughput computational search { thequaternary diamond-like semi-
conductors. This admittedly lengthy paper examines 9 di enet compounds, CuyllglVTe,
(Ilg: Zn, Cd, Hg)(IV: Si, Ge, Sn) as potential thermoelectric mateals. Unlike the prior two
examples of KAISh and KGaSh;,, however, these materials represent a case where experimen
and computation were not easily harmonized. While DFT readilydenti ed these materials
as promising thermoelectrics, they were predicted to be gibanaterials only when doped
n-type. Unfortunately, all materials presented as degendrdy doped p-type materials with

an unknown, presumably complex, defect structure. Attemygtto calculate defect structures

5Reprinted with permission from Chem. Mater. 2018, 30, 10, 3395-3409. Copyright 2018 American
Chemical Society. Electronic supplementary information availableonline.
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were ultimately unsuccessful due to a combination of facter(small band gaps, spin orbit
coupling, disorder). Strangely enough, computation corsgently found the most promising
material Cu,HgGeTe, as thermodynamically unstable when the full convex hull wasalcu-
lated. Chapter 5 experimentally resolves this problem { theesults were surprising and would
not have been captured by computation in any reasonable sigit). Besides the challenges
during computation, the materials were incredibly resistat to extrinsic dopants. Further-
more, large degrees of o -stoichiometry caused syntheticoets to dramatically increase in
di culty. Again, in Chapter 5, the introduction of new techni ques eventually allowed us
to tackle the experimental diculties. At the time of public ation, however, the materi-
als were unable to be doped. Despite the di culties, the matgals were quite promising
from a thermal and electronic transport perspective. Somd the most promising materials
(Hg-containing Cu,HgGeTe, and Cu,HgSNnTe;) demonstrated thermal transport indicative
of a glass, even though these are crystalline, diamond-likeaterials. Using a combination
of techniques (resonant ultrasound, high-temperature draction, phonon calculations) we
proposed that the selfsame disorder that causes dopabiligsues may be the source of the
unusually low thermal conductivity. We also proposed thathe disorder may not a ect the

electronic mobility, although our later work would cast dobt on this claim.

4.1 Abstract

In this work, we discover anomalously low lattice thermal awmuctivity ( <0.25W/mk
at 300 C) in the Hg-containing quaternary diamond-like semiconduors within the com-
positions CwllglVTe, (I1g: Zn, Cd, Hg) (IV: Si, Ge, Sn). Using high-temperature X-ray
di raction, resonant ultrasound spectroscopy, and transprt properties, we uncover the criti-
cal role of the antisite defects Hg, and Cuyg on phonon transport within the Hg-containing
systems. Despite the di erences in chemistry between Hg anduCthe high concentration
of these antisite defects emerges from the energetic proxyrof the kesterite and stannite
cation motifs. Our phonon calculations reveal that heaviegroup llg elements not only

introduce low-lying optical modes, but the subsequent ardite defects also possess unusu-
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ally strong point defect phonon scattering power. The scatting strength stems from the
fundamentally di erent vibrational modes supported by theconstituent elements (e.g. Hg
and Cu). Despite the signi cant impact on the thermal propeties, antisite defects do not
negatively impact the mobility (>50cn?/Vs at 300 C) in Hg-containing systems, leading to
predicted zT > 1.5 in Cu,HgGeTe, and Cu,HgSnTe; under optimized doping. In addition

to introducing a potentially new p-type thermoelectric mateial, this work provides: 1) a

strategy to use the proximity of phase transitions to increse point defect phonon scattering,
and 2) a means to quantify the power of a given point defect tbugh inexpensive phonon

calculations.

4.2 Introduction

Widespread application of the Material Genome Initiative (M51) promises to revolution-
ize the discovery and realization of next-generation matats for a diverse set of applica-
tions ranging from photovoltaics,[70{78] batteries,[7071, 79{89] catalysis,[70, 71, 90{98]and
thermoelectrics.[1{4, 70, 71, 99{102] Fundamental to thauscess of MGl-inspired approaches
is the leveraging of computational material science anab-initio calculations to survey a
broad chemical space for a desired suite of properties. Ouigy work in thermoelectrics led
to the development of a computationally e cient gure of merit which can be evaluated in
a high-throughput fashion.[1, 99] Our approach combinesmmeempirical analysis of experi-
mental data and density functional theory (DFT) electronic sructure calculations to predict
complex, scattering dependent transport coe cients (e.g.the intrinsic carrier mobility ¢
and lattice thermal conductivity ). Our high-throughput search of the Inorganic Crystal
Structure Database (ICSD)[1] has culminated in the identication of several new material
classes for thermoelectric applications, including the type Zintl phases.[103, 104] Here we
focus on the p-type quaternary diamond-like semiconduct®KDLS), another promising class
of materials which consistently appear in our set of canditathermoelectrics.

The DLS are a chemically rich family of compounds that can beedived from the diamond

silicon prototype via simple electron counting rules (i.e. Grimm-Sommerfeld Rel).[105]
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Figure 4.1: The zincblende, chalcopyrite, stannite, and kiesite structures are derivatives of
the diamond lattice. Simple electron counting rules permitation mutation so long as the
net valence electron count is unchanged. All structures arettahedrally coordinated with
a 1:1 cation:anion ratio (e.g. GaAs, ZnS, ZnSi CulnSe, Cu,ZnSnTe). The quaternary
DLS exhibit multiple cation ordering motifs (e.g. stanniteand kesterite) which are in close
energetic proximity to one another. As expected from the reli@e stability of the structures,
the DLS can be particularly prone to cation disorder and ansite defects. For simplicity,
we do not consider other modi cations to the diamond latticethat preserve tetrahedral
coordination but shift the unit cell away from the cubic and etrahedral Bravais lattices (e.g.
wurtzite, wurtz-stannite).

Figure 4.1 shows the derivation of the binary, ternary, and cqaternary DLS from the diamond
prototype. The diverse chemistry observed in the DLS is fuanentally tied to the number of
cation mutations that preserve tetrahedral coordination.Due to the exibility of the cation
sublattice, it is common to see multiple cation ordering mafs exist within close energetic
proximity to each other.[106] This is most evident in the qu@rnary systems, where the
principle ordered variants stannite [42m) and kesterite (| 4) rarely di er in total energy
calculations by 10 meV/atom.[107{112] Note that other catiororderings are observed in the
literature, and alloys between the stannite and kesteritetisictures invoke non-trivial changes
in atomic occupancies and ordering.[113] Further, distingshing between the kesterite and
stannite structures without high-level structural charaterization (e.g. neutron, resonant X-
ray di raction) can be di cult in cases where the elements slare similar atomic numbers.[106,

114]
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The close proximity of multiple cation ordering motifs natwally extends to the concept
of cation disorder. There is a plethora of experimental evéthce from the photovoltaic com-
munity evidencing disorder and the impact on optical and et#ronic properties in the sul de
and selenide DLS (e.g. CZTS, CZTSe). [115{123] While the plaltaic community must
often contend with disorder as a challenge (e.g. reduced kar lifetime, recombination),
there exists an opportunity to leverage the disorder withinhe quaternary DLS to impede
phonon transport and reduce the lattice thermal conductity. Despite heavy investment into
CZTS and CZTSe by the photovoltaic community, DLS with heawr group llg (e.g. Cd, Hg)
elements and heavier chalcogenides (e.g. Te) have not beegil wharacterized within other
elds. The potential for strong point defect phonon scatteing arising from increased disor-
der, combined with our prior high-throughput predictions]], make the quaternary telluride
DLS a patrticularly interesting search space for thermoelgic materials.

To date, the thermoelectric community has seen limited suess in bulk, polycrystalline
DLS. The most notable exception is 9kGey, although the innately high lattice thermal
conductivity and low anharmonicity of Si and Ge has requireegxtensive materials engi-
neering (alloying, nanostructuring, grain boundary engieering) to produce successful high-
temperature thermoelectric modules.[124{129] The litetare is also ripe with studies investi-
gating the thermoelectric properties of individual nanowes or nanodots,[130{140] although
such form factors are generally prohibitive for practicalhermoelectric applications. Litera-
ture also predominantly focuses on the binary DLS, with congpatively infrequent mention
of the ternary and quaternary analogs. Existing literatureon some selenide materials (e.qg.
Cu,FeSnSg, Cu,CdSnSe, Cu,ZnGeSge) indicate that the quaternary materials do possess
signi cantly reduced lattice thermal conductivity ( 1W/mK at 300 C) compared to the
binary and ternary counterparts.[106, 141{148] On averagthe reduction of the lattice ther-
mal conductivity is consistent with the introduction of more complex cells and the increased
potential for disorder. Existing searches have failed to @ any quaternary DLS with zT ex-

ceeding unity. Notable compositions include: Gu4sC0p.gMng.05SNS, (zT  0:8, 500C),[146]
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Cu,:10Cdo:90SNSe (zT  0:6, 425C),[142] and Cy.,Fey.eSnSe (zT  0:4, 475C).[141] Cur-
rent literature is heavily biased towards research on the Is@ide and sul de DLS, with a
dearth of telluride research. Additionally, there are no wds that attempt to correlate
chemistry with transport beyond a singular compound or allp

In this work, we begin by performing a computational asses&mt of all DLS (> 140
unique calculations) within the ICSD adhering to the diamod, zincblende, chalcopyrite,
or stannite prototypes. Note that all calculations are uploded to our open-access website
www.tedesignlab.org. We nd that the most promising candidtes include a set of quaternary
tellurides CwllgIVTe,4 (Il g: Zn, Cd, Hg) (IV: Si, Ge, Sn). As this series spans a wide enough
chemical space to begin to resolve the connection betweerewrtistry and transport, these
9 materials will serve as our model system for this study. Expimentally, we observe that
bulk samples of the DLS present as heavily doped p-type seomcluctors with as-synthesized
carrier densities in the 18°{102cm 3 range. Some compounds exhibit relatively high hole
mobilities (>50cn?/Vs at 300 C) alongside exceptionally low lattice thermal conductiy
(<0.25W/mK at 300 C). As a result, both CuHgGeTe, and Cu,HgSNnTe, show strong
potential as thermoelectric materials with predictedzT > 1.5 at 300 C under optimized
doping.

A combination of high-temperature X-ray diraction (XRD), synchrotron XRD, high-
temperature resonant ultrasound spectroscopy (RUS), anddti-temperature transport mea-
surements indicate that cation disorder plays a fundamentaole in the reduction of the
lattice thermal conductivity in the Hg-containing samples.In particular, the antisite defects
Hocu and Cuyg appear to possess unusually strong phonon scattering stgéim, signi cantly
reducing phonon lifetimes when compared to the lighter Zn @nCd analogs. The propensity
of these materials to form antisite defects between relagly di erent elements is ascribed to
the presence of a order-disorder phase transition and theeggetic proximity of the stannite
and kesterite phases. To further investigate the impact onhermal transport, we perform

phonon calculations, nding that: (1) heavier llz elements introduce increasingly low-lying
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optical modes and (2) the point defect scattering power of &site defects between I§ ele-
ments and Cu increases dramatically for heavierdlelements (e.g. Hg). Together, our work
proposes an interesting new series of materials for thernieatric applications, demonstrates
that the proximity of a order-disorder phase transition carbe used to increase point defect
phonon scattering, and demonstrates a new way to evaluateipbdefect scattering strength

based on inexpensive phonon calculations.

4.3 Methods
4.3.1 Experimental

Samples of CullgIVTe4 (Il g: Zn, Cd, Hg) (IV: Si, Ge, Sn) were synthesizedia solid-
state reaction from the elements. All handling of raw elemesitand powders was performed
in an argon dry-box with less than 2 ppm oxygen. Elemental Cugtanule, Sigma 99.9%),
Zn (ake, Alfa 99.9%), Cd (shot, Alfa 99.999%), Hg (liquid, Alfa 9.999%), Si (ingot, Alfa
99.999%), Ge (ingot, Alfa 99.9999%), Sn (shot, 99.99%), Tagot, Alfa 99.999%) were sealed
in tungsten carbide ball mill vials with two 9/16 inch tungsten carbide balls and milled for 2 h
in a Spex 8000D high-energy ball mill. Powders were subsentle ground, sieved through a
106 micron mesh, sealed in fused silica ampules, and annede 48 h at 90% of the melting
point for each compound. Resulting powders were hand groura an agate mortar and
doubly passed through a 106 micron mesh before hot-pressing

Powders were consolidatedia uniaxial inductive hot-pressing in high-density graphite
dies previously baked under vacuum to remove water and orges. Samples were evacuated
to <5mTorr and underwent 3 purge cycles with argon prior to densiation under 50 MPa of
pressure at a hold temperature of 80% of the melting point fd6 h. Pressure was removed
during controlled cooling. Samples were sectioned into 1§2m thick discs with diameter
12.7 mm before polishing and subsequent characterization.

Sample densities were measureda the Archimedes method and found to be consis-
tently >96% of the theoretical density predicted by X-ray di raction(XRD). Temperature-

dependent XRD was performed on a Rigaku Smartlab X-ray di raa@meter equipped with
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a high-temperature stage and a Cu K lter. Measurements were performed under vacuum
to prevent oxidation. Samples were heated at a constant ratd 10 C/min with a 1 m dwell
before each measurement. Diraction patterns were measuraip to 250 C during heat-
ing and cooling. No oxidation of the base material or reactiowith the platinum tray was
observed. A sample of C4HgGeTe, was also measured using high-resolution synchrotron
powder diraction at the Advanced Photon Source (APS), beamhe 11-BM. An average
wavelength of 0.412602 was used. Discrete detectors covering an angular range frefto
16 degrees of 2were scanned over a 34 degree range, with data points cokketevery 0.001
degrees with a scan speed of 0.01degree/s. Temperatureadegfent di raction and syn-
chrotron data were analyzed sequentiallyia Rietveld re nement using Topas Academic V6.
The data was subject to re nement on lattice parameters, atoic occupancies, and atomic
positions. While the group Ik, group IV, and Cu atoms lie on special positions within the
cell (0, 0, 0), (O, 0, 1/2), and (0, O, 1/4) respectively, atont positions for the Te atom were
rened as (X, X, z). For the synchrotron data, the thermal paameters were also re ned.
Peak broadening was t with a convolution of Gaussian and L@ntzian contributions from
strain and size based e ects.

Resonant ultrasound spectroscopy (RUS) measurements wererformed on densi ed
samples using a Manga ux-RUS Quasar 4000 using a tripod trashgcer. Measurements
were performed every 2@ from room temperature to 250C under owing argon to mini-
mize oxidation. The elastic moduli were determined using &hQuasar2000 CylModel software
package.

Hall e ect and resistivity measurements were performed usinthe Van der Pauw ge-
ometry on a home-built apparatus.[35] Measurements werenchucted up to 300C under
dynamic vacuum & 10 ° Torr) with pressure-assisted, nichrome wire contacts. Tdlaw con-
tact annealing, samples undergo one thermal cycle beforarnisport data is taken. Seebeck
coe cient measurements were conducted using the quasi-si#y slope method up to 30QC

under high vacuum €10 © Torr).[35, 36]
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Thermal di usivity was measured using a Netzsch Laser Flash Agpatus (LFA) 457 and
the resulting di usivity data t using a Cowen plus Pulse Correction (CPC) numerical model.
The samples were coated with graphite spray prior to measumnent to reduce errors in sample
emissivity. Temperature-dependent heat capacity was meased by di erential scanning
calorimetry using a Netzsch DSC 200 F3 Maia with a sapphire cewction. Each sample was
measured multiple times to ensure that data is repeatable. &hote that the absolute value of
the heat capacity shows signi cant error between runs, altbugh the qualitative information
(e.g. phase transition temperature) is repeatable. For ceistency, the heat capacities for the

calculation of thermal conductivity were estimated usinghe Dulong-Petit approximation.
4.3.2 Computational

Density functional theory calculations were performed toalculate the intrinsic charge
carrier mobility ¢ and lattice thermal conductivity | using our previously-developed semi-
empirical transport models.[1] DFT calculations were perfmed with the VASP software
package, with the exchange correlation in the Perdew Burkerfizerhof (PBE) functional
form within the projector augmented wave (PAW) formalism.[#9, 150] The crystal structures
from the ICSD [151] were relaxed using a procedure similar tbat described in Ref. 103
with a plane-wave cuto energy of 400 eV. A suitable on-site ceection in the form of
Hubbard U in the rotationally invariant form proposed by Dudaev et al. was applied for
transition metals.[40] In case of transition metal-containg compounds, a limited search
of the magnetic ground state was performed by enumerating evall possible magnetic
con gurations on a primitive unit cell.[18]

To obtain the intrinsic charge carrier mobility o and lattice thermal conductivity | for
a given material, one needs to determine the density of state ective massmgyog, band
e ective massm,, and the bulk modulusB from DFT.[1] The band e ective mass is evaluated
from mpyos and the band degneracyy, using the relationmpgg= N§:3mb, assuming isotropic
and spherical charge carrier pockets. The parametarg,o5 and N, can be evaluated directly

from the electronic structure.[18] Note thatm is t to the density of states (DOS) within
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the parabolic band approximation such that the parabolic bad contains the same number
of states as the DOS within a 100 meV energy window from the estant band edges. The
bulk modulus is calculated by tting the Birch-Murnaghan equation of state to a set of total
energies calculated at di erent volumes around the equilium volume.

Phonon dispersions for the quaternary DLS were calculateditiv DFT as implemented
in the VASP software package.[149, 152] Core and valence &lats were treated within
the PAW formalism. The exchange-correlation energy was de#ed using the GGA-PBE
functional. The Kohn-Sham orbitals were expanded on a plafveave basis with a cuto en-
ergy of 550 eV. Structural optimization of the lattice paramters and atomic positions were
performed with convergence criteria of 1 me\X. The Brillouin zone was sampled using a
-centered 8 8 6 Monkhorst-Pack k-point grid. [153] The Phonopy packagep?] in con-
junction with VASP was used to determine the force constantshe phonon dispersions, and

the phonon projected density of states using 2 2 supercells and a 44 2 k-point mesh.

4.4 Results and Discussion

4.4.1 Computational Survey of DLS

Our initial high-throughput survey [1] of the ICSD for thermoelectric materials identi-
ed several of the quaternary DLS as potentially interestig thermoelectric materials. Our
initial set of calculations did not place any particular empasis on the DLS, so our data
did not contain an exhaustive list of compounds. To augmentxesting calculations, we
performed high-throughput DFT calculations on all DLS within the ICSD which adhere to
diamond, zincblende, chalcopyrite, and stannite prototygs ¢ 140 compounds). Only or-
dered, stoichiometric compounds were considered. Figur@ 4hows the calculated intrinsic
hole mobility versus the reciprocal of the lattice thermal @nductivity for all DLS structures
with non-zero DFT bandgap. Increasing thermoelectric perfmance is expected towards the
upper right side of the graph.

For a typical semiconductor, the fundamental scattering pknomena that decrease the

lattice thermal conductivity also adversely a ect the eletronic mobility. This interplay often
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Figure 4.2: Relationship between intrinsic hole mobility ath reciprocal of the lattice ther-
mal conductivity for our computational survey of all zincbénde (blue), chalcopyrite (green),
and stannite (red) structures in the ICSD. Among the most pronsing compositions lies a
cluster of quaternary compounds (outlined) with compositins of CuyllgIVTe, (Il g: Zn, Cd,

Hg) (IV: Si, Ge, Sn). Experimentally realized transport coe dents at 50 C are shown for
the Cu,llglVTe, family of materials. We nd that the experimental lattice thermal con-
ductivity is signi cantly lower than the computational predictions, increasing the potential
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leads to a \no-win" relationship between the the electronianobility and lattice thermal
conductivity { essentially the crux of thermoelectric mateials engineering. Within our high-
throughput survey of the DLS, however, we nd that the ternay and quaternary DLS
(green and red within Figure 4.2) appear to exhibit relativgl high hole mobility and low
lattice thermal conductivity. Properties also tend to clugser more tightly as we move from
the binary to ternary to quaternary systems, which is likelydue to bias within the ICSD
towards certain chemistries. For example, the vast majogitof the quaternary DLS are copper
containing chalcogenides. Given identical structure md§, if the band edges are dominated
either by Cu or the chalcogenide element, clustering is exged. Despite the number of
possible chemical perturbations within quaternary systes the number of unique elemental
combinations within the ICSD is actually larger for the binay systems. With the historical
emphasis placed on binary diamond-like systems (e.g. 1114}, the more diverse basis set
is to be expected, although it suggests that an exploratoryearch for new quaternary DLS
would be a fruitful venture.

Within the most promising set of materials exists a tightly kit cluster of quaternary
compounds (outlined on Figure 4.2): CylglVTe, (llg: Zn, Cd, Hg) (IV: Si, Ge, Sn).
These materials are heavier analogs of the CZTS and CZTSe phwltaic materials. All of
the telluride DLS are reported to exist within the stannite pototype, whereas the sul de
and selenide variants (e.g. CZTS and CZTSe) often adopt kesite or wurtzite structures.
Our total energy calculations for the CullglVTe, family of materials (ESI Table S1) in-
dicate that the stannite structure is preferable to kestete in all cases except CZnSiTe,
and CwZnGeTeg. We note that the total energy calculations for stannite andkesterite
Cu,ZnSiTe, and Cw,ZnGeTey are nearly identical within computational error. While reslts
may not be reliable on an absolute basis, the relative magode of the energies, however,
is consistent with prior literature.[155] As the stannite stucture isolates Cu atoms along a
single plane, it appears more insensitive to radii mismatdman the cation ordering within

kesterite. As such, the increased stability of the stannitetrsicture with heavier group llg
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elements may be due to the relative mismatch of atomic radiiiven comparing Cd-Cu or
Hg-Cu to Zn-Cu.

To validate our predictions, we have chosen the nine compag CwllgIVTe, (Il g: Zn,
Cd, Hg) (IV: Si, Ge, Sn) as our model system. Figure 4.2 (black pus) also summarizes
our experimental ndings at 50 C. Despite the unusual prediction of simultaneously high
mobility and low lattice thermal conductivity, our experimental results actually exceed the
computational predictions. Notably, we nd signi cantly lower lattice thermal conductivity
in the Hg-containing samples, which exceed computational gutictions by nearly an order of
magnitude. However, our calculations do not account for disder and point defect phonon
scattering, which is expected to play a non-trivial role in lhe determination of the thermal

transport properties in the quaternary DLS.
4.4.2 Potential for high zT

High-temperature transport measurements on the Gl gIVTe 4 samples were performed
up to 300 C. Above 350, the Hg and Cd samples begin to exhibit signs of sublimation. Al
raw transport data (Seebeck coe cient, electrical resistiity, Hall carrier concentration, and
total thermal conductivity) can be found in the ESI as FiguresS1, S2, S3, and S4, respec-
tively. As the native carrier concentration varies betweenhe di erent chemistries, direct
comparison of samples requires reduction of the raw trangpdata into carrier concentration
independent quantities (e.g. lattice thermal conductivg ). Due to the high hole doping
and high electrical conductivity (1¢° { 10! h*cm 3), the Wiedemann-Franz relationship

e = LT= s used to decouple the electronic contribution to the theral conductivity
from the lattice contribution | (€.9. tw = L + ¢). The Lorenz numberL is calcu-
lated within the single parabolic band (SPB) formalism. We nd that all Lorenz numbers
are within 20% of the metallic approximation (2.44 10 8W K 1), as would be expected
based on the near degenerate doping levels. The calculatemténz numbers as a function of

temperature can be found in ESI Figure S5 alongside the methaad relevant equations.
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Figure 4.3: High-temperature lattice thermal conductivity aad electronic mobility data con-

rms that the Hg-containing quaternary DLS exhibit unusually low lattice thermal conduc-

tivity ( <0.25W/mK for Cu,HgGeTeg, and Cu,HgSnTeg, at 300 C) and relatively high hole

mobilities (>50cn?/Vs). We note that both the thermal and electronic transport stow a

strong dependence on the group Il element (Zn, Cd, Hg) and a nBanegligible dependence
on the group IV element (Si, Ge, Sn). Dashed black lines indite the calculated minimum

lattice thermal conductivity as dictated by di uson mediated transport.
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Figure 4.3 shows the high-temperature lattice thermal condtivity and Hall hole mobil-
ity for the Cu,llglVTe 4 family of materials. We rst note that all Hg-containing samgdes
decrease te< 0.4 W/mK by 300 C, with Cu,HgGeTe, and Cu,HgSNnTe, <0.25W/mK. These
values are below the glassy minimum predicted by the Cahillagsy thermal conductivity
model ( glass, Equation 4.1).[156] However, a new minimum lattice thermatonductivity
model, based on the di usive transport of heat mediated by disons ( p; , Equation 4.1)

yields an appropriate high-temperature asymptote for the ata.[157]

3 1 _
Glass — E 6 kagnZ_3 41
1 . (4.1)
i = —Kp! avgn

wherek, is the Boltzmann constant,n is the number density of atoms, and/ is the phonon
group velocity. The phonon group velocity can be approximatl experimentally by the
weighted average of the shear and longitudinal speeds of sdu The average oscillator fre-
quency! 4 is the de ning metric for the high-temperature limit of di u son-mediated thermal
conductivity; it can be approximated from the Debye temperare (~! oy  0:61K;, ¢).[157]
Experimental methods for estimating the Debye temperaturenclude speed of sound mea-
surements (applied here), low temperature heat capacityr inelastic neutron experiments.

Regardless, the Hg-containing DLS at high temperature exhtbunusually low lattice
thermal conductivity, particularly in a structurally stra ightforward system. Furthermore,
most samples exhibit a temperature dependence that does riollow the typical expectation
from a Debye-Callaway model/( T 1). Many samples show marked changes in slope (e.g.
Hg-containing samples at 175 C), which suggests the presence of a structural phase transi
tion or a disordering event. These changes are also visibtetihe total thermal conductivity
and are not artifacts of the Lorenz correction.

Figure 4.3b shows the temperature-dependent Hall hole mobjlifor the Cu,llglVTe,
samples. Moving from Zn to Cd to Hg, we observe an increase irethole mobility at both
room temperature and 300C. The e ect is even more pronounced when one considers the

trend in intrinsic mobility (ESI Figure S6), as the Cd-contaning samples are approximately
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half an order of magnitude less heavily doped than the Hg-caihing samples. Furthermore,
we note that the Hall mobilities show a variety of temperaturedependencies, even though
the carrier concentration (ESI Figure S3) is largely tempetare independent. This suggests
that there may be changes in the strength of ionized impurifyelectron-phonon, or boundary
scattering sources as a function of temperature and chenmst Nevertheless, it is clear that
the Hg-containing samples possess the highest hole moleltiof the CuyllglVTe, family
of materials. Coupled with the exceptionally low lattice termal conductivity, this makes
Cu,HgGeTe, and Cu,HgSnTe, particularly attractive for thermoelectric applications.

Within thermolectrics, it is commonplace to use the singlegrabolic band (SPB) model
as a metric to evaluate the ultimate potential of a new mateal assuming optimal doping
conditions. While the SPB model often oversimpli es complesystems with varying band
degeneracy and band edge shapes (e.g. Kane-like bands)ftiém acts as a good conceptual
baseline for comparison with other thermoelectric system&/nder the assumption of acous-
tic phonon scattering, we applied the SPB model to simulatehe expected performance of
the CullglVTe, family of materials at 300C. It is important to note, however, that the
net scattering rate in the Hg-containing systems may also ctain a non-trivial contribution
from point-defect scatteringin addition to acoustic phonon scattering. Figure 4.4 shows the
predicted thermoelectric performance (colored) as a funoh of hole carrier concentration.
The current experimental data (black) is superimposed upothe curves to provide a com-
parison for the necessary doping studies required to acheekiigh zT. Predictions indicate
that the Hg-containing DLS all have the potential forzT > 1 at 300 C, largely driven by the
extremely low lattice thermal conductivity in the Hg-contaning samples. CyHgGeTe, and
Cu,HgSnTe, in particular, have the potential forzT 1.5 owing to increased hole mobility
as well.

The combination of increasing mobility and decreasing latte thermal conductivity as
one moves from Zn to Cd to Hg within the CullgIVTe, is strongly reminiscent of the ide-

alized phonon-glass electron-crystal (PGEC) concept with thermoelectrics.[158] Typically
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Figure 4.4: Predicted thermoelectric performance (colorpf the quaternary CwllglVTe4

DLS compounds using the single parabolic band (SPB) model 800 C. Compounds gen-
erally present as near degenerately doped €20{ 10° cm 3) p-type semiconductors. Ex-
perimentally realizedzT with as-synthesized carrier concentration (black) is oviid on the

predictions. The improvedzT in all Hg-containing samples can be attributed to the signi -
cantly reduced lattice thermal conductivity, although theimprovement in Cu,,bHgGeTe, and

Cu,HgSnTe is also due to improved electronic mobility. Optimization 6zT will require an

order of magnitude reduction in carrier density for the Hg-attaining samples.
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reserved for structurally complex or anisotropic material (e.g. clathrates, lled skutteru-
dites, Zintl phases), PGEC materials represent the ideal padigm within thermoelectrics
{ a decoupling between the scattering phenomenon that govethe electronic mobility and
lattice thermal conductivity. Especially when compared tahe incredibly diverse bonding
and coordination seen in the Zintl materials, the diamondle structures are comparatively
simple. The reduced lattice thermal conductivity is particlarly interesting when one con-
siders that the diamond-like structural motif contains themost thermally conductive sample
(diamond carbon) of all crystalline materials. The remaindr of this work focuses on un-
derstanding the phenomenological basis for the PGEC behaviin these samples. We rst
turn our attention to the connection between crystal structire, elastic properties, thermal
transport, and phonon structure to understand the origins fothe abnormally low lattice

thermal conductivity in the Cu,llgIVTe,4 family of materials.
4.4.3 Structure and Phase Transitions

The DLS are nominally ordered variants of the diamond protgjpe, although the litera-
ture is ripe with reports of native disorder, antisite defets, order-disorder transitions, and
o0 -stoichiometry.[115{123, 159{163] The possibility of song cation disorder may in uence
the strength of point-defect scattering in the DLS, particlarly in the quaternary systems
(greater number of cation combinatorics). As such, we beginy kapplying a combination
of high-temperature di raction and Rietveld analysis to claracterize any structural features
which may explain the abnormally low lattice thermal condutivity exhibited by the DLS.

As noted before, it can be nontrivial to distinguish betweenhte stannite and kesterite
structures via lab X-ray di raction, particularly in cases where the Z-numker of elements is
similar (e.g. Cu-Zn disorder in CZTS or CZTSe). Consistent ith our total energy calcula-
tions (ESI Table S1), all members of the Ci(ll g)(IV)Te 4, family of materials are reported
as stannite within the ICSD, though there are reports suggesg that both Cu,ZnGeTeg
and Cu,HgSnTe may possess high-temperature transformations to either wa-stannite

or kesterite, consistent with a disordering process.[16061, 163] Unlike CZTS or CZTSe,
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however, the Hg-containing samples should have the necegsamumber contrast to resolve
the subtle di erence between the stannite and kesterite remements. A powder sample of
the most promising sample, CeHgGeTe, was sent to Argonne National Lab (BM-11) for
high-resolution synchrotron data. The associated Rietwelre nement and associated struc-
tural data can be found in ESI Figure S7. The sample is predonantly Cu,HgGeTe, with a
minor (< 0.5%) impurity of HgTe. Cuw,HgGeTe, is accurately t with the stannite prototype

( 2 17). We note that kesterite does not produce an acceptable rement without un-
reasonable changes to occupancy or isotropic thermal paret@rs. We see no evidence that
would suggest any kesterite-like domains exist in any appiable quantity.

We performed high-temperature XRD and subsequent Rietveldnalysis on each com-
pound up to 250C. We note that samples can undergo multiple thermal cycledb@th in
XRD and transport measurements) without any evidence of meahical instability (e.g.
cracking) or decomposition. All compounds are synthesizedtiv  95% phase purity. Ow-
ing to multiple thermal cycles and long anneal times, the sgoles are coarse grained>5 m)
and unlikely to exhibit transport characteristic of nanostuctured materials. The impurity
phase varies from composition to composition, but is predanantly the associated binary
group 1I-VI (e.g. ZnTe, CdTe, HgTe) or CuTe. Microscopy analysis nds that impuri-
ties are isolated and unlikely to contribute appreciably taransport. Additionally, impurity
grains are large ¥5 m) in size and are unlikely to contribute to the thermal condativity
appreciably (e.g. nanostructuring). All high-temperatureXRD patterns can be found in ESI
Figures S8 { S16. The Zn-containing compounds (ESI Figures S8, S10) show linear peak
shift towards lower angles, consistent with the expected #imal expansion behavior. To a
small extent, the Cd-containing compounds (ESI Figures S18512, S13) begin to exhibit
non-linear behavior at elevated temperatures. By far, hower, the Hg-containing samples
show the most nonlinear behavior.

To visualize the high-temperature evolution of the structte, Figure 4.5 shows the peak

shift for the (112), (220), (204), (312), and (116) peaks asfanction of temperature for the
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Figure 4.5: Heat maps demonstrating the peak shift in the Hg-ctaining DLS as a function
of temperature. All peaks shows some degree of non-linear k&aft accompanied with
subtle changes in relative peak intensity. The CiHgSnTe, sample exhibits the strongest
non-linear peak shift with evidence of a potential peak meeg at temperatures above 25@.
Note that the 2 axis is not continuous and has been adjusted to allow for easflecomparison.
Similarly, peak intensity within each 2 range has been normalized to unity.
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Hg-containing DLS. Note that the 2 axis is not continuous, and peaks have been aligned to
allow for ease of comparison. For clarity, peak intensitiesre also normalized within each 2
division. The Hg-containing DLS demonstrate both non-lingapeak shift and temperature-
dependent intensities. The variable intensity is most eveht in the Cu,HgSnTe, sample.
Rietveld analysis of the atomic occupancies in GHgSnTe, suggests that the Cu-sites in
the ordered stannite structure possess insu cient electrodensity to adequately t the data
at high temperatures. Practically, this may suggest subdtition of a heavier element (e.qg.
Hg, Sn) on the Cu-site at elevated temperatures. Note that we rsultaneously observe
that the Hg and Sn atomic occupancies begin to re ne as partigl occupied. As there is
no evidence of Hg loss under thermal cycling at our measurerhéemperatures, the lower
occupancies suggest that the displaced Cu from the originGLi sites may be forming Cyyg
or Cus, antisite defects. Altogether, the Rietveld analysis suggessthat the cation sites are
becoming progressively more disordered with temperatur@he re ned atomic occupancies
for Cu,HgSnTe can be found in ESI Figure S17. We use the current occupancy daas
a suggestive metric for disordering, though a more thorougdnalysis is planned utilizing
high-temperature synchrotron data.

Beyond atomic occupancy, Rietveld also allows us to examiighanges in thec=aratio
and the cell volume. In tetragonal systems, the&=aratio should trend towards 2 (e.g.
super cell of zincblende) under complete cation disorder. Asich, the c=aratio can act
as a convenient metric for studying the temperature evolutin of the structure. Figure 4.6
shows the resultingc=aratio obtained via Rietveld analysis. Trends in thec=aratio vary
substantially with chemistry. The Zn-containing samples pssess temperature independent
c=aratios and linear changes in cell volume (Figure 4.7). As thersttural evolution of the
Zn-containing samples exhibits no unusual temperature depdence, we will use them as a
baseline for comparison with the Cd and Hg-containing samsle

Turning to the Cd and Hg-containing systems, there exist crital temperatures where the

systems begin to deviate from the baseline behavior. Two prary e ects can be observed:
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Figure 4.6: Rietveld analysis for high-temperature XRD yielsl trends in c=aratio which
vary signi cantly between di erent chemistries (a). Both the Cd and Hg-containing samples
exhibit c=awith a strong temperature and composition dependence. Wesal show thec=a
ratio decomposed into the individualc and a lattice parameters (b) to examine the cause of
the non-linear c=aratio for Cu,HgSnTe,. Note that there exists a critical temperature at
approximately 125C wherein thea lattice parameter begins contracting. Coupled with the
progressively slower expansion @ this yields to a dramatic increase inrc=aand the onset
of a negative coe cient of thermal expansion (see Figure 4.7)
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Figure 4.7: Rietveld analysis yields the percent change inghcell volume as a function of
temperature for the Cw(I1)(IV)Te 4 family of compounds. From the experimental data, we
can estimate the volumetric coe cient of thermal expansion  for each compound. The
range of  is shown numerically and visuallyvia the dashed black lines. Note that the
Hg-containing samples exhibit negative CTE at elevated tengpatures, which supports the
presence of an order-disorder transition. Within the linearegime, y is remarkably similar
for all compounds, varying by 20% across the entire chemical series.
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1) c=aratios become temperature-dependent and 2) cell volumesvade from the linear
trend expected of a constant coe cient of thermal expansiony (CTE). For Cu,CdGeTe,
Cu,CdSnTeg, and all Hg-containing samples, the=aratio at elevated temperatures abruptly
transitions away from a temperature-independent regime dnincreases towards 2. The cell
volumes in the Cd-containing samples increase linearly \wih the temperature range exam-
ined here. All Hg-containing samples, however, exhibit noimkar changes in cell volume. In
particular, the negative CTE of CuHgGeTe, and Cu,HgSnTe, is quite intriguing. Negative
CTE is a relatively rare phenomenon, but can be linked to therpsence of an electronic
or structural phase transformation.[164{167] In the linearegime, however, all compounds
exhibit remarkably similar CTE. Calculated values for , are given in Table S2.

Figure 4.6b shows the change io=adecomposed into the individual, relative changes in
the a and c lattice parameters for CyHgSnTe,. Compared to the linear, isotropic expansion
of the lattice parameters and cell volume in the Zn-containg samples, CeHgSnTe, exhibits
a contraction of thea lattice parameter above 125 C. Coupled with the progressively slower
expansion ofc, this yields a dramatic increase irc=a Accordingly, the Cu,,HgSnTe, sample
also demonstrates a negative coe cient of thermal expansio(CTE) at elevated tempera-
tures (Figure 4.7). These results can be rationalized by ineased disorder (antisite defects)
between the Cu and I§{IV planes in the stannite structure. The insertion of heavygroup
llg or IV atoms onto the Cu plane would increase the average seption between the Te
planes and cause an expansion ;1 Conversely, the insertion of Cu onto the H{IV plane
can be expected to shrinka, as this dimension depends equally on the constituents ofeh
I1g{IV plane. Within this hypothesis, the overall reduction in volume would be driven by Cu
substitution onto the Ilg-1V plane. This explanation is consistent with the temperaire de-
pendent occupancy data discussed above. It is not clear why££dSnTe, and Cu,CdGeTe,
show dissimilar trends, as Cd and Hg are similar in radii (e.gCdTe and HgTe show near
identical lattice parameters and similar bond lengths of 807Aand 2.794A, respectively).

Potentially, the disordering event in these compounds isteer nonexistent, occurs at higher
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temperatures, or is fundamentally di erent than in the Hg-cataining compounds (e.g. -
IV antisite defects).

The temperature dependent evolution of the cell volume canlsea be used to extract
the linear coe cient of thermal expansion in the CullglVTe, family of materials. Below
the critical temperature where the Hg-containing DLS begina exhibit negative CTE, we
consider the e ect to be linear and approximate the volumeit coe cient of thermal ex-
pansion  from the data. We nd that , within the linear regime only varies by 20%
across all chemistries (calculated values can be found in IEEble S2). Compared to Si (

v 112 10 °K 1168, 169], v for the quaternary DLS is nearly 3 fold larger. Most
notably, the CTE can be used to approximate anharmonicitywia the Gnaneisen parame-
ter .[156, 170{172] As the phonon relaxation time is expected to scale as / 2 the
CTE provides a means to examine whether anharmonicity di ences between the various
chemistries in uences the thermal transport. We nd that the Graneisen parameter changes
less than 30% between all samples, with insu cient variatin to explain the anomalously
low lattice thermal conductivity in the Hg-containing sampks. However, within these sim-
ple models, we would expect anharmonicity alone to reduceehattice thermal conductivity
for all of the Cu,llgIVTe 4 family of materials by nearly an order of magnitude when com-

pared to silicon.
4.4.4 Resonant Ultrasound and Thermal Transport

Resonant ultrasound spectroscopy is a powerful techniquenieh gives direct measure-
ment of the elastic tensor of a material. From the tensor, aklastic moduli (shear, bulk,
Young's, etc.) can be calculated. The measurement can alse decomposed into the lon-
gitudinal and shear speeds of sound, which can be used to ursiend relative changes in
the acoustic phonon branches. The average speed of soundhwitthe DLS can adopt a
wide range of values, from Si (6000 m/s), GaAs (3800 m/s),[1J/BuGaSe (3600 m/s)[174],
and Cu,ZnGeSg (2500 m/s),[145] depending on cell complexity and elemeht@omposition.

For comparison, we nd (Figure 4.8) that CpuHgSNnTe, has a room temperature speed of
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sound of 1730 m/s, the lowest reported of all known DLS, which is quitsimilar to that of
typical low thermal conductivity thermoelectrics PbTe andSnTe (1850 m/s and 1800 m/s,
respectively).[175] The density of C4HgSnTe, is comparable to SnTe, suggesting that the
elastic constants of these tellurium-based compounds areitg similar despite di erences in

coordination number.

Figure 4.8: The temperature-dependent speed of sound datg (aveals strong dependence
on both the group llg and group IV elements. The addition of a heavier element alys
decreases the e ective speed of sound within this seriesgaedless whether it is a group 1V
or group llg element. Many samples exhibit changes in slope at elevatezhtperatures, con-
sistent with the presence of a™@ order phase transition (e.g. order-disorder). To emphasiz
the changes in slope, we show a magni ed view (b) of the temp@dure-dependent speed of
sound in the Hg-containing systems.

Figure 4.8a shows the average speed of sound in the,@s )(1V)Te 4 family of compounds
as a function of chemistry and temperature. We observe momotic decreases in the average

speed of sound as heavier groupslland group IV elements are substituted. This results in a
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conceptually pleasing relationship wherein the highest spd of sound is found in the lightest
combination of llg-IV elements (Cup:ZnSiTe;) and the lowest speed is found in the heaviest
combination (Cu,HgSnTe) { consistent with the attening of acoustic phonon branche
stemming from heavier atoms and softer bonds.

Many of the materials investigated in this study exhibit a dstinct change in the slope
of the speed of sound as a function of temperature. Figure 4.8aangles) indicates our
gualitative estimation of he slope discontinuity in the sped of sound data. Figure 4.8b
shows a magni ed view of the temperature-dependent speedsafund for the Hg-containing
DLS, which exhibit the most signi cant change in slope. We 8b note that the transition
temperature decreases with decreasing melting point (e.lgeavier group IV element). Slope-
change discontinuities in the elastic moduli (e.g. bulk madus, speed of sound) are often
associated with 29 order phase transitions (e.g. order-disorder), which is ssistent with
the re ned atomic occupancies, evolution of the=aratio, and emergence of negative CTE
at high-temperatures.

We nd it intriguing that the overall trends observed in the speed of sound data do not
directly correlate with the lattice thermal conductivity. Explicitly, the speed of sound demon-
strates strong dependence on both thedland IV elements, whereas the lattice thermal con-
ductivity is largely independent of the group IV element, peicularly at high-temperatures.
This suggests that there is another factor beyond the massfanic densities that determines
the lattice thermal conductivity trend. Accordingly, to strip the dependence of mass, den-
sity, and speed of sound from the lattice thermal conductity, we calculated the e ective
(frequency-independent) phonon lifetime within the Deby€allaway formalism. We begin

by writing the lattice thermal conductivity as a sum of the ogical and acoustic contributions:
L= ot a (4.2)

The optical contribution is assumed to follow the form giverearlier for di uson-mediated
transport , pi In Equation 4.1. The acoustic contribution , is evaluated by integrating

over the frequency dependent spectral heat capaciB(! ) for the longitudinal and transverse
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modes separately.[156] The spectral heat capacity is givey Equation 4.3:
2 | 4g-i=k pT

2K pT2vg(1)3 (ko7 1)2

Cs(l;vg) = (4.3)

The integration bounds are de ned independently for the logitudinal and transverse modes
by the respective Debye frequenciesp, and p.r. We assume that the phonon group
velocities can be approximated using the frequency indepiant longitudinal v. and trans-
versevy speeds of sound. For simplicity, we also assume that the meaimonon lifetime is

frequency independent, allowing simpli cation of the acastic integrals to Equation 4.4:
Z Z

1 D;L D;T
Q= é( v2 Cs(hvy)d!l +2 v2 Cs(';vr)d!) (4.4)
0 0

Using the experimentally observed temperature-dependergtiice thermal conductivity and
speeds of sound, Equations 4.1, 4.2, and 4.4 can be combineddlve for at each tempera-
ture. Figure 4.9 shows the temperature-dependent, Debye@avay, mean phonon lifetimes.
The lattice thermal conductivity (Figure 4.3) depends fundarantally on elastic properties
(e.g. speed of sound, density) which interfere with our alljy to compare the intrinsic
phonon scattering power of each material. Figure 4.9, howeyallows us to isolate the e ect
of scattering within a Debye-Callaway framework. We can threcompare the relative trends
between the phonon lifetime curves to discriminate betweeystems with di erent scattering
strengths. For example, the lattice thermal conductivity Figure 4.3) clearly decreases as we
transition from Zn to Cd to Hg-containing systems. However, its not clear from Figure 4.3
whether the mechanismbetween the decrease from Zn to Cd is the same as the trangitio
from Cd to Hg. The Hg-containing samples within Figure 4.9 clebr possess an intrinsically
stronger phonon scattering strength. Our analysis of the (H and Graneisen parameter
suggests that the lattice thermal conductivity suppressiois not predominately driven by
lattice anharmonicity. Furthermore, since strips out dependencies on density and speed
of sound, we can see that the scattering phenomenon in the Hgataining systems may be

fundamentally di erent than the Zn or Cd-containing systens.
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Figure 4.9: Debye-Callaway, frequency independent, mean@ton lifetimes as calculated
using the high temperature RUS and thermal conductivity data We note that both the
Zn and Cd-containing DLS share relatively similar . The Hg-containing samples possess
signi cantly lower . All samples show the relative independence of the phonoreliime with
the group IV element, consistent with the lattice thermal caductivity observations. All Hg-
containing samples exhibit signi cantly reduced phononfietimes, suggesting that there may
be a fundamental di erence in the scattering phenomena betégn chemistries. Owing to the
Hg-samples dropping to the glassy minimum, the high tempenatte is e ectively zero in
those systems.

101



45 Phonon Calculations

Earlier, we noted that the experimental transport data (Figue 4.2) exceeds the expecta-
tions of computation. Our high-temperature structural andiransport data suggests that the
presence of a phase transformation and the potential for e¢an disorder likely contributes to
the low lattice thermal conductivity across these samplesAs our computational predictions
do not explicitly account for disorder, these observationserve to rectify the discrepancy be-
tween computation and experiment. However, we have yet to uawel the unusually strong
dependence of the thermal conductivity on the Group §l (Zn, Cd, Hg) element, and the
unusually weak dependence on the Group IV element (Si, Ge,)SrFrom Figure 4.8 and
Figure 4.9, it is clear that di erences in the experimental sped of sound are insu cient to
explain these di erences. Thus, analysis based solely uptme acoustic phonon branches
likely oversimpli es nuances in the phonon dispersion upoaddition of Hg. Furthermore,
if disorder is present in all materials, we must identify whythe Hg-containing samples dis-
play drastically reduced thermal conductivities. To invesgate both changes in the general
phonon dispersion and the e ect of antisite defects on therah transport, we performed
phonon calculations for the CullgIVTe 4 family of materials.

Figure 4.10a shows a representative dispersion relation f6u,HgSnTe, (all other dis-
persion relations can be found in ESI Figure S18). For the acstic branches, the calculated
dispersion relations are qualitatively very similar. Dued nite-cell e ects, we observe some
imaginary frequencies near the -point; however, we do notxpect the e ect to appreciably
change the analysis of the phonon dispersions or phonon dgn®f states. The relative
slopes of the acoustic branches agree well with the trend ebged in the experimental speed
of sound data. In all cases, low velocity optical modes sptlte longitudinal acoustic branch.
These at bands may serve as additional scattering channdisr the acoustic phonons. Remi-
niscent of the rattling' modes observed in the clathrates (4-8 meV), we see a similar energy
range ( 5-7 meV) for the low-lying optical modes in the quaternary O&. However, as the

low velocity optical modes appear in all of the Cy(ll g)(IV)Te 4 systems, they cannot explain
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Figure 4.10: To rst order, the dispersion relations for the @,(ll g)(IV)Te 4 family of com-
pounds share remarkably similar features. A representaéwdispersion relation (top) is shown
for Cu,HgSnTe,. The atom-decomposed partial density of states (PDOS) (btmtm) reveals
a more nuanced picture of the chemical contribution to the gported phonon frequencies.
A dramatic shift in the location of the Ilg atom frequencies is noted as one transitions from
Zn (primarily 5THz) to Cd (split between 5THz and 1.5 THz) to Hg (primarily 1 THz). A
striking shift in the frequency of the group IV modes are alsobserved, although even the
lowest modes (Sn) remain among the highest frequencies iretRDOS and are unlikely the
source of low thermal conductivity.
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the variation in the lattice thermal conductivity with the group llg element.

The atom-decomposed phonon density of states (PDOS) is a fidavay to examine the
vibrational contributions from the individual chemical species, allowing us to reveal the
in uence of chemistry on phonon transport. Assuming a homogeous bond strength, we
expect the phonon frequencies supported by a particular elent to be inversely related to
the atomic mass. Indeed, Te contributes signi cantly to theacoustic branches, owing to its
signi cantly heavier mass when compared to Cu, Zn, Si and GeConversely, compounds
with Si or Ge have high frequency modes dominated by the refatly light group IV element.
To rst order, the distribution of Cu and Te modes are largelyunperturbed by changes in
the Group Ilg or IV elements.

Considering the Group Ik elements, we nd two primary vibrational contributions at
1-2 THz and 4-5THz. The relative distribution within each fregiency range varies rationally
with the element considered. With the lightest mass, the Zn POS is dominated higher
frequency modes at 5 THz. Conversely, the Hg PDOS observes a&aravhelming shift towards
the 1 THz modes. However, the di erences in distribution of sygrted phonon modes does
not immediately explain the variation in thermal conductivty, as the net PDOS is not
dramatically altered.

Throughout this work, we have experimentally observed ewihce of cation disorder,
possible second order phase transformations, and struclievolution in the quaternary DLS.
All results suggest that changes in point defect scattering ag be the key to understanding
the unusually low lattice thermal conductivity in the quatenary DLS. There are a multitude
of ways to model the e ective point defect scattering strerty, most of which utilize mass
and radii contrast between the defect atom and the unpertusd site.[156, 176, 177] However,
the atomic/ionic/covalent radii are rarely robust metricsto use in compounds with complex
chemistry. Further, these methods do not explicitly incorprate the changes in the phonon
dispersion related to changes in bond strength (e.g. sprimgnstants). We propose that the

e ect of antisite defects can be related to the overlap integl of the PDOS of individual

104



atomic contributions. As we see little to no variation with the group IV element in any of

the transport measurements, we investigate the Cudloverlap integral rst:

f max

S PDOScy(! )PDOS;, (! )d! (4.5)
0

The overlap of the PDOS essentially quanti es the \similaty” S of two elements. If two ele-
ments contribute the same vibrational character (e.g. theverlap S is large), then the defect
may not appreciably a ect phonon scattering rates. A smallerlap value indicates dissim-
ilarity between the atomic PDOS of two atoms. An antisite defet comprised of atoms with
dissimilar PDOS will perturb the supported phonon modes merstrongly than defects with
near identical PDOS. This approach is philosophically ideical to the classical mass/radii
contrast models { however, use of the PDOS frames the analysh a more computationally
robust manner. The overlap integralS may not capture cases where a substituted element
appreciably changes the local coordination (e.g. inducettan- elds).[177]

Figure 4.11a shows the calculated Cu-Il overlap integr&@ as a function of chemistry in
the Cuy(ll g)(IV)Te 4 systems. We see that the values generally decrease as we niowa
Zn to Hg. This trend is likewise visible in the raw PDOS data in Fgure 4.10. Considering
Figure 4.11a, Zn shares a signi cant overlap with the Cu fregncies, particularly within
the 5THz range. This is not surprising, as these elements shasimilar size, weight, and
electronegativity. However, as the chemistry shifts to Cd ahHg, we see an associated shift
in the Group Il PDOS from the 5 THz range towards the 1 THz range. fie PDOS of Hg,
in particular, is almost entirely contained within the 1 THz range, where the Cu PDOS is
notably vacant. As such, the vibrational overlap,S, varies by a factor of three with the
Group Il element. Minimal dependence irS is found for the Group IV species, as the
associated modes are generally at the very top of the dispers and not involved in the
frequency ranges where Cu and Group Il are found.

Figure 4.11b shows the trends in lattice thermal conductiwt at 50 C. We see a similar

trend between the PDOS overlap and the lattice thermal conditivity, suggesting that the
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Figure 4.11: Comparison between the overlap integrals foréfCu and group Il (Zn, Cd, Hg)
phonon density of states (a) and the experimentally measutdattice thermal conductivity
(b). Note that the PDOS overlap essentially yields the \simarity" of the vibrational con-
tributions from the Cu and group Il elements. Smaller number indicate less similarity and
a stronger potential for scattering in the event of Cu-H antisite defects. The qualitatively
similar trends support point defect scattering and cation idorder as potential reasons for
the unusually low lattice thermal conductivity in the Hg coniaining DLS.

abnormally low lattice thermal conductivity in the Hg-containing DLS may be attributed,
in part, to disorder between Cu and Hg. This trend emerges be&the phase transitions,
suggesting signi cant point defects are intrinsic to thesstructures at room temperature.
Based on the high temperature structural and transport measements and the phonon
calculations, some broad conclusions emerge concerning timusual thermal transport in
these materials. The combination of low speed of sound coeglwith abundant scattering
sources generally lead to low thermal conductivity in all dhese compounds. These materials
appear to exhibit strong point defect scattering, likely de to the energetic similarity of
stannite/kesterite, associated phase transitions, andiféy large CTE (e.g. anharmonicity).
Further, the presence of low-lying optical bands enhanceba number of acoustic branch
scattering channels. Within this series, the unusually strgy scattering of the Hg-containing
compounds may also be attributed to spectral smearing assated with Cupg and Hge, point
defects. We note, however, that these systems appear quitengplex, and other phenomena
(e.g. optical mode anharmonicity, extended defects, vacaas, interstitials) may also play a

role in scattering.
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4.6 Electronic Transport

We have shown that the quaternary DLS possess near minimumttlae thermal con-
ductivity and electronic mobilities ranging from 25-75 c#/Vs (Figure 4.3). Equipped with
a better understanding of the structural transitions and ptential for strong point-defect
scattering in these compounds, we return to the temperaturdependent mobility and the
electronic structure.

The left panels of Figure 4.12 show the 5@ and 300C Seebeck coe cients of the
guaternary DLS as a function of Hall carrier concentration (e. Pisarenko curves). Under
the SPB model, the Pisarenko curves in Figure 4.12 suggest thhe density of states (DOS)
e ective mass myog do not exhibit strong dependencies on composition or temgeure.
There is some spread in then,og data, although it is unlikely to be statistically signi cant
given the relatively simple SPB model. Dashed lines on Figudel2 provide bounds omgg
calculated from the Seebeck coe cient within the approximéon of a single parabolic band
limited by acoustic phonon scattering.

We observe that my,g varies from by a factor of 1.3x between all chemistries. Howay
the variation in the electronic mobility for the same compason is 3.2x. Further, the tem-
perature dependence of the mobility data indicates strongomt defect scattering for Zn and
Cd-containing compositions. In contrast, CeHgGeTe, and Cu,HgSnTe, show temperature
dependences typically associated with phonon scatterinfnterestingly, Cu,HgSiTe, appears
to transition from a point-defect scattering dominated regne to a phonon dominated regime
upon its phase transition, after which it trends with the otker Hg-containing compounds. A
summary of the resulting mobilities is shown in the right paels of Figure 4.12 for 50C and
300 C. We note that the Zn-containing samples have a larger caeri concentration ( 10?*
cm ) compared to the Hg-containing samples (10?° cm 32), although the qualitative trends
in the intrinsic mobility (ESI Figure S6) do not change dramaically between the compounds.

The electronic impact of point defects within these sampldgbus appears to vary strongly

with chemistry. For the Zn and Cd-containing samples, we seg weak depression of the
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lattice thermal conductivity from point-defect scattering, yet we observe strong point-defect
scattering of electrons { an undesirable combination of tits for thermoelectric performance.
In contrast, the Hg-containing compounds exhibit electrorimobilities which appear tolerant
to the same point-defect scattering that severely impactde lattice thermal conductivity.

In his original formulation of PGEC, Glen Slack observed thiamany of the systems which
exhibited near glassy thermal conductivity su ered from por electrical transport.[158] The
deleterious interplay between increased scattering of pions (decreased thermal conductiv-
ity) and increased scattering of electrons (decreased dfteaic mobility) is one of the critical
challenges in thermoelectrics. While further studies are gaired to deeply understand why
Cu-Hg defects seem to overcome this con ict, we are enticed the rational design of point

defects to selectively scatter phonons.
4.7 Conclusion

In this work, we have identi ed the quaternary DLS Cuy(llg)(IV)Te 4 (llg: Zn, Cd,
Hg)(IV: Si, Ge, Sn) as potential thermoelectric materials. Irparticular, Cu,HgGeTe, and
Cu,HgSnTe, exhibit ultra-low lattice thermal conductivity ( <0.25W/mk) and relatively
high hole mobility (>50cn?/Vs) at high temperatures. The unusual combination of near-
glassy lattice thermal conductivity and high hole mobilityyields predictions ofzT > 1.5 at
300 C under optimized doping. The transport behavior of these egpounds is reminiscent
of the phonon-glass-electron-crystal concept, althoughheé DLS possess markedly simpler
structure when compared to most PGEC materials. A combinatn of high-temperature
resonant ultrasound spectroscopy, high-temperature XRD igh-temperature transport, and
synchrotron XRD suggests an abundance of antisite defectstime Cu,(ll g)(IV)Te 4 family
of materials. Likely driven by the energetic proximity of tre stannite and kesterite cation
orderings, the defects contribute strongly to the suppresd lattice thermal conductivity in
the Hg-containing systemsvia point-defect phonon scattering. Remarkably, the seemingl
high density of antisite defects does not appear to degradeet hole transport within these

materials. Our investigation used phonon calculations torpbe the strength of particular
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Figure 4.12: Pisarenko curves for the quaternary DLS do notaW strong dependencies on the
elemental composition or temperature. Despite nearly an @er of magnitude improvement
in the hole mobility between the CyzZnGeTe, and Cu,HgGeTe, samples, the SPB e ective
masses only di er by a factor of 2. Thus, changes in the eleotnic structure at the band
edge cannot explain the increased electronic mobility in éhHg-containing DLS. Analysis of
the structural and thermal transport data suggests that alsystems have strong point-defect
scattering, which is also evidenced by the high-temperateirHall mobility data.
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antisite defects by calculating the overlap integral betwen the atom-decomposed phonon
density of states. This demonstrates the unusually strongomt-defect scattering potential
of Hgey and Cuyg antisite defects, which qualitatively match our observatns regarding
the unusually low lattice thermal conductivity in Hg-contaning systems. Thus, this work
not only introduces a potentially relevant p-type thermoedctric material, but also provides
strategies for harnessing shallow energy landscapes (eenergetic proximity of stannite-

kesterite) for reducing | through point-defect phonon scattering.
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CHAPTER 5
CARRIER DENSITY CONTROL IN CU ;HGGETE4 AND DISCOVERY OF HG ,GETE,
VIA PHASE BOUNDARY MAPPING

To be submitted to the something®’

Brenden R. Ortiz,28 Kiarash Gordiz?° Lidia C. Gomes?®® Tara Brader’!, Jesse

Adamczyk? Jiaxing Qu, Elif Ertekin, ** and Eric. S. Toberer®

While the previous paper found the quaternary diamond-like aterials to be promising
thermoelectrics, all materials presented as degeneratalpped p-type materials, hindering
their application. Furthermore, extrinsic doping studieseither failed to manipulate the car-
rier density or signi cantly harmed the electronic mobilit. To really probe the potential of
the most promising candidate (CyHgGeTe,), we needed to have control over the intrinsic de-
fects in CuHgGeTe,. In 2017, a new, purely experimental technique within theroelectrics,
dubbed \phase boundary mapping" allowed MgSh, (normally p-type) to be doped n-type.
This enabled MgSh, to become the state-of-the-art, mid-temperature, n-typehermoelec-
tric material. As of publication, \phase boundary mapping"” rad only been applied in binary
and ternary systems { although the case of M&hb, was clearly the most successful applica-
tion. Drawing from that technique, | ventured to use \phase lbundary mapping" within the
guaternary diamond-like material CyHgGeTe,. This work currently represents the most

complex application of \phase boundary mapping" to date. Whe explained in detail within

2TReprinted with permission from xxx 2018, xx, XX, Xx-xx. Copyright 2018 xxx. Electronic supplementary
information available online.
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the paper, \phase boundary mapping" is a technique that alles the experimentalist to probe
the composition-invariant points within the single-phaseegion { ultimately allowing map-
ping of the composition/transport extrema in a repeatablemethodological manner. The
technique was quite successful, allowing me to tailor the rceer density within Cu,HgGeTe
from degenerate>10**h*cm 2 to intrinsic <10 h*cm 2 using manipulation of intrinsic
defects alone. This work also recti ed many of the challengeexperienced in the previous
paper. We discovered a new material HGeTe;, demonstrating that it shares a full alloy
with Cu,HgGeTe,. This realization explains the apparent instability of thecompound within
DFT. Further, the nearly unprecedented level of o -stoichionetry within the system suggests
a system with many complex, compensating defects { explang the di culty of extrinsic
doping Cu,HgGeTe,. We ultimately nd that the Hg-rich endpoint (corresponding to the
new compound HgGeTe,) is probably the most promising way to realize n-type transprt
within this system, although recent e orts have shown that ealization of n-type HgGeTe,

iS a non-trivial task.
5.1 Abstract

The optimization and application of new functional materi¢és depends critically on our
ability to manipulate the charge carrier density. Despite pedictions of good thermoelec-
tric performance in the n-type quaternary diamond-like semonductors (e.g. CyHgGeTe,),
our prior experimental survey indicates that the materialexhibit degenerate p-type carrier
densities & 10°°h* cm 2) and resist extrinsic n-type doping. In this work, we apply he
technique of phase boundary mapping to the GilgGeTe, system. We begin by creating
the quaternary phase diagram through a mixture of literatue meta-analysis and experimen-
tal synthesis, discovering a new material (HgseTe;) in the process. We subsequently nd
that Hg,GeTe; and Cu,HgGeTe share a full solid solution. An unusual a nity for Cug
and Hg-, formation within Cu,HgGeTe leads to a relatively complex phase diagram, rich
with o -stoichiometry. Through subsequent probing of the éurteen pertinent composition-

invariant points formed by the single-phase region, we a&ve carrier density manipulation
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ranging from degenerate X10?*h*cm 3) to non-degenerate € 10" h*cm 3) via manipu-
lation of native defect formation. Furthermore, this work &tends the concept of phase
boundary mapping into the realm of solid solutions and clegr demonstrates the e cacy of

the technique as a powerful experimental tool within compkesystems.
5.2 Introduction

The optimization and application of new materials dependsritically on our ability to
manipulate the charge carrier density. Material developnm¢ is often hindered, sometimes
fatally, by our ability to dope. Consider, for example, the gtype doping of GaN. Natively
n-type, p-type GaN was considered synthetically imposs#lfor many years. The discovery
of a unique combination of techniques, however, eventuakyabled the widespread manufac-
turing of blue LEDs and secured a Nobel Prize.[178, 179] In fathe facile bipolar dopability
of our most mature unary and binary diamond-like semicondtrs (e.g. Si, GaAs) appears
to be the exception and not the rule. Doping is a pervasive clienge that cuts across many
elds. For example, the performance of thermoelectrics, povoltaics, and superconductiv-
ity all hinge dramatically on doping. Advances in computatioal e orts and the application
of concepts like machine-learning promise to acceleraterability to dope new materials.
Complementary experimental techniques will be required taalidate and augment compu-
tational e orts.

Our prior high-throughput computational survey of the Inoganic Crystal Structure
Database (ICSD) revealed a variety of potentially promisig thermoelectric materials.[180]
Among these materials were the series of quaternary diamohkke semiconductors (DLS)
CullglVTe4 (Il g: Zn, Cd, Hg)(IV: Si, Ge, Sn). Our prior work indicated that the quater-
nary DLS present as degenerately doped (0?° h* cm 2) p-type semiconductors with unusu-
ally low thermal conductivity (<0.25W/mK at 300°C) in Hg-containing compositions.[181]
Together, our computational and experimental results commed that the Hg-containing DLS
may be a potentially interesting class of p-type thermoel&tc materials.[181] Interestingly

enough, further analysis of our computational results suggts that the n-type behavior of
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these materials shouldar surpassthe p-type behavior, owing to a large increase in the elec-
tronic mobility. A comparison of p-type and n-type results $ included in the ESI (Table S1)
for convenience, although all computational results are avable on our open-source web-
site TEDesignLab.org.[182] Unfortunately, reducing the cdaer concentration to optimize
the p-type transport was su ciently di cult that n-type dop ing was considered altogether
unlikely.

As one of the most technologically relevant classes of matds, the DLS have been the
impetus for numerous computational studies aimed at broagllunderstanding, controlling,
or calculating defects.[60, 183{187] The photovoltaic canunity, in particular, has invested
heavily in understanding doping and defect formation witm ternary and quaternary DLS
like Cu(ln,Ga)Se[188{196] and CyZnSn(S,Se),[197{208] respectively. The problem has
been su ciently complex that signi cant challenges in opteelectronic performance persist
to this day. Within thermoelectrics, the chemical diversityand complex defect formation
in the DLS make them attractive candidate materials. The nuaced interplay between
the e ect of defects on the electronic mobility, thermal coductivity, and carrier density
is an outstanding problem in the eld. Many experimental stdies on bulk ternary (e.g.
CulnTe,,[209{212] AgGaTe,[213] CuFe$,[214, 215]) and quaternary (e.g. GXCoSng,[216]
Cu,CdSnSe,[217{220] CyZnSnSg[221, 222]) systems have utilized the rich defect chemistry
(o -stoichiometry, vacancy doping, interstitials, extrinsic doping) in the DLS to optimize the
thermoelectric performance.

This work tackles the challenge of doping in the quaternaryi@mond-like semiconductor
Cu,HgGeTe, through the process of phase boundary mapping. At its corehase boundary
mapping (PBM) leverages thermodynamics to probe the relamship between composition,
phase competition, and the underlying defect structures. &t coined to describe the pro-
cess that enabled n-type doping of Mgh,,[223] phase boundary mapping is starting to
be applied in more complex systems like the Zintl ternary GZn,Shy,[224] and the mixed-

anion skutterudite CaySnyTe,.[225] A multitude of other studies (e.g. ZpShs,[226] In- lled
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CoSly,[227] Bk Tes,[228] Mg:Si[229]) have also observed e ects consistent with phaseunal-
ary mapping, although they were not described as such. To datthere has not been a phase
boundary mapping study on a quaternary system. While carriedensity manipulation is
a key focus of this study, we also aim to advance the method dfigse boundary mapping
within quaternary systems and complex alloys.

Phase boundary mapping can be distinguished from more contienal studies by the
intentional preparation of multi-phase samples. By leveging the presence of impurities,
we are able to x the native chemical potentials within the senple. Not only does phase
boundary mapping create a repeatable, well-de ned way to pbe the compositional extrema
of a single-phase region, but it naturally synergizes witthe language of defect calculations,
where available. For simplicity, we begin by demonstratinghe principle of phase boundary
mapping on a toy ternary diagram (Figure 5.1a).

Consider synthesis of a sample (Figure 5.1a, black dot) withithe three-phase region
bound by ABC, B, and C. For simplicity, consider only trace imprities of B and C in an
ABC matrix. The composition of ABC in this sample will be naturdly xed to the apex of
the single-phase region de ned by the phase equilibria. Tpoint (Figure 5.1a, red dot) is
de ned as the composition-invariant point (shortened to gavariant point), This approach
is immune to small deviations in stoichiometry { as long as # overall composition falls
within the three-phase region, ABC willalwaysbe xed to the same composition. Synthesis
within the single-phase or two-phase regions do not enjoyithe ect, and will be dependent
on precise stoichiometry control. Con rmation of the c-inariant point is straightforward, as
the impurities can be easily detected by di raction and micoscopy. The process is repeated
for every Alkemade triangle (4 total in Figure 5.1a). This culnnates in a series of samples
that probe each vertex of the single-phase polygon.

Transitioning to the quaternary phase diagram (Figure 5.1h)our goal is the same { to
evaluate all c-invariant points formed by the single-phas@BCD polyhedron. The concepts

introduced for the ternary diagram extend naturally to the gquaternary. Our schematic phase
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Figure 5.1. Phase boundary mapping is a process that leveragée intentional synthesis
in multi-phase regimes to control defect energetics. To Hifight the fundamental principles
of phase boundary mapping, a schematic (a) ternary and (b) gternary diagram are used.
For dilute impurities, synthesis in the multi-phase regiméblack dot) produces samples with
the matrix phase (ABC or ABCD) tied to the c-invariant point (red points). Using the
guaternary diagram as an example, repeating the synthesisr feach unique three-phase or
four-phase region creates a sample set that maps the verag the single-phase polyhedron.

diagram (Figure 5.1b) shows a magni ed view of one c-invariapoint in the ABCD-B-C-D
Alkemade tetrahedron. Quaternary c-invariant points are foned where the single-phase
ABCD touches the four-phase region (Figure 5.1b, red point). ythesis within the four-
phase region will collapse the composition of the ABCD matriyhase to the c-invariant
point. The process is repeated for each Alkemade tetrahedromhich culminates in a series
of samples that probes the vertices of the single-phase ABCblphedron.

Our schematic diagrams in Figure 5.1 demonstrate the intimatrelationship between
thermodynamics and phase boundary mapping. Unfortunatelghe equilibrium phase di-
agram is not always known { our survey of the literature indiates that the Cu-Hg-Ge-Te
diagram is not su ciently characterized. In this work, we begin by developing a phase dia-
gram under our processing conditions, identifying the orded-vacancy (defect chalcopyrite)
structure Hg,GeTe, in the process. More surprisingly, we discover that HGeTe, shares a

full solid solution with Cu,HgGeTe,. Density functional theory (DFT) electronic structure
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calculations support the formation of an alloy and suggeshat Hg,GeTe, is also a good can-
didate thermoelectric. Enabled by the high degree of o -stochiometry between Cu and Hg,
we nd that we can manipulate the carrier density within the HpGeTe;-Cu,HgGeTe, system
between the intrinsic € 10'" h* cm 3) and degenerate ¥ 10?* h* cm 2) regimesvia rational
changes in the c-invariant point composition. This work regesents a critical step towards
the realization of n-type transport in the CuHgGeTe, system and further demonstrates the

power of phase boundary mapping in complex systems.

5.3 Methods
5.3.1 Experimental

All powders and polycrystalline ingots were synthesized thugh solid state methods. All
milling, sieving, and handling of powders was performed inr@trogen dry box with oxygen
and water levels below 1ppm. Appropriate ratios of element&u (shot, Sigma 99.9%),
Hg (liquid, Alfa 99.999%), Ge (ingot, Alfa 99.999%), and Te (ingt, Alfa 99.999%) were
milled in tungsten carbide ball-mill vials with two 9/16" tu ngsten carbide balls for 90 min.
Resulting powders were sieved through a 106nh mesh, sealed within evacuated fused silica
ampules and annealed at 353Q for >24h. Resulting material is subsequently ground in
an agate mortar, passed again through a 106n mesh and consolidated through uniaxial
hot-pressing at 356C and 40 MPa. Each sample is soaked at 3®Dfor an additional 18 h
during consolidation. Samples were cooled at a rate50°C/h to avoid quenching e ects.

For phase diagram determination, each quaternary tetrahedn was probed by using
the appropriate compositional basis vectors at 1:1:1:1 iias. For example, to probe an
Alkemade tetrahedron where the endpoints are suspected to e + GeTe + Cu,Te +
Cu,HgGeTeg, the 1:1:1:1 composition was found by equal combination ofi¢ normalized
basis vectors (e.g. xGe + x(1/2)GeTe + x(1/3)CuTe + x(1/8)Cu ,HgGeTe;). Assuming
x=0.25 for each constituent, the mixture used to probe Ge-Ge-Cu,Te-Cu,HgGeTe, would

be Cuy.23HJ0:03Gep.41T€0:33.
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Once the phase diagram was de ned, more precise samples withce impurities (e.g.
3vol.% each of Ge, GeTe, and Gilie) were synthesized. This step is critical to reduce the
in uence of e ective media corrections. Itis particularlyimportant to note phases with severe
0 -stoichiometry, as they will o set the basis vectors usedduring synthesis. For example,
consider the CyGeTe;-Cuy.4Te-Cu, Te-Cu,HgGeTe, c-invariant point. The integration of Hg
into Cu,GeTe; and excess Cu into CpHgGeTe; shifts the successful sample stoichiometry to
a mixture of 23 mol% CyGeTe;, 10 mol% Cuy.4Te, 13 mol%CuTe, and 54 mol% CiHgGeTe,.

Phase determination and lattice parameter analysis was germed for every sample us-
ing a combination of X-ray diraction (XRD), scanning electran microscopy (SEM), and
energy dispersive spectroscopy (EDS). Diraction studiesere performed on a Bruker D2
Phaser diractometer in -2 mode from 10 to 80 of 2 . Resulting patterns were analyzed
via Rietveld and Pawley re nement using the Topas Academic V6 safre package.[230]
Detailed microscopy was performed on a JEOL JSM-7000F Field Ession SEM. Energy
dispersive spectroscopy studies were performed on a FEI Qtaa600i Environmental SEM.

For the structure determination of HpGeTey, a pure sample was sieved through a 56n
mesh and diluted with amorphous Si@to reduce X-ray absorption. The sample was sealed
under nitrogen into a kapton capillary tube and measured athte Advanced Photon Source
11-BM beamline with 0.41272A radiation. Discrete detectors covering an angular range
from -6 to 16 degrees of 2were scanned over a 34 degree range, with data points coléett
every 0.002 with a scan speed of 0.0%s. Charge ipping structure solution and subsequent
Rietveld analysis was performed using Topas Academic V6 usitige method pioneered by
Oszlanyi and Suto, implemented by Coelho.[230{233]

Hall e ect and resistivity measurements were performed usinthe Van der Pauw geome-
try on a home-built apparatus. Measurements were conducteg to 250 C under dynamic
vacuum (< 10 °Torr) with pressure-assisted, nichrome wire contacts. Tollaw contact an-
nealing, samples undergo one thermal cycle before transpdata is taken. Seebeck coef-

cient measurements were conducted using the quasi-steadippe method to 250C under
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high vacuum (< 10 °Torr). Thermal di usivity was measured using a Netzsch LaseFlash
Apparatus (LFA) 457 and the resulting di usivity data t using a Cowen plus Pulse Cor-
rection (CPC) numerical model. The heat capacity is estimad using the Dulong-Petit

approximation.
5.3.2 Computation

Density functional theory (DFT) is used to calculate the eletonic band structure and
the electron localization function (ELF) of HgGeTey, and Cu,GeHgTe,. The employed rst-
principles approach is based on the Kohn-Sham DFT (KS-DFT),B2] as implemented in the
Vienna ab initio simulation package (VASP).[149, 152] The cerand valence electrons are
treated with the projector-augmented wave (PAW) method.[16] The Kohn-Sham orbitals
are expanded in a plane-wave basis with a cuto energy of 550eA Gamma-centered 4 4 4
grid is used to sample the Brillouin zone (BZ), following thescheme proposed by Monkhorst-
Pack.[153] A ner 6 6 6 grid is used to ensure that convergence is achieved. Visaation
of the ELFs were achieved with an electron isosurface cuto @& .886.

Structural optimization is performed with a tolerance of @01 eV/A. The HSEO06 hybrid
exchange-correlation functional is used to estimate theeeltronic structure.[235, 236] This
gives a better description of the band gap, which is well knawto be underestimated by

standard DFT exchange-correlation functionals.
5.4 Results and Discussion

This work is organized into three sections, each providingel¢ insight into the process of

phase boundary mapping in a complex system like @dgGeTe;:

| Determination of the Cu-Hg-Ge-Te phase diagram from a comtmtion of experimental
e orts and literature meta-analysis.
Il Characterization of the newly discovered HgGeTe, and its relation to Cu,HgGeTe,.
[l Synthesis and measurement of transport properties at icivariant points and interpre-

tation within phase boundary mapping framework.
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Our primary goal is to enable precise control over the carrelensity in Cu,HgGeTe,. How-
ever, we also aim to prove the e cacy of phase boundary mappjnas an elegant, purely

experimental technique for probing the e ect of chemistry ortransport in complex systems.
5.5 Phase Diagram Determination

As is the case for many quaternary compounds, full knowledgétbe Cu-Hg-Ge-Te phase
diagram does not exist. To provide a reasonable sca old foupwork, we begin with a meta-
analysis of the binary and pseudo-binary literature. We wlilconsider only phases which are
stable in the temperature range from room temperature to 3%0. As noted in our prior
work, the maximum operating temperature for CaHgGeTeg, is likely below 300C, so this is
a reasonable restraint.

Fortunately, all six binary edges of the Cu-Hg-Ge-Te phaseafjram are available in the
literature. The Hg-Ge[237] and Cu-Hg[238] diagrams are desloof any stable compounds
within our temperature range. The Ge-Te,[239, 240] Hg-Te42, 242] and Cu-Ge[243, 244]
diagrams reveal the presence of the binary compounds GeTe,TldgCu;Ge, and Cu;Ges.
The Cu-Te diagram is worth noting separately { all sources piat to a complex diagram rich
with high-temperature phase transitions and o -stoichionetry.[245{247] Existing diagrams
do not fully agree on the nature of the phase transformationshe associated temperatures,
compositions, or structures. Near ambient conditions, hower, most sources agree that there
are three relatively well-de ned binary compounds: CuTe, Q.4 Te, and Cw,Te.[245{247]

Pseudo-binary and ternary data exists sporadically withithe Cu-Hg-Ge-Te system. The
most detailed work was performed within the Cu-Ge-Te terngrface and reveals the presence
of Cu,GeTes.[248] A later study for the Cup,GeTe-HgTe pseudo-binary reveals a surprising
solubility of Hg in Cu,GeTe; and also demonstrates the rst evidence of o -stoichiomeyr
in Cu,HgGeTe,.[249] No information is available for the Cu-Hg-Ge, Cu-Hg-Ter Hg-Ge-Te
ternary spaces.

The meta-analysis provided several key pieces of informai 1) all binary compounds are

known, 2) o -stoichiometry should be expected for multiplgohases, and 3) when investigating
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faces/volumes where no literature exists, care should bek&n to watch for the emergence
of new compounds. Following the procedure outlined in the Neods section, we surveyed

the Cu-Hg-Ge-Te phase space { the result is shown in Figure 5.2

Figure 5.2: Shown are four isometric projections (a-d) of thexperimentally determined
phase diagram under our process conditions (3@). For clarity, Cu,HgGeTe, is not shown,
but can be presumed to exist in equilibrium with every coloktetrahedra. To obtain a more
transparent representation of the data, we can transform th 3-dimensional phase diagram
by \unfolding" the colored volume (e). As CyuHgGeTe, is the only quaternary compound
in the volume, we obtain a 2-dimensional representation ohé¢ phase diagram where each
colored region is also in equilibrium with CeHgGeTe,.

As the quaternary diagram at a given temperature is a three-giensional object, we
have shown four isometric projections of the diagram in Figas 5.2a{d. For graphical
clarity, Cu,HgGeTe, is not shown; however, as the only quaternary compound thatew
observe, it coexists with any colored region. Figure 5.2d she that the Ge-HgTe-CyTe-
Cu,HgGeTe, Alkemade tetrahedron prevents the quaternary compositiomdm ever being in
equilibrium with Cu, Hg, Cu3Ge, Cu;Ges, or any unknown phases in the Cu-Hg-Ge ternary
face. Regions of the phase diagram not in equilibrium with GHgGeTe, are irrelevant from
a phase boundary mapping perspective and are not investigal further. This is actually

quite fortunate, as it is infeasible to synthesize samples equilibrium with elemental Hg.
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In practice, any phase diagram containing an element in a ddrent physical state of matter
(e.g. O, N2, Hg) in equilibrium with the phase of interest may require moidcations to the
phase boundary mapping procedure.

The compound HgGeTey, is not reported in any known phase diagram or crystallograph
database. To our knowledge, this work is the rst report of HgGeTe,. Unlike all other
relevant phases in Figure 5.2, HgseTe, and Cu,HgGeTe, do not share a four-phase region.
In fact, any attempts to synthesize samples within the largaegion bound by Te-HgTe-GeTe-
Cu,HgGeTg, (in which Hg,GeTe, is contained), yields three-phase samples. Our discovery o
the full-solid solution between HgGeTe, and Cu,HgGeTe, ultimately explains the anomaly.
The alloy has a profound e ect on the single-phase region ofugHgGeTe, and is discussed
in detail later.

The isometric projections of the phase diagram shown in Figeis.2a{d do not facilitate
a discussion of changes in transport or crystallography asfanction of c-invariant point
composition. As such, we present a two-dimensional variatioof the quaternary phase
diagram, shown in Figure 5.2e. To obtain Figure 5.2e from Figuf®2a, we rst isolate the
relevant Alkemade tetrahedra (those which have GilgGeTe, as a vertex). As CyHgGeTe,
is the only quaternary composition within the diagram, we aatreat the colored volume as
a projection of the Alkemade tetrahedra onto the faces of anr@gular tetrahedra. Finally,
we can \unfold" the tetrahedron to obtain a two-dimensionakepresentation of the diagram.
Each colored triangle in Figure 5.2e represents the thermomaymic equilibrium between
Cu,HgGeTe, and the three vertex phases. For the remainder of this papexe will reference
Figure 5.2e as the \phase diagram."

We previously alluded to a full solid solution between HgseTe, and Cu,HgGeTe,. The
presence of this alloy precludes the formation of a true foghase region in any sample
containing the HgGeTe-Cu,HgGeTe solid solution. This region plays a critical role in our
ability to manipulate the carrier density within the Cu,HgGeTe, system. As a result, we

nd it instructive to pause and focus on HgGeTe, and the solid solution with CbHgGeTe;.
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5.6 The Hg ,GeTe 4-Cu ,HgGeTe 4 solid solution

While mapping the Hg-rich side of the Cu-Hg-Ge-Te phase diagrarwe identi ed the
ternary compound HgGeTey, for which no prior information was available. A powder samip
of Hg,GeTe, was measured at the Advanced Photon Source at Argonne Nationaboratory
(BM-11) using high-resolution synchrotron X-ray di raction. From the resulting di raction
pattern (ESI Figure S1), we performed ab-inito structure sakion via the method of charge

ipping.[230{233] The structure is shown in Figure 5.3 alongjde CbHgGeTe,.

Figure 5.3: The newly discovered ternary compound HGeTe, crystallizes in the defect
chalcopyrite structure. Our analysis indicates that HgGeTe, and Cu,HgGeTe, share a full
solid solution. Signi cant o -stoichometry is noted on the Cu-rich side of CyHgGeTeg,. A
Cu-rich diamond-like semiconductor (CuGeTe;) exists as well, although it does not share
a full solution with Cu,HgGeTe,. The facile swapping of Hg and Cu is surprising, although
transitions between each structure are well modeled by codering Hge, and Cuyg substi-
tution { simple reaction schema are shown to highlight this pint.

The structure of HgpGeTe, is consistent with the defect chalcopyrite prototype (e.g.
CdGa,Se, [250, 251] HgGaSe,[251] and ZnGaSe[252]) Our analysis suggests that the
vacancies within HgGeTe, are ordered. All Ge and Hg cations are tetrahedrally coordinat
by Te. However, we note that the constituent tetrahedra are tatively distorted. Visual
comparison with CuHgGeTe, shows the striking similarity between the two structures ad

supports the formation of an alloy.

123



To highlight the structure and connection to the quaternarycomposition, HgGeTe, can
be written explicitly as a vacancy structure Hg,GeTe, where in Figure 5.3 indicates the
vacant cation sites. Assuming that Hg exists as H§ in Hg,GeTe, and that Cu integrates
as CU*, charge balance can be maintained by exchanging Cu and Hg at 4 2atio. This
is envisioned as the creation of one Gy defect and the simultaneous annihilation of a
vacancy. Cu substitution can be continued in this manner uiltthe stoichiometry reaches
the nominal composition of the stannite CuHgGeTe, structure. In principle, either Hg site
could be involved in Cygy defect formation. However, examining the stannite GiHgGeTe
structure, we note that the Cu atoms nominally exist on planeatz = 1=4 and z = 3=4.
Noting that the vacant cation sites in HgGeTe, also exist within planes atz = 1=4 and
z = 34, we hypothesize that the substitution of Cu may occur prefentially on these layers.
A more detailed crystallographic study is underway to iderity the exact nature of the Cu
substitution.

As noted in prior literature studies, CyHgGeTe, also appears to exhibit o -stoichiometry
in the Cu-rich direction.[249] However, as there are no moracant sites in CyHgGeTey,
additional substitution of Cu on Hg must occur at a 1:1 ratio. h the absence of additional
compensating defects (e.g. anion vacancies) this reactsmould create an excess of free holes.
The substitution of Cu for Hg in Cui,HgGeTe, pushes the composition towards the Cu-Ge-Te
face and the diamond-like compound Gi&GeTe;, shown in Figure 5.3. Our phase analysis,
however, indicates that CyHgGeTe, and Cu,GeTe; do not share a full solid solution.

To highlight the properties and structure of the HgGeTey-Cu,HgGeTe, alloy we syn-
thesized several intermediate compositions. For completi, we also examined the Cu-rich
compositions between CiHgGeTe, and Cu,GeTe;. Figure 5.4 summarizes the lattice param-
eters, cell volume, and average atomic volume for each sampls a function of Cu/Cu+Hg

ratio. We can broadly divide Figure 5.4 into four main regimes

| Alloying between Hg.GeTe, and Cu,HgGeTe
Il Excess integration of Cu into CyHgGeTeg,

124



Figure 5.4: Continuous changes in the lattice parameters arlde cell volume as a function of
Cu/Cu+Hg ratio indicate that Hg ,GeTe, and Cu,HgGeTe, share a full solid solution (region
). A signi cant amount of excess Cu can be integrated into CHgGeTe, as Cuyq (region Il)
before termination of solid solution occurs around GHgo.sGeTe, (region I11). We note that
Cu,GeTe; will incorporate a signi cant amount of Hg (region V), consisent with literature
results. Changes in slope within region | and Il can be rati@ized by considering the
competing e ects of Cuyg substitution versus vacancy annihilation. Solid black lias serve
as guides to the eye within the single-phase alloy.
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[l Solubility gap between Cu,HgGeTe, and Cuw,GeTe;
IV Integration of Hg into Cu,GeTe;

Focusing on region I, we rst note linear changes in the lattie parameters, cell volume,
and average atomic volume, consistent with alloying. Thesesults indicate that there exists
a full solid solution between HgGeTe, and Cu,HgGeTe,. This is a relatively profound
observation { this has not been shown in any other quaternargiamond-like system. Note
that the cell volume weakly increases with the incorporatio of Cu into Hg,GeTe, until
the nominal stoichiometry of CyuHgGeTeg, is reached. There are two competing e ects at
play here: 1) a volumetric expansion due to annihilation ofacant sites and 2) a volumetric
compression due to the Cy substitution.

To rst order, we can motivate the changes in thea and c lattice parameters through sim-
ple geometric arguments. Consider modeling Ki@eTe, as constructed from cation-centered
tetrahedra arranged. For this argument, consider the vacag centers as \cation-centers" as
well. The base of the tetrahedral cell has a hypotenuse whdsagth is the sum of a vacancy-
centered tetrahedron and a Hg-centered tetrahedron. When tnaitioning to Cu,HgGeTe,,
we replace both with Cu-centered tetrahedra. When we compatbe relative dimensions
of the vacancy-centered tetrahedron and the Hg-centered tahedra (from Hg.GeTe;) with
Cu-centered tetrahedra (from CyHgGeTe,), we nd that the expansion of the vacancy site
outweighs the compression of the Hg site. Thus, consistenttivithe experimental data, the
incorporation of Cu into HGeTe, actually expandsa.

For the contraction in c, there is a simpler, conceptual approach. As shown in Figure35.
let us consider HgGeTe, as built of slabs of atoms normal to the c-direction (e.g. Hg-&
atz=0,Teat z=1=8, Hg- atz=1=4..). If we consider Te as residing in a rigid layer,
the distance between the Te-Te slabs will be set by the lardasterlayer cation. To rst
order, the separation of all Te-Te layers is set entirely byne Hg atoms. Substitution of Cu
onto a vacancy site in this regime will not cause an expansiam c, although substitution of

Cuyg Will decrease the average Te-Te slab separation. Thus, weultbreasonably expect a
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net contraction in ¢ with Cu integration.

We now turn to region Il, where we observe a sharp decreasearand the cell volume.
There are no more vacancy sites, so all addition of Cu occurs @uyy defects. Our previous
model balanced the expansive and compressive e ects of Cuegration using tetrahedral
building blocks. Without the expansive e ect of vacancy- ling, we now observe the strong
contraction from Cuyq { thus the sharp decrease im. As for ¢, we argued that the Hg atoms
determine the Te-Te slab distance. The argument did not redpe any consideration of the
vacancy sites. Thus, substitution of Cu for Hg in region Il is ot fundamentally di erent
from region | as far asc is concerned.

Within regions Il and 1V, we observe the termination of solidsolubility at a Cu-rich
composition of approximately Cuy.sHgo.sGeTe,. On the other side of the solubility gap, we
observe that CyGeTe; integrates a signi cant amount of Hg as Hg, defects with a termi-
nation of solid-solubility at approximately Cu.gHgo.,GeTe;. The extent of Hg integration
into Cu,GeTe; is consistent with prior literature.[249]

Unlike the lattice parameters and cell volume, the average @hic volume is remarkably
linear throughout the entire region. We performed some basimodeling of the e ect of
Cu substitution (compression and expansion) along with the ect of varying number of
atoms (e.g. 14 in HgGeTey, 16 in Cu,HgGeTe). Our results indicate that linearity is not
a general result, but is a mathematical coincidence. The Barity is a peculiar alignment
of multiple e ects: 1) the similarity between the magnitudeof the compressive Cy, and
expansive vacancy annihilation, and 2) the renormalizattoper number of atoms per unit
cell. A subtle non-linearity in region |, however, can be treed to the changing number of
atoms per formula unit and the corresponding normalizatianThe persistence of the trend
through the solubility gap is intriguing. However, as all thee materials are diamond-like
tellurides, the changes in average atomic volume are anabtog to the average cation radius,

which should smoothly track changes in composition.
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Our high-throughput computational survey suggested that G,HgGeTe, showed promise
as an n-type material due to desirable electronic propersewithin the conduction band.[182]
We were interested to see how the fundamental electronic sttures of HgGeTe, compares
with Cu,HgGeTeg,. As there is an alloy between the two structures, we need to begnizant
of changes in the electronic structure that could signi catty disrupt the electronic transport.
Figure 5.5 presents the calculated band diagrams for HgeTe, and Cu,HgGeTe, alongside

the electronic localization functions (ELFs) for each struare.

Figure 5.5: The electronic structurs of HgGeTe, and CwHgGeTe, are remarkably similar,
consistent with the formation of an alloy. We note, howeverthat Hg,GeTe, possesses a
signi cantly larger band gap. The electron localization factions (right) help visualize the
most localized electrons in each system. As expected from @& counting arguments,
Hg,GeTe, exhibits lone-pair electrons oriented towards the vacantation sites.

The general features of the electronic structure for GiHlgGeTe, are relatively unper-
turbed as we transition to HgGeTe,. However, we note a signi cant increase in the DFT

band gap of HgGeTe, (0.64 eV) when compared to CaHgGeTe, (0.18€eV). This e ect is
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likely similar to the anomalous increase in the band gap obsed between some binary Il-
VI (e.g. ZnSe, 1.32eV) materials versus the analogousill-VI ; materials (e.g. CuGaSg
1.81eV).[190, 253, 254] In CiHgGeTe,, the top of the valence bands are formed from Te
5p and Cu 3d anti-bonding states. Moving deeper into the basgdwe encounter Cu 3d non-
bonding states and then nally Te 5p/Cu 3d bonding states. Tle interaction between the
non-bonding Cu 3d states and the anti-bonding Te 5p/Cu 3d stas yields a repulsive p-d
interaction that increases the energy of the anti-bondingates and subsequently reduces the
band gap. Besides the increased band gap, however, the gahésatures of the electronic
structure (particularly for n-type transport) in Hg ,GeTe; mimic Cu,HgGeTe quite well.

We can also examine the electron localization function (ELF)o gain insight into the
real space distribution of the most localized electrons irhé structure. Figure 5.5 shows the
respective electron densities. Both structures show locadtion of electrons on the Te atoms.
The ELF for Hg,GeTe, is particularly interesting, however, as we can observe Terle-
pair electrons oriented towards the vacant cation sites. I€u,HgGeTe,, the most localized
electrons remain on Te, but the e ective electron density isplit between the neighboring
Cu atoms. This behavior suggests that bonding between Cu afié in Cu,HgGeTe, is likely
polar-covalent with a sizable (though incomplete) chargednsfer from Cu to Te.

To rst order, the electronic properties of n-type HgGeTe, should mimic those predicted
for Cu,HgGeTe,. Our experimental results con rm the presence of a full-sol solution be-
tween HpGeTey-Cu,HgGeTe, highlighting an unusual a nity for Hg ¢, and Cuyg Substi-
tution. The high degrees of o -stoichiometry make CpHgGeTe, a particularly interesting

candidate for phase boundary mapping.

5.7 Phase Boundary Mapping Results

With the phase diagram well-characterized, we proceeded tgnshesize the c-invariant
points using the techniques outlined in the Methods sectionEach c-invariant point was
con rmed using a mixture of X-ray di raction and microscopy { all SEM, XRD, and EDS

results can be found in the ESI Figures S2-15. Consistent withe Hg,GeTe;-Cu,HgGeTe,
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solid solution, we continue to observe high degrees of o esthiometry in the Hg and Cu
directions. Some deviation is noted in the Ge and Te directig, although the single-phase
region appears to be largely needle-like, extending from }geTe, through Cu,HgGeTe,,
and nearly reaching CyGeTe;.

The needle-like nature of the single-phase region natunalbushed us towards investigat-
ing o -stoichiometry along the Cu-rich and Hg-rich directims (e.g. Figure 5.4). In general,
however, we are not guaranteed that the Ge and Te direction®dot play a role in the de-
fect energetics of CeHgGeTe,. In the absence of computation, there are uncountably many
compositional studies that could be constructed to probe thsingle-phase region. Within the
framework of phase boundary mapping, however, there are aite number of well-de ned
c-invariant points (14 for Cuw,HgGeTe,) that serve to probe all constituent chemical poten-
tial extrema within the single-phase region. To elucidatehis point, Figure 5.6 investigates
the changes in the average atomic volume as a function of @aniant point composition.
This is analogous to the Vegard's Law study shown in Figure 5.4lthough phase boundary
mapping investigates the entire single-phase region withbbias or the need to con ne the
study to a single dimension (e.g. Cu/Cu+Hg). As the c-invariahpoints probe the extrema
of the single-phase region, and due to the presence of the,8gTe;-Cu,HgGeTe, alloy, the
scale is discontinuous near the H&eTe, region.

Alongside Figure 5.4, this completes the crystallographic siey of the single-phase re-
gion. Consistent with our alloying study, we see a relativglcontinuous decrease in the
average atomic volume as we approach the Cu-rich side of thiegse diagram. While it ap-
pears as though the region connecting HGeTe, with the other four-phase c-invariant points
is discontinuous with the rest of the map, recall that the avexge atomic volume (Figure 5.4)
connects linearly with the nominal CyHgGeTe, composition. Graphically, the stark di er-
ence occurs because the c-invariant points near f&eTe, formally probe the three-phase
c-invariant points between the HgGeTe,-Cu,HgGeTe, single-phase region and the Hg-Ge-Te

face, which are compositionally distant from the bulk of thequaternary c-invariant points.
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Figure 5.6: Projection of the average atomic volume onto ouhpse diagram reveals a strong
volumetric contraction towards the Cu-rich c-invariant ponts. As the c-invariant points
related to Hg,GeTe, are formally three-phase and lie upon the HgTe-GeTe-Te ternaface,
they are compositionally distant from the bulk of the singlgohase region (note the large
volume change and discontinuous scale). However, as seewiongsly in Figure 5.4, the alloy
demonstrates a smoothly varying average atomic volume as wansition from Hg,GeTe; to
Cu,HgGeTe,.
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The large change in average atomic volume throughout the pba diagram is a key result,
as it highlights the breadth of compositional change betwaec-invariant points. Next we
examine the in uence of the chemical changes on the carrieemsities { the crux of phase
boundary mapping.

Figure 5.7 presents the results of Hall carrier concentratiomeasurements at the relevant
c-invariant points. Consistent with the large degree of ostoichiometry in Cu,HgGeTe,;, we
see a dramatic spread in the carrier density between c-invant points. Cu-rich compositions
in equilibrium with the ternary Cu ,GeTe; show the most degenerate compositions, with hole
densities in excess of 2dh* cm 3. Hg-rich compositions, in particular HgGeTe,, show the
most intrinsic compositions, with hole densities on the omt of 13" h*cm 3. With this
range of compositions, optimization for p-type transportisould be readily obtainable within
the single-phase volume. Furthermore, as the H@eTe; alloy enables intrinsic transport,
we have also managed to nd a composition amenable to n-typetensic doping. Use of
Hg.GeTe may allow extrinsic studies to avoid the in uence of energetally favorable defects
that normally force Cu-rich compositions to exhibit p-typetransport.

Beginning with the Cu-rich region, we previously proposechat the substitution of ex-
cess Ct¢* into the nominal Cu,HgGeTe, structure occurs at a 1:1 ratio as C,L,gg defects
(Figure 5.4, region Il). The creation of free holes with excesCu integration is intuitive
and matches the general trends we observe in Figure 5.7. Howewge acknowledge that
the underlying defect structures are likely more complex anprobably involve contributions
from all of the constituent elements. Nevertheless, to rstmmer, our model does not take
into account compensating defects (e.g. %), defect clusters, or changes in oxidation state.
For the Cu,HgGeTe, system, however, o -stoichiometry in the Ge and Te directios pales
in comparison to the exibility of the Cu and Hg sites. We nd it reasonable to assume that
the dominant defect is likely related to the Cu/Cu+Hg ratio. Furthermore, the experimental
XRD and Hall E ect measurements appear to corroborate a undejing defect structure with

strong ties to Cu and Hg.
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Figure 5.7: Projection of the carrier density on our c-invaant point phase diagram reveals a
wide range of achievable carrier densities depending on tt@mposition. Consistent with the
creation of Cy,, defects, degenerate carrier densities in excess of't0 cm % are observed
in Cu-rich regions. Inversely, c-invariant points assodied with the Hg,GeTe-rich end of the
Hg,GeTe-Cu,HgGeTe, alloy exhibit intrinsic transport with carrier densities on the order
of 108’h*cm 3. We nd the decrease in carrier concentration near H§eTe, intriguing, as
the charge-balanced substitution of 2:1 Cti for Hg?* is not expected to change the carrier
density.
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As we transition between CyHgGeTe, and Hg, GeTe, (Figure 5.4, region 1), our proposed
substitution schema are charge-balanced. A substitutiorf @ Cu* for a Hg?* and a neutral
vacancy is not expected to signi cantly change the charge w#&r density. Our EDS and XRD
results (ESI Figures 13-15) con rm that the single-phase remn for Hg,GeTey-Cu,HgGeTe,
alloy is quite narrow in the Ge and Te directions, suggestintpat the charge-balanced substi-
tution is well adhered to. Furthermore, there doesn't seenotbe a large di erence between
the three c-invariant points on the HgTe-GeTe-Te face. All Cdree compositions exhibit
nearly identical charge carrier densities, consistent wita small degree of o -stoichiometry
involving Hg, Ge and Te.

Speculating, we see several possible resolutions to thereardensity change along the
Hg,GeTe-Cu,HgGeTe, alloy. Firstly, it is possible that the signi cant increase n the band
gap towards HgGeTe, changes the relative energy of the dominant defect relatie the
band edges. Secondly, it is possible that the \nominal” congsition for Cu,HgGeTe, actually
lies outside the single-phase volume (e.g. ¢HigGeTe, is destined to be \o -stoichiometric"
at all compositions). This could potentially explain the tansition to intrinsic behavior as
the compound alloys with HgGeTe, { we traverse a line in the phase diagram that starts
at an o -stoichiometric composition (Cu,HgGeTe,), but which ends in a charge-balanced
regime by HgGeTe,. In this case, it is likely more accurate to refer to HgseTe, as the
parent structure and CypHgGeTe, as the defect structure. We see these types of questions
as examples where synergy between phase boundary mapping eamputation would yield
insightful results.

To further probe the carrier density changes along the HGeTe,-Cu,HgGeTe, alloy, we
synthesized samples of GuHg, yGeTe, (x = 0, 0.2, 0.4, 0.6, 0.8, 1.0). Phase boundary
mapping is not routinely applied within alloys { however theconcept extends naturally by
synthesizing the alloyed samples with trace impurities of Hg and GeTe. The impurities
will pin the alloyed samples along a particular edge of the HGeTe-Cu,HgGeTe, single-

phase volume. To aid understanding, a schematic of this regiis shown in Figure 5.8. Note
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Figure 5.8: Recall that the full solid solution between HgseTe,-Cu,HgGeTe, precludes the
existence of a formal four-phase c-invariant point in the ggon bound by GeTe-HgGe-Te. As
such, we investigate along thedgeformed by GeTe-HgTe-Cy,Hg, xGeTe;. We nd that
plots of the electronic resistivity and hole concentratiowary smoothly with Cu integration.
A schematic of the edge formed by the three-phase region is@alshown with compositions
colored to be consistent with the c-invariant point heat magghown in Figure 5.7. This result
con rms full carrier density control from the degenerate tantrinsic regime.
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that, unlike the other phase boundary mapping regions, thessamples do not condense to a
singular c-invariant point. The true c-invariant points far the single-phase region are formed
by HgTe-GeTe-HgGeTe,, Te-HgTe-HgGeTey, and Te-GeTe-HgGeTe as shown previously
in Figure 5.7. We chose the region containing HgTe and GeTe besa samples at the
corresponding c-invariant point show the most intrinsic tansport. Additional microscopy,
di raction, and composition results for the alloyed sample are shown in the ESI Figures
16-20.

Hall E ect measurements on the CyHg, (GeTe, series of alloys con rm that the car-
rier density and electronic resistivity vary smoothly as weransition from Cu,HgGeTe to
Hg,GeTe,. Additional results highlighting the changes in lattice themal conductivity and
mobility with alloying are included in the ESI Figure 21. We olerve strong alloy scat-
tering in both the electronic and thermal transport, consi®nt with increased disorder as
Cu integrates into HpGeTe. This result con rms that we have complete control over
the carrier density (137 { 102*h*cm 3) in the Cu,HgGeTe, system by rationally varying
the Cu/Cu+Hg content. While this work does not investigate theextrinsic n-type doping
of Hg,GeTey, we did perform a full suite of thermoelectric characterizeon on the p-type
Hg.GeTe-Cu,HgGeTe series of alloys. The results are included in the ESI Figure 22s
noted in ESI Figure 21, there is strong alloy scattering alontpe alloying series. The strong
reduction of the mobility suggests that thermoelectric opinization would be better achieved
by extrinsic p-type and n-type doping of HgGeTe,. It is also possible that the reduction in
carrier concentration near the intrinsic regime is also reting screening, enhancing scatter-
ing from charged defects. Note that the intrinsic nature of th Hg.GeTey, samples prevents
us from commenting about its ultimate thermoelectric e ciency, although additional doping
work is ongoing.

While the extrinsic doping of HgGeTe, is outside the scope of this work, our phase
boundary mapping study has revealed a path for the realizatm of n-type transport in

the Hg,GeTe-Cu,HgGeTe system. Our study has allowed us to escape from the strongly
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degenerate Cu-rich compositions, reducing the in uence @nergetically favorable p-type
defects and enabling extrinsic studies. Furthermore, ourofk extended the concept of phase
boundary mapping to alloys and proved the technique valuableven in exceedingly complex

systems.
5.8 Conclusion

The optimization and application of new material systems isften hindered, sometimes
fatally, by our inability to manipulate the carrier density. Our prior work on Cu,HgGeTg
and related quaternary DLS revealed a schism between the expnentally realized carrier
densities & 10°°h*cm 3) and our predictions of n-type thermoelectric performance This
work directly confronted the problem of doping in a complexystem through application of
the concept of phase boundary mapping.

Our work resulted in several critical results. We succes#iiy created a phase diagram
for the Cu-Hg-Ge-Te system, identifying all relevant compason-invariant points for the
phase boundary mapping of CiHgGeTe,. During creation of the phase diagram, we dis-
covered the ordered-vacancy structure H&GeTe, and further discovered a full-solid solu-
tion between HgGeTe; and Cu,HgGeTe,. We successfully synthesized samples at all rel-
evant composition-invariant points, further extending tke concept of phase boundary map-
ping along the HgGeTe,-Cu,HgGeTe, alloy. Ultimately, our phase boundary mapping
study revealed carrier density manipulation from intrinsic(< 10 h*cm 2) to degenerate
(> 10t h* cm 2) through the engineering of native defects. By reducing thearrier density in
the Hg,GeTe-Cu,HgGeTe, system to the intrinsic regime, we have enabled extrinsic dimg
as a means to realize n-type transport in future studies. Ftirermore, we have demonstrated
phase boundary mapping as a structured technique with the mmense potential to augment

the experimentalists' toolkit.
5.9 Conicts of Interest

There are no con icts of interest to declare.

137



5.10 Acknowledgements

This work was funded primarily with support from the National Science Foundation
(NSF) via grants 1729594 and 1729149. Use of the Advanced Photon Sourcérgonne
National Laboratory was supported by the U. S. Department of Eergy, O ce of Science,

O ce of Basic Energy Sciences, under Contract No. DE-AC02-@H11357.

138



CHAPTER 6
TOWARDS THE HIGH-THROUGHPUT SYNTHESIS OF BULK MATERIALS:
THERMOELECTRIC PBTE-PBSE-SNTE-SNSE ALLOYS

A paper submitted to the Journal ofMolecular Systems Design & Engineerint

Brenden R. Ortiz3” Jesse AdamczyR® Kiarash Gordiz2® Tara Brader®, and Eric. S.

Toberer*!

During my Ph.D. project, many branches of material sciencealle begun to integrate
high-throughput computation as a means to screen for new fatonal materials. However,
as our work on the quaternary diamond-like materials showedealizing a new functional
material takes a large quantity of experimental work, much fowhich cannot be guided by
computation in a high-throughput way (e.g. defect structues, alloying, microstructuring).
This inspired us to begin development of high-throughput gerimental techniques to study
high-dimensional spaces within thermoelectrics. While oaollaborators at NREL have been
performing combinatorial Im growth for some time, we desigd techniques amenable to bulk.
The nal paper included within my thesis is a foundational stidy on high-throughput bulk
synthesis of thermoelectric materials. Whereas the last fopapers investigated how com-
putation can guide experiment, this work ips that paradigmto show how high-throughput
experiment in complex chemical spaces can identify trendstkvare neither accessible through
computation nor expected from chemical intuition. It is criical to note that high-throughput

experimental techniques are not meant to replace computati { they are intended to increase
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the rate at which experiments progress, better allowing ustmatch the rate of computational

predictions. Furthermore, just as there are tasks better sied to computation (e.g. screening
for electronic properties) there are tasks better suited texperiment (e.g. phase discovery,
high dimensional alloys). High-quality, high-throughput gnthesis and characterization is

the next natural step in the progression of experimental matial science.
6.1 Abstract

The experimental realization of new functional materialssia complex optimization prob-
lem that would vastly bene t from the application of high-throughput methodologies. In this
work, we adapt bulk ceramic processing for high-throughpumtegration, with a focus on pro-
ducing high-quality thermoelectric materials. Throughotiour synthesis, we also monitor the
time and e ort cost per sample, providing insight for where dditional engineering e orts can
further increase throughput. Through parallelization andautomation, we achieve a 5-10
increase in synthetic throughput, allowing the generationf a 121 sample alloy map within
the PbTe-PbSe-SnTe-SnSe system. Despite heavy investméaim the thermoelectric com-
munity, prior literature exclusively focuses on intuitive pseudobinary combinations within
the PbTe-PbSe-SnTe-SnSe alloys. Our intuition-agnostic apping, however, has enabled
us to identify compositions with anomalous, non-monotonichanges in the thermoelectric
transport. The newly discovered trends (e.g. high mobilitylloys, extended band-inversion
region) do not lie on the intuitive pseudobinary combinatias { exemplifying the value of
unbiased high-throughput methods. Additionally, as our métods were chosen explicitly to
preserve sample quality, our solubility limits and room-tmperature thermoelectric transport
are also in excellent agreement with available literatureUltimately, this work demonstrates
by example that high-throughput methods are a potent tool fothe accelerated optimization

and realization of new functional materials.
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6.2 Introduction

The realization of high-throughput (HTP) materials sciencenecessitates simultaneous
advances in theoretical, computational, and experimentgrowess. Particularly in recent
years, the Materials Genome Initiative has succeeded in spung numerous ambitious com-
putational projects aimed to expedite the discovery of newuhctional materials. From
photovoltaics,[72{78] catalysis,[90, 92{98] batterig80, 82, 84, 86{89] and thermoelectrics,[1{
3, 99{102] advances in computational power and the appligah of machine learning are
well-poised to launch materials science into a new era. Howeyvexperimental synthesis and
characterization remains largely driven by serial (\artianal”) techniques that trade speed
for accuracy and precision. HTP synthesis is a quickly growgntrend within the thin- Im
community (e.g. photovoltaics), but they are rarely genetezed to bulk studies due to restric-
tions in form-factor, metastability, and elemental compasion.[255{267] Physical metallurgy
has also experienced a growth in HTP methods, although the pressing often relies on
melting (e.g. arc-melting, additive manufacturing) and isexplicitly focused on mechani-
cal properties.[268{273]. Combinatorial methods examimj electronic or thermal transport
within bulk ceramic materials are rare, with existing studes focusing on relatively smaller
sample sets € 20).[274, 275]

For experimental methods to maintain pace with the increaskethroughput of computa-
tional and theoretical e orts will require a revolution in the way we synthesize and charac-
terize materials. However, increases in speed cannot be assted with a signi cant degra-
dation of material quality. Material synthesis must also mech both the thermodynamic and
form-factor restrictions of the application. Take, for exenple, the eld of thermoelectrics.
Computational e orts have spawned multiple searches whichave identi ed potentially rev-
olutionary materials.[1{3, 70, 71, 99{102] However, succ#sl thermoelectric materials are
heavily optimized through a combination of alloying, doping, and naostructuring.[276{282]
As inmany elds, the optimization of a thermoelectric materal is not only a high-dimensional

problem, but also involves nuanced physics. Thus, it is noneugh to accelerate the identi-
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cation new of materials { we must also catalyze their optimzation.

Consider PbTe, whose incumbent success as a thermoeleatnaterial is derived from> 50
years of research and the con uence of many unusual phenoraer{283] Figure 6.1 shows
a review of the PbTe-PbSe-SnTe-SnSe alloying literature weh also contains thermoelectric
transport measurements. Only studies that report bulk proerties (no thin Ims or nanos-
tructures) were included. Blue dots represent reported cgositions, deeper shades of blue
indicate repeated compositions through multiple studied-aint grey dots indicate the com-
positions studied in this work. Despite heavy academic anddustrial investment in PbTe,
all reported bulk properties are constrained to the chemitlg intuitive pseudobinaries.[284{
312] However, many of the e ects that have been used to produbigh e ciency PbTe were
not expected from chemical intuition alone { the causes wetargely derived ex-post-facto.
For example, alloying PbTe with Se causes a convergence of #lectronic band diagram at
high-temperature that signi cantly increases the thermokectric performance.[286] Doping
PbTe with Tl induces localized defect states near the valeedand edge (resonant doping)
that dramatically increases the Seebeck coe cient.[299,13, 314] The serial identi cation of
these e ects and the collective optimization of PbTe has irolved countless research groups
and innumerable human time. Further, we are not guaranteedat all interesting phenomena
occur on the pseudobinary alloy combinations. An rapid, unbsed approach to screening
alloy compositions would be a great boon to materials optiration e orts.

This work serves as a pilot project { to assess the value of HTKgerimental methods
within thermoelectrics using the PbTe-PbSe-SnTe-SnSe @jing system. Increases in speed
from the automation of powder weighing and the parallelizan of hot pressing and ball
milling, allows creation of a 121 sample map, the largest giular data set to date in PbTe-
based alloys. Our experimentally observed solubility limst and room-temperature thermo-
electric transport are in excellent agreement with availdb literature. Unlike prior literature,
our alloying space spans the entire PbTe-PbSe-SnTe-SnSatgunary space, granting us the

ability to resolve trends not previously observed in the lgrature. In fact, many of the inter-
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esting compositions do not lie upon the chemically intuitie pseudobinary lines, and were not
investigated in the previous literature. In addition to the fundamental materials research,
we also provide a breakdown of the most time consuming proses during our synthesis and
characterization of the 121 sample map. We nd that true HTP eorts must simultane-
ously achieve automation and parallelization, particuldy if high-temperature transport is
included. This work motivates the continued need for HTP exp@nental e orts, which have

the potential to add unparalleled experimental power to egting e orts.

Figure 6.1: The Pb-Sn-Te-Se phase diagram (left) containsehfour 1:1 binary compounds
PbTe, PbSe, SnTe, and SnSe. Alloys between the four binariee &onstrained to a square
plane, where the corners correspond to the pure binary compuals (right). PbTe, PbSe,
and SnTe share the rocksalEm3m prototype, but SnSe crystallizes in the distorted-rocksal
Pnma structure (bottom). Despite including the most heavily stulied materials in ther-
moelectrics, a review of the literature indicates that expenental studies (blue circles) are
constrained to pseudobinary combinations. The present sty considers alloys on an evenly
spaced grid (10% increments), denoted by gray dots.

6.3 Methods

Batches of precursor PbTe, PbSe, SnTe, and SnSe powders vgaeerated by ball milling
stoichiometric mixes of elemental reagents in tungsten dade ball mill vials under nitrogen.

Source materials for all precursor synthesis were Pb graaeal (Alfa, 99.99%), Sn granules
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(Alfa, 99.99+%), Te ingot (Alfa 99.999+%), and Se shot (Alfa 9999+%). To remove
oxide coatings from Sn and Pb, the granules were cleaned bybmerging in a solution of
NaOH ( 1M), followed by rinsing in anhydrous reagent grade ethanolThe metals were
then dried under vacuum and stored in a nitrogen dry box witk 1 ppm oxygen and 5 ppm
moisture. The ball milled powders were loaded into cleanedded silica ampules and annealed
under vacuum at 75% of the melting point for 12h. Powders wergubsequently ground
and passed through ac106 m mesh sieve. Approximately 250 g of each precursor powder
were generated. However, as individual batches were limitéal 25-40g, we did not begin
synthesis of the 121 sample grid until all precursor batchegere generated, veri ed by X-ray
di raction, and homogeneously blended together. This stepnables us to have con dence
that samples are generated from e ectively identical preegors, reducing any batch-to-batch
errors.

Precursor powders were loaded into our custom-built autortia weighing system, which
can automatically dispense aliquots of each precursor pogrdwith 0.0005g accuracy. Dis-
pensing was performed in air. The process is comparable inesd to manual weighing,
but it requires no human presence. The system can mix up to e precursors at a time,
which enables complete coverage of the Pb-Sn-Te-Se gvid controlled mixing of either
PbTe-SnTe-PbSe or SnTe-PbSe-SnSe. The powders are direaispensed into prepared
stainless-steel ball mill vials.

In addition to enabling automatic weighing, the use of preasor powders (as opposed
to elemental metals) allows ball milling to act as alending process instead of aeactive
process. Our milling is not intended to cause mechanical @ing, as is commonly observed
in the literature. Indeed, as we monitored the X-ray diraction of our as-milled powders,
we observed only mild alloying as a result of mechanicallgduced processes. However, by
omitting reactive milling, our process allows us to utilizesmaller vials that are easier to

parallelize, achieving an 8-16 improvement in milling throughput.
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The as-milled precursor mixtures are then loaded into higtlensity graphite dies. Multi-
ple samples are pressed simultaneously by alternating lay®f high-density graphite spacers,
graphite foil, and sample powder within the die. The nal arangement repeats as spacer-
foil-powder-foil-spacer. The layering of graphite preveés cross-contamination and provides
rigidity to the stack during pressing. This allows for a 4-6 factor of improvement in pressing
throughput. Note that all graphite (die, spacers, foil) werebaked under vacuum to 40%C
to remove water and organics before hot pressing. The stadkeie is loaded into a uniaxial
induction hot press under vacuum. An initial empirical calilbation was performed to nd
the quickest temperature-time pro le that enables full desi cation over all compositions,
minimal creep, minimal sublimation, and still achieves thenally-driven alloying. We nd
that a ramp to 550°C over 15min followed by a densi cation step (3h soak at 580 and
15MPa), and a relatively quick cool (2 h to 58C) are suitable conditions for the entirety of
the grid.

After hot pressing, samples are removed from the graphite dend polished. X-ray
di raction (XRD) was performed on every sintered pellet usig a Bruker D2 Phaser (Cu
K- radiation) in a -2 con guration from 10-9C° of 2 . Analysis was performed using
the TOPAS V6 software package.[315] The data was re ned using raixture of Pawley
and Rietveld analysis to extract the lattice parameters, devolumes, and to identify phase
segregation. When needed, scanning electron microscopy a® performed using a JEOL
JSM-7000F Field Emission SEM.

Hall e ect and resistivity measurements were performed usythe Van der Pauw geometry
on a home-built apparatus.[35] Measurements were condudtat room-temperature in air
with pressure-assisted, nichrome wire contacts. For rethi® samples, indium contacts were
used to ensure ohmic contacts. Seebeck coe cient measurensewere conducted using
the quasi-steady slope method at room-temperature in ai8$, 36] Thermal di usivity was
measured using a Netzsch Hyper ash (LFA 467) system with a 16sample adapter at

room-temperature. The resulting di usivity data was t using a Cowen plus Pulse Correction
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(CPC) numerical model. The samples were coated with grapkitspray prior to measurement
to reduce errors in sample emissivity. The thermal condueity is calculated using the
Dulong-Petit approximation for the sample heat capacity. &nple densities were measured
using the Archimedes method. Samples are consistent}96% of the theoretical density
estimated by XRD.

To validate the unusual three-phase region that we identi @, an analogous sample com-
position was synthesized using classical methods. The camsfiion Pbg.,Srny.sTep.3Se.7 was
synthesized by ball milling elemental reagents (Pb, Sn, T&e) for 90 min in a tungsten
carbide ball mill vial. The milled powder was loaded in a fusksilica ampule and annealed
for > 1week. The annealed powder was consolidated via uniaxialt fpwessing at 550C and
15 MPa for 3 h.

To provide a measure of e ciency and process-dependent tineensumption, we collected
metadata for each process involved during the 121 sample megeation. Time consumption
is binned depending on process and whether the time was \mauoh time" or \hnuman time."
We de ne \machine time" as any process where an instrument jgerforming an action, but
where a human is not required to monitor the process. \Humanrtie" explicitly involves
physical or mental engagement of a human. Note that any time kan during data analysis
and visualization was not included in our analysis. We alsarot the capital (time) cost of

building or purchasing any instruments.
6.4 Results and Discussion

With 121 samples, this investigation into the PbTe-PbSe-SreFSnSe alloying system is
the largest compilation of bulk thermoelectric samples pduced for a single study. Our
goals are multifaceted { we aim to provide proof of concept &t HTP bulk synthesis can
add value to experimental studies and identify where adddnal engineering can ameliorate
potential bottlenecks. Further, this provides an opportuity to investigate the fundamental
material science within some of the most industrially relent thermoelectric compounds.

Our study begins with an in-depth assessment of the crystatiraphy, solubility limits, and
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phase equilibria in the PbTe-PbSe-SnTe-SnSe alloys.
6.4.1 Structure and Alloying

The development of methods amenable to HTP synthesis cannatme at a signi cant
cost to material quality. Particularly in high-dimensiond systems, obtaining homogeneous
samples can be a challenging endeavour. Our rst investigah into our 121 sample ma-
trix focuses on changes in crystallography (e.g. cell vol@nhas a function of composition.
Successful alloying and identi cation of phase boundariesithin the PbTe-PbSe-SnTe-SnSe
plane will not only enable us to assess the viability of our sthetic techniques, but also
provide key information through which we interpret electraic and thermal transport data
in later sections.

Figure 6.2 shows our experimentally generated heat maps oktbkell volume throughout
the entire PbTe-PbSe-SnTe-SnSe quaternary plane. The garis divided into two plots.
Figure 6.2a shows changes in the rocksalt crystal structurarbughout the single-phase and
two-phase regions. First and foremost, we note smoothly vang color contours in the heat
map, demonstrating excellent alloying. Along the pseudobamy lines (e.g. PbTe-PbSe), we
see linear changes in the cell volume with composition, castent with Vegard's Law. Select
traces along the pseudobinary edges of the heat map are shawrthe ESI Figure S1. As
one of the single largest agglomerates of data within the PBIPbSe-SnTe-SnSe phase space,
each heat map is rich with nuanced detail. The raw data is avable in the ESI, ESI Figure
S2 and S3. In this manuscript we will focus primarily on the sbngest features and their
connection to the currently available literature.

Consistent with prior literature, we nd that all rocksalt p hases possess full solid-solubility
in one another.[290, 296, 300, 306, 308, 316{328] Howevely pairwise combination of a
rocksalt phase with SnSe exhibits signi cantly reduced salbility. Along the pseudobinary
edges (e.g. PbSe-SnSe), a Vegard's Law analysis of the cellime data allows us to extract
the compositions at which solid solubility terminates. Alog the PbSe-SnSe pseudobinary,

we nd that PbSe integrates a signi cant amount of Sn (44 % or Bg.56Sny.44Se) and SnSe

147



Figure 6.2: Cell volume heat maps for the (a) rocksalt alloy @h(b) SnSe alloy are shown
with sample compositions evenly spaced in 10 mol% incremeni he cell volume for both the
rocksalt and SnSe phases are shown in their respective regigcolored II) for all samples
where a re nable quantity exists. Black outlines roughly deote phase boundaries; we observe
two well-de ned two-phase regions (grey brackets) and onbree-phase region (light grey |I).
All experimentally determined solubility limits are in excdlent agreement with literature.
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integrates a moderate amount of Pb (25 % or RBsSny.7sSe). These results agree well with
literature, which quote a solubility range of 37-47 % SnSe PbSe and 21-25 % PbSe in SnSe,
respectively.[327{332] Along the SnTe-SnSe pseudobinamg nd that SnTe integrates a sig-
ni cant amount of Se (28 % or SnTg.7.S&.2g) and SnSe integrates a moderate amount of Te
(34 % or SnTe.3.S&.66). These results agree well with literature, which quote a &aility of
22-28% SnSe in SnTe and 25-30% SnTe in SnSe, respectivaly,[333, 334]

Along the PbTe-SnSe quaternary diagonal, we observe relaly asymmetric solubility,
with PbTe integrating approximately 60% SnSe (PBsSny.6Tep.4Se&.s) but SnSe only incorpo-
rating 10% of PbTe (Phy.1:Sny.9Tep.1S&).9). Due to the presence of a three-phase region near
the PbTe-SnSe pseudobinary line (discussed later), a routin/egard's Law analysis is not
possible { so we anticipate more error in the solubility lints along this line. Studies along
this pseudobinary are not common, but a singular study invégating the PbTe-SnSe phase
diagram suggests near identical compositions at decompimsi, 61 % PbTe in SnSe and 10 %
SnSe in PbTe respectively.[327] Interestingly, the pregestudy and literature both nd that
the phase boundary of SnSe is concave, with the lowest solithialong the diagonal PbTe-
SnSe direction.[327] This is unusual, as one would generadkpect entropic contributions to
extend the solubility along the diagonal.

As the PbTe, PbSe, and SnTe all share the rocksalt phase, we caaively divide the
region into \rocksalt" and SnSe. We would expect a minimum o8 unique regions: 1)
single phase rocksalt, 2) two-phase (rocksalt + SnSe), and §ingle phase SnSe. However,
our analysis suggests that there appears to be a narrow thrphase region near SnSe. From
di raction and microscopy, it appears that the three-phaseegion is comprised of two rocksalt
phases with di ering stoichiometry and SnSe. As this was notxplicitly noted in the prior
study of the PbTe-SnSe pseudobinary,[327] we performed &dthal synthesis to ensure that
the three-phase region was not caused by our relatively aterated processing. Several
studies were performed using classical synthesis methodsl &xtended annealing times { we

note that many samples within the three-phase region revetd two-phase under extended
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annealing. However, the sample at R Sn.gTeg3Se.7 remains three-phase. This suggests
that the 3-phase region may be thermodynamically robust, tlough the true composition
range is likely smaller than what we observe in the 121 samgad. This is a key observation,
as the most robust 3-phase sample (BbSny.gTeq.3S&:7) is not on the diagonal between
PbTe-SnSe, and would not have been investigated in prior sties.[296, 327] The single-
phase SnSe phase is relatively small, although cell voluntefts within the region are linear
and consistent with a Vegard's Law interpretation of alloyng.

Throughout the single-phase rocksalt alloy, we note incréay linear shifts in the cell
volume. Even though the volumetric expansion along the PbTEbSe edge is nearly twice
as strong (-4®3) as that observed along the PbTe-SnTe (-1&%) or PbSe-SnTe (-23°3)
edges, the surface formed by the cell volume as a function ohgposition is very nearly an
ideal plane. However, within the two-phase regions, we notelatively di erent behaviors.
Consider the two-phase region adjacent to the SnTe-SnSe pdebinary { as a consequence
of the phase boundary lying along an iso-volumetric contoun the rocksalt phase, the two-
phase region demonstrates a near constant cell volume. Ceast this with the two-phase
region adjacent to the PbSe-SnSe two-phase region { the emtied solubility of SnSe in
PbSe forces the phase boundary to cut across the volumetriontours. As a result, the
thermodynamic tie lines within the two-phase region geneta signi cant variation in the
cell volume.

Speculating, it is possible that the discrepancy between ése behaviors is the driving
force for the rocksalt miscibility gap (three-phase regign However, we note that the dif-
ference between the lattice parameters on either side of tHeee-phase region is not overly
discontinuous. Despite our extended annealing study on (RESny:sTeo3S&:7) suggesting
that the three-phase region persists after annealing, wemain cautious of kinetic limita-
tions in the multi-phase samples.

Within the single-phase region, the cell volume demonstragencredibly linear dependen-

cies with the compositional axes { creating a near ideal plansurface. Further, our solubility
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limits have excellent agreement with literature values. Tins, even with our accelerated syn-
thetic throughput, we expect that our single-phase rocksiabnd single-phase SnSe regions
are representative of bulk polycrystalline samples produdehrough more traditional means.
With alloying con rmed and the phase boundaries understoodye now turn to examine the

thermoelectric transport properties within the alloying gid.
6.4.2 Electronic Transport

We have shown that the alloying properties within the PbTe-BSe-SnTe-SnSe system are
representative of bulk samples in terms of the crystallogpfty and the phase boundaries.
However, it is also imperative that thermoelectric transpdrproperties are representative of
bulk. Parameters like the electronic mobility, electricatesistivity, and thermal conductivity
are intimately connected to scattering (e.g. point defectgrain boundaries) and are good
indicators of sample quality. Additionally, as one of the lagest agglomerations of experi-
mental data within the PbTe-PbSe-SnTe-SnSe system, we hatlee opportunity to look for
well-known second order e ects (e.g. band inversion, poHatefect phonon scattering) as a
function of chemistry. It is important to stress that this study will be performed at room tem-
perature only { although with a signi cant time investment high-temperature measurements
could be performed as well.

Within this study, the carrier concentration of our binary precursors was not explic-
itly controlled for via extrinsic dopants. However, akin to the concept of phase bodary
mapping,[335{338] all precursors were synthesized unddratcogen rich conditions, noted
predominately by the appearance of Te or Se within electronianoscopy. This generally ties
the precursor powders to the p-type (cation-poor) edge of ¢hsingle phase region. As the
fundamental transport parameters (resistivity, Seebeckoe cient) depend intimately on the
carrier density, we nd it natural to rst examine changes inthe intrinsic carrier concen-
tration and the resulting e ect on resistivity and Seebeck @e cient. Figure 6.3 shows heat
maps of the Hall carrier concentration, electronic resistity, and Seebeck coe cient for the

PbTe-PbSe-SnTe-SnSe system. Note that the raw data for theaad additional heat maps
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Figure 6.3: Hall and Seebeck e ect measurements at room temptire on the PbTe-PbSe-
SnTe-SnSe alloying system reveal smoothly varying eleatio transport as a function of
composition. PbTe and PbSe exhibit carrier concentrationa) and electronic resistivity (b)
measurements consistent with lightly doped semiconductor Additionally, our results agree
that SnTe is a heavily doped semi-metal and SnSe is intrinsand resistive. We observe
that the carrier concentration within the rocksalt phase dpends heavily on the Sn content,
with free carrier concentrations varying over 3 orders of ngaitude in what are nominally
iso-electronic alloys. Consistent with literature, SnSeemains intrinsic over the single-phase
region. The Seebeck coe cient (c) is particularly intereshg as it convolutes changes in the
carrier concentration and the underlying electronic struare. The anomalous \pocket" of
low Seebeck coe cient may indicate an extended region of bennversion.

(e.g. Hall mobility, Seebeck-derived density of states e &ge mass) can be found in the ESI
Figures S4-S6.

Within the single-phase rocksalt region, the carrier densit(Figure 6.3a) demonstrates a
striking dependence with the Sn content. Alloys between PbT8nTe and PbSe-SnTe exhibit
near exponential increases (linearly graded colors) in trearrier density with Sn alloying.
Interestingly enough, the carrier concentration appearsatgely invariant with the Te/Se
ratio. SnSe shows markedly less variation in the carrier coentration, although the reduced
solubility of Pb and Te in SnSe limits our inferences. Note thgharp transition from intrinsic
SnSe to degenerate SnTe along the SnSe-SnTe pseudobinangsétmably we are seeing the
e ect of percolation, wherein the matrix phase switches fra intrinsic SnSe to degenerate
SnTe.

We nd it fascinating that changes in the Pb/Sn ratio causes gch dramatic changes in

the carrier concentration within the single-phase rocksahlloy. The substitution of Pb?*
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for Sr** is nominally isoelectronic, and would not be expected to sigeantly change the
carrier concentration on charge counting arguments aloneThus, we must deduce that
the changes in the carrier concentration are associated wifundamental changes in the
underlying defect energetics (e.g. vacancies). In the casfeTe-rich PbTe, the lowest energy
compensating defects are ég and Te,%g.[339{341] The resulting defect equilibria sets Te-
rich PbTe as a lightly p-type intrinsic semiconductor. We pesume PbSe follows a similar
trend, although no robust defect studies within PbSe currely exist. In contrast, SnTe
readily forms V2, leading to degenerate p-type transport.[342{348] Giverhat PbTe and
SnTe share a full solid solution, a strong shift in the nativecarrier concentration must
emerge, although this is merely an empirical statement andds not explain the underlying
mechanism. Extrapolating from the pure endpoints, it is pasble that the compositional
shift from Sn to Pb occurs in parallel with changes in an e eote \cation-vacancy" formation
energy. This would intuitively grade the total vacancy conentration along the alloy, resulting
in a smooth transition from intrinsic PbTe to degenerate Snd, as observed in experiment.
Our hypothesis is only a speculation, although we nd this tpic intriguing, particularly with
the lack of defect calculations within heavily alloyed sysims. The requisite calculations are
outside the scope of this paper, however.

With the general trends in the carrier concentration estalbdihed, we can turn to examine
the electronic resistivity and Seebeck coe cient (Figure &b and c) within the PbTe-PbSe-
SnTe-SnSe alloy. The coupling between the carrier conceation and the electronic resis-
tivity is intuitively the simplest { increases in the carrier concentration will generally yield
reduced resistivity. In truth, the resistivity also dependsstrongly on scattering (point-defect,
grain-boundary). Figure 6.3b shows the heat map of the eleotric resistivity throughout
the PbTe-PbSe-SnTe-SnSe alloy. First and foremost, we obgemremarkably smooth and
continuous changes in the resistivity. The continuity of te heat map speaks to the quality
and reproducibility of the synthesis method. The trends seein the resistivity generally

mirror the Hall carrier concentration, with the resistivity decreasing near exponentially as
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we approach SnTe from PbTe and PbSe. Unlike the Hall carrier coantration measurement,
however, the resistivity smoothly transitions between theingle-phase rocksalt, two/three-
phase region, and single-phase SnSe. This is a consequehtieece ective media theory and
its application to multi-phase transport measurements.

Compared with the electronic resistivity, the Seebeck coeient (Figure 6.3c) shows
more complex trends. Mathematically, the Seebeck coe ci¢rdepends non-monotonically
on the carrier density (Fermi level). The Seebeck coe cienis generally very low for heavily
doped semiconductors{10?°cm 3) and rises with decreasing carrier concentration until a
maximum within the mid 10'¥{10%° cm 3. Further decreases in the carrier concentration will
cause Seebeck to decrease again and eventually switch sighiwthe bipolar regime. The
Seebeck coe cient is also sensitive to the band-gap and chges in the electronic structure
(e.g. density of states e ective mass, band degeneracy). Wih our experimental data, the
Seebeck coe cient broadly shows the convolution of two e ds: changes in carrier density
and emergence of band inversion. Examining the changes inréa density rst, we note
that the Pb-rich compositions have Seebeck coe cients thastrongly depend on the Sn
content and are largely invariant of the Te/Se ratio. This isconceptually consistent with the
changes in the carrier concentration and the expected depmkmce of the Seebeck coe cient
on the Fermi level. However, the invariance in the Te/Se rati@lso suggests that there are
not signi cant changes in the valence band density of states ective mass with alloying.
These trends would likely evolve with temperature, as therare well noted instances of band
convergence along the PbTe-PbSe alloys at high-temperagui286]

At the Sn-rich compositions, we observe an that the Seebeckeccient dips into a
\pocket" (<10 VI/K) near the middle of the heat map. This trend is not consistat with
changes in the carrier concentration. Consider the PbTe-3a pseudobinary. Starting at
PbTe, the Seebeck coe cient decreases with Sn substitutiofconsistent with carrier con-
centration) until it reaches a minimum at approximately 60%SnTe. Although the carrier

concentration continues to increase as we approach pure &nThe Seebeck coe cient ac-
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tually recovers. This e ect is consistent with the concept b\band inversion” noted in the
literature. In fact, prior literature quotes that 62-67 % SiTe is the critical composition where
band inversion occurs at room temperature.[349{351] Priditerature also demonstrates band
inversion in the PbSe-SnSe alloy at low temperatures. [30@r literature survey reveals a
surprising lack of papers along the PbSe-SnTe pseudobinaajthough one should naturally
expect band inversion to occur there as well.

While not directly pertinent to thermoelectric performance band inversion in the PbTe-
SnTe alloys is of interest as a topological crystalline inktor.[306, 352{354] The e ect is
a fascinating manifestation of band structure evolution wth alloying and the emergence of
purely quantum mechanical e ects. Band inversion emergegbtause PbTe and PbSe have a
direct gap at the L-point which is comprised of a valence band maximum with; symmetry
and a conduction band minimum withL ; symmetry. In SnTe, the band natures are reversed.
The reversal, known as \Dimmock reversal" occurs due to theelativistic nature of the Pb
atom and strong s-p coupling in SnTe.[349, 355] Alloys betwestructures with di erent
band characters experience a transition point where the \aice band switches fronk.§ to
L, causing a intermediate composition where the band gap @agises, the dispersion appears
Dirac-like, and topological insulating behavior can be olesved.[349, 350, 352, 353, 356]

Within our alloying study, we actually observe a wide range ofompositions that ex-
hibit anomalously reduced Seebeck coe cients. This sugdgeshat there may be an array
of compositions within the PbTe-PbSe-SnTe-SnSe alloys thaxhibit band inversion. Con-
sidering that the band inversion also appears to vary strohgwith temperature,[304] there
appears to be a signi cant amount of tunability in both the canposition and temperature
dimensions { an interesting case which may deserve a HTP studly itself, particularly if
we invoke extrinsic dopants as well. In this work, we use thee8beck coe cient as a proxy
for the band inversion, though optical or ARPES measurementould con rm the extended
region of band inversion. These studies are outside the seopf this work, but the mere

identi cation of these potential follow-up studies contiues to prove HTP experiment as a
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powerful screening and exploration tool.

All of the prior measurements depend intimately on the carrieconcentration, although
we mentioned that the resistivity also depends critically 0 scattering phenomena and the
underlying electronic structure. The natural metric for eamining these e ects in alloys is
the electronic mobility, although the strong changes in caer concentration make it di cult
to decouple changes in scattering, electronic structurend carrier density. A convenient
workaround is to extract the \intrinsic mobility." Under the single parabolic band (SPB)
model, the experimental Seebeck coe cient can be used to eatt the electron chemical
potential within the sample, which can be used alongside thdall carrier concentration to
correct the Hall mobility into an intrinsic mobility. Althoug h the process carries several
assumptions (single parabolic band, acoustic phonon saoating, no bipolar contribution), it
is a commonly used approximation in thermoelectrics as a wag make model-consistent
comparisons between systems. Figure 6.4 shows the SPB detiirinsic mobility within
the PbTe-PbSe-SnTe-SnSe alloying plane. Note that the datssed to generate Figure 6.4

and the underlying Hall mobility can be found in the ESI Figure 3 and S8.

Figure 6.4: Under the single-parabolic band (SPB) model, we rcaextract the carrier
concentration-independent intrinsic mobility for the PbTe-PbSe-SnTe-SnSe alloying plane.
Despite expecting alloy scattering to decrease the eleatio mobility, we note several regions
where high mobility material is observed. The in uence of bad inversion on the mobility
is of particular interest, as the inversion at 60% SnTe alsoppears to correspond with a
transition to lower intrinsic mobilities.
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The intrinsic mobility exhibits several interesting trends. Naively, we would expect the
mobility to decay with increased alloying due to increasedgint-defect (alloy) scattering.
Instead, we see pockets of relatively high mobility materiavithin the intermediate alloys.
Two distinct regions appear: one on the PbTe-SnTe pseudolny and another near the
PbSe-SnSe pseudobinary. The endpoints (e.g. PbSe) also@gpto be high mobility, as one
would expect. Particularly along the PbTe-SnTe pseudobimg, we are curious as to whether
the band inversion plays a signi cant role in the increased ability. From literature, the
band inversion between PbTe-SnTe generally occurs near 6@#Te,[349, 350, 356] although
the maxima in our intrinsic mobility appears around 30-40% 15Te. However, as we near the
inversion, we could reasonably expect the nature of the bardiges to shift from parabolic to
Kane-like (eventually ending in Dirac-like at the inversia). This would signi cantly decrease
the band e ective mass and potentially increase the electnec mobility. Interestingly enough,
we do seem to note a transition around 60% SnTe, past which ti@rinsic mobility appears
signi cantly reduced. To supplement the intrinsic mobility data, we have also included a
table of the Seebeck-derived density of states e ective nwfor each sample (see ESI Figure
S9).

It is interesting that prior studies along the PbTe-SnTe psadobinary did not identify a
region of increased mobility. However, the prior literaturdnas historically used the raw Hall
mobility and does not correct to the carrier concentrationndependent intrinsic mobility.[303,
357] Thus, prior work may have been unable to resolve a rehaly subtle increase in the
intrinsic mobility from the strong (order of magnitude) charges in the carrier concentration.
We also note that the intrinsic mobility will evolve substanially with temperature, and while
high-temperature measurements were outside the scope oistiwork, they would assuredly
produce an even richer understanding of the underlying traport.

Even at room-temperature, the electronic measurements Wit the 121 sample alloying
grid have produced a unigue dataset rich with information. Noonly has this work recreated

a plethora of historical alloying and transport data withina single study, but we have also dis-
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covered several new trends deserving of further study. Frotime exploration of the extended
region of band inversion (topological behavior) to dopingral high-temperature investiga-
tion of the high mobility compositions (thermoelectrics) 6 the computational investigation
of the Sn-doping (fundamental material science), this workontinues to exemplify the value
of HTP experiment. Returning to our focus on thermoelectricshowever, we know that the
electronic mobility and thermal conductivity are rarely ogimized at the same composition.
As such, the next section focuses on the thermal transport Wain the PbTe-PbSe-SnTe-SnSe

system.
6.5 Thermal Transport

Within thermoelecrics, alloying is perhapshe most applied technique when manipulating
the thermal conductivity. Indeed, many high-performance BTe-based thermoelectric mate-
rials are heavily alloyed [289, 358{360]. The theory of pdhdefect (alloy) scattering and the
e ect on the lattice thermal conductivity has been well studed in the literature. Multiple
models have been presented, many of which are based on a coiiton of geometric factors
(e.g. ionic radii, bond distortion) and mass contrast.[3dB64] All results generally imply
that the lattice thermal conductivity should decrease withalloying, resulting in a minimum
vaguely near the center of the solid solution. This logic ishe basis for the \high-entropy"
alloying studies within PbTe, which are some of the only papgto investigate the properties
away from the pseudobinary edges of the phase diagram.[2886]

To investigate the e ect of point-defect scattering on the dttice thermal conductivity,
we rst correct the total thermal conductivity using a Lorenz correction for the electronic
thermal conductivity. As a wide variety of carrier concentréions are observed in the dataset,
the Lorenz number is calculated using the experimentally sbrved Seebeck coe cient. The
resulting lattice thermal conductivity heat map is shown inFigure 6.5. The data used to
generate Figure 6.5, including the total thermal conductity map, is included in the ESI

Figures S10 and S11.
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Figure 6.5: Consistent with historical models of point-det# (alloy) scattering, depressions
in the lattice thermal conductivity are observed with incrased alloying. This yields a wide
region of low lattice thermal conductivity near the center dthe alloying grid. Notably, the
thermal conductivity exhibits very low values over a wide rage of compositions. Further-
more, at room-temperature, the lowest values are not forniglcentered around the exact
center of the diagram (PR.sSny.sTep.5S&):s).

As expected, we generally observe depressions in the latttbermal conductivity with
increased alloying. We nd it interesting, however, that ttere is actually a basin of low
values over a wide breadth of compositions. Compared to them@ endpoints, the depth of
the basin is quite signi cant, with a factor 3-4 decrease in the thermal conductivity with
alloying. However, as we noted in the previous section, theroposition with the lowest
thermal conductivity often also exhibits reduced mobility As such, we must integrate a
metric that accounts for simultaneous changes in both the tiice thermal conductivity and

the intrinsic mobility. The next section focuses on thequality factor , which allows us to

identify promising compositions from their intrinsic (corcentration independent) properties.
6.5.1 Quality Factor

Historically, the thermoelectric gure of merit (zT) has been the dominant parameter for
characterizing the quality of a thermoelectric material. Havever,zT is implicitly dependent
on the carrier concentration and explicitly dependent on th temperature. As such, an

optimization of zT requires both doping and high-temperature studies. A fullsvey of
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the PbTe-PbSe-SnTe-SnSe space that includes alloying, duogp and temperature would be
an exceptionally high-dimensional study. Creating such auwxy would be a revolutionary
endeavour, but it requires additional engineering, visuiation, and synthetic considerations
which are outside the scope of this pilot study { however, wedlieve that the experimental
techniques to create bulk samples at this scale are not out i&ach.

In the absence ozT, we can apply another historical metric for thermoelectriperfor-
mance, the thermoelectric quality factor .[1, 365, 366] UnlikeT, is a carrier concentration
independent parameter, although it assumes that the optinhaarrier concentration can ul-
timately be achieved. Under this assumption, convolutes the lattice thermal conductivity,
intrinsic mobility, and Seebeck e ective masses to provide measure of ultimate thermoelec-
tric performance under ideal doping conditions. Figure 6.6ews our calculation of across
our alloying study. The data used to generate Figure 6.6 can beund in the ESI Figure

S12.

Figure 6.6: The thermoelectric quality factor serves as a carrier concentration-independent
proxy for the gure of merit zT. As  convolutes the trends seen in the lattice thermal
conductivity and intrinsic mobility, we can see that the optmal composition is neither at
the maximum intrinsic mobility nor the minimum lattice ther mal conductivity. While this
study did not include doping or temperature-based e ects tistill shows that the optimal
composition may not lie upon the intuitive compositions (€. psuedobinaries, high-entropy
mixtures).
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The quality factor is useful in that it mathematically convolutes the changesnithe
lattice thermal conductivity, intrinsic mobility, and Seebeck e ective mass. Due to the
complex interplay between the thermoelectric transport @cients, the composition for
optimal performance rarely coincides with the extrema of gngiven coe cient. We can see
this quite clearly in Figure 6.6. The intrinsic mobility had alocal maximum along the PbTe-
SnSe pseudobinary around 30-40% SnTe, whereas the lattiberinal conductivity generally
shows a minimum closer to the center of the diagram. The conemce of these e ects \pulls”
the high sample o of the pseudobinary PbTe-SnTe line. Furthermorethe highest
composition (Phy.7Sny:3Tep:9S:1) does not lie along any intuitive set of compositions (e.g.
diagonals, edges, center). We must reiterate that this stydwas only performed at one
temperature { and the optimal composition will likely shift with temperature.

Even though this work did not include dopants or temperaturédased e ects, it already
demonstrates that optimization within materials sciences a high-dimensional problem.
While the search for global extrema in a complex system is nanpossible through intu-
ition alone, the addition of HTP tools would greatly augment ar experimental prowess and

hasten the development of new functional materials.
6.5.2 Future of High-Throughput

Our study within the PbTe-PbSe-SnTe-SnSe systems has clgadlemonstrated that HTP
synthesis is a worthwhile endeavour. Even within this pilostudy, we have replicated>50
years of PbTe-PbSe-SnTe-SnSe alloying studies while sitankeously revealing new trends.
Besides dramatically increasing the rate of optimizationral discovery of new materials, HTP
experiment would also radically improve synergy with exisig computational and theoretical
e orts. The high-dimensional data sets would also providegwerful techniques like machine
learning and data-driven experimental design to generateew models and guide our insight
into complex optimization problems.

Our work thus far has provided a glimpse of the value that HTP eperiment can provide.

However, this work was still a time-intensive and e ort-intesive process. Future develop-
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ment of HTP experiment (particularly with a focus on automaton or parallelization) will
want to direct additional engineering e orts to expedite tre most time-consuming processes.
This is particularly true if the complexity of the synthesisincreases (e.g. including multiple
dopants, changing processing conditions) or if higher rdgbon maps are desired (e.g. 1-5%
alloying steps). Throughout the synthesis and characte@tion of our 121 sample PbTe-
PbSe-SnTe-SnSe alloying map, we gathered a signi cant ammbwof metadata quantifying
time expenditure per sample and per process. The purpose bfstsection is to investigate
this data from an engineering perspective { to identify botenecks and discuss potential
solutions. We will not discuss nancial costs (e.g. materlacosts, labor costs) within this
work, as proposed solutions are currently speculative.

In the context of our experiment, we want to examine how timesiinvested during the
synthesis and characterization of a sample. Figure 6.7 vidizas the time allocation meta-
data as a Sankey diagram. Sankey diagrams are representati®f resource ow binned to
demonstrate resource allocation and subdivision. On Figu&7, each black bar indicates
a general \pool" of allocated time, and the colored subdivisns show how each \pool" is
divided into process-speci ¢ subsystems. Each processsic cost (colored) is further sub-
divided into \machine time" and \human time." As we use it, madine time is de ned as
any period of time where an instrument is running but human is not required to be present
Human time speci cally requires a human to be present and phigally engaged with the
sample or instrument. This is an incredibly important divison, as it broadly de nes how to
adapt the technique to HTP studies. Techniques that predomantly consume machine time
can be expedited by parallelization, whereas human time ileviated through automation.
This paper only enumerates the synthesis and room-tempeuwaé measurements in detail,
although we also consider the (time) cost of high-temperatel characterization.

Sankey diagrams are relatively complex representationsdsta, so it helps to have specic
goals when reading one. Figure 6.7 is constructed explicitly provide guidance when asking

future-looking engineering questions:
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Figure 6.7: Sankey plot demonstrating the time investment tpiired (per sample) throughout
this work. At room-temperature, the synthesis time is modately larger (198 min) than the
characterization time (130 min). To investigate individualcontributions, we can subdivide
the characterization and synthesis times into techniquepsci c time allotments (colored)
and further into \machine time" and \human time" speci ¢ pro cesses. The division between
\machine time" and \human time" is a key distinction, as the means used to alleviate \ma-
chine time" intensive processes (e.g. parallelization)@di erent than those used to alleviate
\human time" (e.g. automation). This e ort is a pilot case for the use of HTP synthesis and
characterization as a means to screen for e ective compasits. While high-temperature
and HTP methods are the ultimate goal, an addendum to the Sankealiagram (right, light
gray) demonstrates the large increase in time associatedthvperforming subsequent high-
temperature measurements. Overcoming this bottleneck Wwilequire signi cant time and
capital investment.
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1. Which is more prohibitive, synthesis or characterizatich

2. Which technique is the most time consuming, and can we triagechniques based on

time consumption?
3. Should we preferentially improve techniques which consg more human time?

By understanding the answers to these questions, we will better equipped to design HTP
systems that address tangible bottlenecks.

Which is more prohibitive, synthesis or characterization? This is actually a nu-
anced question, as the answer depends dramatically on whethor not we consider high-
temperature measurements. Looking at the leftmost black & on Figure 6.7, we can
see that synthesis (198 min/sample) is slightly more time oeguming that characterization
(130 min/sample) when only room-temperature measurementgse invoked. This is a rela-
tively large improvement over our classical techniques, aynthesis has been hastened by
a factor of 3-5 . Furthermore, when the synthesis and characterization ties are roughly
matched, the whole process can theoretically proceed at atly-state, with no accumula-
tion of un-characterized samples or downtime of characteation instruments. However,
if we include high-temperature measurements (right side dfigure 6.7), we can see that
characterization is now an overwhelmingly costly venture Currently, integration of high-
temperature measurements at large scale is not viable, noreathere currently available
commercial systems that can perform HTP high-temperature nasurements. Thus, im-
plementation of high-temperature HTP measurements repra#s a signi cant engineering
challenge that must be contended with as synthetic approaeh continue to accelerate.

Which technique is the most time consuming, and can we triage techniques
based on time consumption?  As mentioned in the previous discussion, high-temperature
HTP characterization is de nitely a subject deserving of attntion. However, there alterna-
tive ways of viewing the problem. If high-temperature HTP cheacterization is not available,

we can still use room-temperature measurements to screendcective compositions. In this
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situation, we would want to continue to reduce synthesis ties to align with the room-
temperature characterization time. Looking at the most tine-consuming processes, we see
that hot pressing and sample preparation are the dominant otributors to the synthesis
time. As hot pressing is predominantly a \machine time" intesive process, we would want
to continue increasing parallelization e orts. Sample prearation is predominantly associ-
ated with cleaning, polishing, thickness, and density measements. All of these techniques
can be expedited by transforming them into \machine time" pocessesia automation (e.g.
autopolisher, gas pycnometer). Interestingly enough, agrghesis methods quicken, we will
inherently need to explore improvements to the room-tempature characterization processes
as well.

Should we preferentially improve techniques which consume more human
time? This problem is not easily answered. From a throughput persgtive, the least
e cient tasks should be improved upon rst, as they will likely lead to the largest improve-
ment in performance. However, without invoking full automabn and characterization, we
must also consider the human element of the equation. Coneidthe \human time" associ-
ated with the four characterization techniques. This timed entirely associated with sample
loading/unloading from individual systems. Practically,each task only takes a few minutes,
but maintaining a steady ow of samples through the charactézation systems is exhaust-
ing and requires continuous multitasking { preventing the esearcher from investing time
elsewhere. By automating and integrating the di erent chaacterization techniques into a
singular instrument, samples could be loaded in batches]@aling \human time" to be better
spent elsewhere. Ironically, even though human-time is nat overwhelmingly large compo-
nent of the characterization and synthesis processes, amgprovements which reduce rote
tasks may result in disproportionately large improvements throughput. We suspect that
this discussion resonates even more deeply when nancial s@erations (e.g. wages) are

taken into account.
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Naively, we expected that Figure 6.7 would allow us to identif@ singular, key obstacle
to the continued improvement of HTP synthesis and charactezation. Instead, it presented
a relatively nuanced representation of a complex problem. &\tan expedite synthesis by
further parallelization of hot pressing and automation of ample preparation, although at
some point we will generate samples faster than they can beasared. We can automate the
process of room-temperature measurements through a custtwnlt characterization system,
but high-temperature measurements will still represent aigni cant bottleneck. We need
to decide whether the ultimate goal is to simply eliminate d@mons which are \human time"
costly, or to increase throughput in a holistic sense. Ultintaly we conclude that realization
of a true HTP synthesis and characterization setup will requé simultaneous investment in
automation and parallelization. High-temperature measuraents must also be considered, as
thermoelectric performance commonly requires high-temgadure characterization (exception
being refrigeration). Reductions in \human time" must be b&anced with nancial and
\machine time" costs. This work has been explicitly framed whin thermoelectrics, although
we expect that the fundamental concepts will resonate withiother elds of material science

as well.

6.6 Conclusion

When we began this work, we had three primary goals: 1) provideroof of concept
that HTP bulk synthesis can add value to experimental studie) identify where additional
engineering can ameliorate potential bottlenecks, and 3jpvestigate fundamental material
science within some of the most industrially relevant thermelectric compounds.

By adapting classical synthesis methods towards HTP ideolgwe created the largest
bulk investigation into the PbTe-PbSe-SnTe-SnSe alloy sigsn to date. Not only were we
able to recreate over 50 years of alloying literature and pbka diagram data, but we also
identi ed new trends (e.g. wide range of band inversion, higmobility alloys). This work
highlights that chemically intuitive compositions are notguaranteed to capture anomalous

trends, particularly when the application space is compleand high-dimensional. HTP
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synthesis and characterization techniques are uniquelyigd to screening wide chemical
spaces, and the integration of modern technologies (autotita, data-driven methodologies)
would allow for rapid development of new materials with intition-agnostic search strategies.
Our analysis also provided guides for future HTP e orts. Sim@ianeous automation and
parallelization will be required to hit throughput goals, @rticularly if high-temperature HTP
characterization is included. However, despite remainindnallenges, we are convinced that
the means to create a fully HTP experimental setup is within r@&ch. With continued focus
on production of high-quality bulk samples, the integratia of HTP methodologies has the

potential to revolutionize the eld of material science.
6.7 Conicts of Interest

There are no con icts of interest to declare.
6.8 Acknowledgements

This work was funded by the National Science Foundation (NSF) DREF program
1555340. This work was also funded by the U.S. Department of &gy, ARPA-E IDEAS
program 1428-1737.

167



CHAPTER 7
SUMMARY AND OUTLOOK

Material science is a fascinating mixture of fundamental pisics, chemistry, and engineer-
ing. The diverse applications and wide range of compoundsaaV for a rich, high-dimensional
eld of research with a plethora of opportunity for innovation. However, the selfsame \com-
plexity" that allows for a diverse research space also crest many daunting challenges. For
much of history, our investigations into material sciencedve been empirical in nature, driven
by the \chemists' intuition” { which is neither bad nor good. The emergence of new tools,
however, has allowed for a fundamental paradigm shift withithe eld. The application
of computational techniques (e.g. DFT) has allowed us to s@e the known material sys-
tems at a rapid pace, using physics-driven models to identijpromising materials. Even
more recently, the community has begun to use data-driven orauhine-learning based ap-
proaches, leveraging the power of intuition-independentpproaches to identify new trends
hidden within data. However, these roles (computation, expienent, machine-learning) are
rarely harmonized towards a common goal. Synergizing thenaus roles will be one of the
key challenges in the next wave of material science.

The rst two papers presented in my thesis showed the discayeof n-type transport in the
KAISb, and KGaSh, Zintl materials. Before the publication of n-type KAISk;,, many Zintl
materials were considered to be exclusively p-type due tokali-metal vacancy formation.
Despite historical bias, our work demonstrated that KAISh is n-type dopable { and further
showed that many Zintl materials may actually perform bette when doped n-type. This
work is a key example of how computational screening and tatgd synthesis can be used
to combat historical bias or erroneous intuition. Later, waused the related system KGaSp
to investigate the underlying defect energetics that enable-type doping in KAISb, and

KGaSh,, showing that alkali-metal vacancies do not necessarilynit the n-type dopability
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of Zintl materials. Despite our ndings, however, most Zint materials are p-type. This
realization led me to perform a series of experiments whersdarched for new n-type Zintls
through exploratory synthesis. While not presented in thistiesis, the experiments have
led to the discovery of>5-10 new compounds, including a new clathrate material, ntigle
new Kagome structures, and a related n-type Zintl materialRbGaSh;). The Zintl arc of
my research demonstrated that there are many opportunitieée raw material discovery, and
that many of the most promising materials may yet be discoved.

The second two papers | presented were slightly more sobeyiperspectives on the rela-
tionship between computation and experiment. Just as compattion helped identify the n-
type Zintl materials, it also revealed the quaternary diamod-like semiconductors as promis-
ing thermoelectrics. Within my work, | examined a series of qernary diamond-like mate-
rials Cux(ll g)(IV)Te 4 (Il g: Zn, Cd, Ho)(IV: Si, Ge, Sn), nding that the thermal properties
of the materials are astonishing { reaching sub-glassy thaal conductivity in crystalline,
diamond-like semiconductors. Our results demonstrated & the predicted thermoelectric
performance was quite promising. However, while computatiopredicted rather extraor-
dinary properties for the n-type transport, experiment hado contend with the degenerate
p-type nature of the materials. Furthermore, computation \&s unable (at the time) to model
the defects in these materials, providing little to no guidace to experimental e orts. This
work highlighted that the computational \screening" of matrials is wholly insu cient to ac-
celerate the discovery of new functional materials. In thebgence of computation, | turned
to purely experimental methods { using the technique of \phse boundary mapping" to
achieve carrier density control over 4-5 orders of magnitedhrough intrinsic defect control
alone. As the most complex application of \phase boundary mamg" to date, | demon-
strated how targeted synthesis, coupled with basic prindgs from thermodynamics, can be
used to vary defect concentrations in complex systems. Theaernary diamond-like arc
of my research demonstrated that computation alone cannoind new thermoelectric mate-

rials. It also shows that targeted experimental e orts havencredible power to investigate
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high-dimensional, complex systems. Our work on the quatary diamond-like materials has
largely inspired a new DMREF project explicitly to incorpoate dopability predictions into
future computation e orts, and has also served to inspire méo investigate new ways of
probing defect energetics through experimental means.

Many facets of material science have embraced the role of qartation as an e ective
tool for identifying new functional materials. Concepts ke machine-learning are also becom-
ing commonplace, helping to bridge human intuition with hig-dimensional models. While
computational e orts have broadened and accelerated our #ity to identify materials, our
experimental optimization e orts have remained largely signant. The experimental opti-
mization of a new material is an overwhelmingly high-dimein@nal problem that is expensive
and time-consuming for computation to assess { a perfect alpgation for high-throughput ex-
perimental methods. In fact, the ability to perform high-throughput optimization of complex
materials, utilizing automation and \smart" experimental design will likely be the next rev-
olution in material science. The nal paper | presented was ease-study in high-throughput
bulk material synthesis within the PbTe-PbSe-SnTe-SnSelays. We showed that high-
throughput experimental studies, even on well-known systes, reveals new physics that
would not be expected from intuition nor easily predicted s'm computation. The potential
of high-throughput bulk synthesis is a tantalizing prospég¢ and the high-dimensional data
sets would ultimately enable the application of techniquebke machine learning to drasti-
cally alter material science. The high-throughput arc of myroject has demonstrated the
potential of high-throughput experiment within thermoeledtrics { and has inspired our group
to place dedicated e ort into development of high-throughpt, bulk synthetic methods.

Material science, particularly within electronic materids, is a unique crossroad between
countless scienti ¢ disciplines (quantum mechanics, chestiy, engineering). The diversity
creates opportunity, but the high-dimensionality of the poblem is often daunting. Thermo-
electricity is a prime example { the e ect in itself is relatvely intuitive, but the complex

coupling between scattering phenomenon, electronic sttuece, crystal structure, basic chem-
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istry, and processing is anything but transparent. My Ph.Dthesis has broadly been directed
at nding ways to tease insight from chemistry, trying to nd tools to aide human intuition
in the search for functional materials. We have not found a nterial with revolutionary
zT, but our work has developed and reviewed techniques whichncaltimately serve as a

foundation for future research.
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