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ABSTRACT

Growing numbers of newly discovered materials hold the possibility of high thermoelectric performance.
However, the requirement of the material to conduct electricity while maintaining a high Seebeck
coefficient can be limited by native defects or poor electronic mobility which are difficult to predict a
priori. The research goal of this dissertation is to investigate how the thermoelectric community can
understand defects and scattering in complex thermoelectric materials. Using recently discovered
compound Hg,GeTey as a case study, we demonstrate manipulation of native and extrinsic defects to
optimize thermoelectric performance. Finally, we explore the impact of carrier scattering on mobility in
classic material SnTe using a custom-designed Nernst effect instrument we built.

To understand the impact of defects in complex thermoelectric materials, we adopt a joint
computational-experimental approach focusing on HgoGeTe, as a case study material. We perform phase
boundary mapping, defect calculations, and synthesis of native & extrinsic doped samples to identify the
highest performance in HgoGeTes. We succeed in manipulating the carrier concentration of HgoGeTey by
half an order of magnitude via manipulating concentrations of native defects. We follow our native doping
study with an extrinsic doping study which examines the impact of 15 different dopants on the
thermoelectric performance in HgoGeTes. Ultimately, we achieve the highest figure of merit to date in
Hg,GeTes by doping with silver.

Our curiosity about the dominant source of scattering in HgoGeTey leads us to construct an instrument
to measure the Nernst effect, which can shed light on the dominant scattering mechanism in a material.
The Nernst coefficient, when combined with three other measured experimental parameters (Hall
coefficient, electrical resistivity, and Seebeck coefficient) can be used to solve for material parameters that
elucidate scattering mechanisms. Nernst measurements are scant across the thermoelectric literature in
comparison with Hall and Seebeck instruments. We describe our design and build a room temperature
apparatus that automatically measures and calculates the Nernst coefficient in a material.

Finally, we apply our Nernst instrument to explore carrier scattering in SnTe under various doping
regimes. Undoped SnTe possesses high mobility, and by synthesizing samples doped with indium, iodine, or
natively doped, we explore how mobility evolves in response to two orders of magnitude change in carrier
concentration. We demonstrate that the traditional single parabolic band model is insufficient to describe
the scattering in SnTe, but applying the more appropriate two band Kane/parabolic model is a complex
optimization problem. We provide an interpretation of the raw Nernst data, along with standard

thermoelectric measurements to offer insight into the chemistry dependence of scattering in SnTe.
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The quintessential thermoelectric transport property gure (Ref. 1). While low carrier
concentration of a single type leads to high Seebeck coe cient (referred to as in this
Figure and S in the text), low electrical conductivity is the byproduct. The optimal

carrier concentration is a compromise. Reprinted from Ref. 1 with permission from
Springer Nature BV. . . . . . . . e

(Left) This defect diagram schematic shows a donor (positive slope) and acceptor
(negative slope) defect for a ctitious compound. The x-axis distance between the band
edge and where the defect intersects th&-axis is de ned as g, . (Right) Greater
dopability is correlated with larger g, . Reprinted (adapted) with permission from Ref.

2. Copyright 2020 American Chemical Society. . . . . . . . . . . . .. .. ... ... ....

Phase boundary mapping a hypothetical sample AByC, requires pinning it to one of

the \c-invariant" or compaosition invariant corners of the gray triangle. This corresponds

to a sample containing mostly the ternary phase with trace amounts of two unary
phases. Such a sample is described by speci c chemical potential values. Reprinted
from Ref. 3 under a Creative Commons Attribution 4.0 International license. . . ... ..

The parabolic dispersion relation is shown in green and is commonly used to model
thermoelectric transport properties. In this section, we only consider a single parabolic
band, but in (b) we see how multiple parabolic bands lead to a ds@ity of states (DOS)
with contributions from each band. The DOS appears to scale as E, re ective of
parabolic bands. Kane bands will be considered in the next Section. Reprinted from

Ref. 4 under a Creative Commons Attribution 4.0 International license. . . . . . . . .. ..

(a) Here we see the TDF broken into its constituent functions: energy dependent group
velocity, relaxation time, and density of states. The shape of each of these re ects a
single parabolic band model with acoustic phonon scattering, a common set of
assumptions in the thermoelectric literature. (b) The TDF is multiplied by selection
functions which determine which carriers contribute to each of the e ects. Reprinted

from Ref. 5 with the permission of AIP Publishing. . . . . .. ... ... .......... 12

The single parabolic band model is not suitable for SnTe, which possesses a Kane band
at the L point and a heavier band (which can be modeled as parabolic with highm )
that onsets 0.35 eV deeper beyond the onset of the L band. The two valence band
model (solid curve in a) well represents the experimental data. Reproduced from Ref. 6

with permission from the PCCP Owner Societies. . . . . . . .. ... ... ... ......

(a) The calculated band structure of Las 4 Tes is shown as an example of where the
single parabolic band model is not an accurate model. The black line in (b) which
representing the model that best ts the data corresponds to a semi-empirical

multiband model where the e ective mass of the rst band is 0.844m.. Any of the

single parabolic band models (di erent e ective masses shown; gray traces) are
inaccurate and when they re ect the experimental data do so only over a very short
range of . Reprinted from Ref. 7 under a Creative Commons CC BY-NC 3.0 license. . .
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Figure 1.8

Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5

Figure 2.6

Figure 3.1

Analyzing the temperature dependence of Hall mobility is a commonly performed

analysis technique to determine the dominant scattering regime in a material. While

useful as a heuristic, this technique can be misleading when non-idealized scattering or
complex non-parabolic band structure is present (Ref. 8). . . ... ... ... .. ..... 18

CwHgGeTe crystallizes in the stannite structure, while Hg,GeTe, adopts the defect
chalcopyrite structure. Transitions from the quaternary to the ternary structure (which
form a full solid solution) may be understood as the simultaneous substitution of one
Hg atom onto a Cu site and the creation of a Cuvacancy. . . ... ............. 24

Front view (a) and back view (b) of the stability region of Cu,HgGeTe; which forms a
polyhedron in the three-dimensional chemical potential space. The color index

represents di erent secondary phases. The two-dimensional projection of the stability

region onthe ¢, and g plane is shown by the grey-shaded area in (c) at Te-rich
condition. Points A and B correspond to Cu-rich and Cu-poor growth conditions
respectively. Stability region for Hg,GeTe, (d) on the Hg and e plane, bound by
points DO, ECO, FO. . . . . .. 24

Phase stability region of HgGeTe, in composition space with SEM images of samples
at di erent growth conditions. E °, D°, and F° match the same labels in 2(d). . .. .. .. 25

Defect formation energy for native point defects as a function of Fermi energyEr) in
Cu,HgGeTe, under (a) Cu-rich and (b) Cu-poor conditions, calculated using the HSE06
functional and band edge shifts from HSE06+SOC. Cu interstitials are placed in the
tetrahedral interstitial site. Defect formation energy for native point defects as a

function of Fermi energy in Hg,GeTe, under (c) Hg-rich and (d) Hg-poor conditions,
calculated using the HSEO6 functional and band edge shifts from HSE06+SOC. Hg
interstitials are placed in the vacancy site. The e ective Fermi energy is shown by the
dashed vertical line, which is the position of Fermi energy when the system is quenched
from the synthesis temperature. For HgGeTey, the positive energy windows Egon Of

0.14 eV and E, of 0.25 eV are favorable forp- and n-type extrinsic doping. . . . . . . . 30

Comparison of defect chemistry for Cu-doped HgGeTe, and Cu,HgGeTe, at the same

set of chemical potentials. The energy domain for CuHgGeTey has been widened to
reproduce the band gap for HgGeTe, ( Evsm = -0.38 eV). The shift of valence band

is shaded in grey for CyHgGeTey. To facilitate comparison, defects that correspond to

each other are shown in the same color for both materials. . . . . . ... ... ... .... 32

Brouwer band diagram of transport properties plotted along the chemical potential

path from Cu,HgGeTe, to Hg,GeTe, at T = 50 . (a) Defect concentrations (solid lines)

and carrier concentrations (dashed lines) from rst-principles defect calculations and
experiment Hall measurements (x symbols). (b) Seebeck coe cient () shown together

with position of Fermi energy (Er) reference to VBM for that material. (c) ideal n-type
dopability represented by maximum achievable electron concentrations, with labels for

both electron (blue) and hole (red) concentrations. . . .. .. ... ... ... ....... 34

(a) Ho,GeTey crystallizes in the defect chalcopyrite structure (space group-4),
characterized by ordered vacancy sites (empty circles). The unique Hg Wycko sites are
labeled and appear in subsequent defect diagrams. (b) Extrinsic dopants spanning a

wide range of electronegativites were interrogated computationally (blue); the bolded
elements designate dopants that were predicted to form low energy defects in HGeTe,. . 46



Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6

(a) The phase stability of Hp,GeTey is bounded by the competing phases HgTe, GeTe,
and Te (Ref. 9). (b) When we introduce an extrinsic dopant (e.g., Au), the new
chemical species adds a dimension to the phase stability area for HGeTe,. The yellow
slanted triangle shows the boundary with AuTe,, which limits the dopant solubility of
Au in Hg,GeTe,. The vertices are invariant points associated with the presence of four
phases. (¢) The undoped carrier concentration (grey) is predicted to be lowest under
Hg-rich/Ge-rich growth conditions (2.2 10" h* cm 2) and highest under
Hg-poor/Ge-rich conditions (5.9 10 h* cm 3). A subset of candidate dopants are
predicted to either increase (blue) or decrease (salmon) the carrier concentration of
Hg,GeTe,; again, the carrier concentration range arises from di erent growth
conditions. Ine ective dopants Na, Mg, Y, La, Sb, Bi, Br, and | do not shift the carrier
concentration. . . . . . L L e 47

For each extrinsic dopant, a doping type @ or p) was determined to be the most

impactful; the associated defect diagram under the requisite elemental chemical

potentials are show. Forp-type doping (upper row), Hg-poor/Ge-rich conditions

facilitate substitution on the Hg site. Conversely, n-type doping favors Hg-rich/Ge-rich
conditions to raise the energy ofV ng. Both rows present dopants in decreasing order of

e ectiveness at altering the carrier concentration. The equilibrium Fermi energy Eﬁq

(marked by the dashed grey line) is pinned around the intersection of lowest energy

defects. . . . . . e e e 49

To determine if doping induces any changes in e ective mass, Seebeck coe cient and

carrier concentration measurements were conducted at 5€. Using the single parabolic

band (SPB) approximation and the assumption of ionized impurity scattering, the SPB

e ective mass was tuned to t the measured data. Numbers following dopant refer to

chemical potential: 1 = Hg-rich/Ge-rich, 2 = Hg-poor/Ge-rich, 3 = Hg-rich/Ge-poor.

Double and halved e ective mass lines are shown for comparison. . . . .. ... .... .. 56

The experimental high temperature transport properties of HgGeTe, doped with Ag

(blue) and Au (yellow) consistently demonstrate e cient p-type doping. Undoped
stoichometric (grey circles) and Hg-poor/Ge-rich (grey triangles) samples are shown for
reference. Panel (e) showzT calculated from experimental data using an SPB model

at 473K assuming acoustic phonon scattering. The experimental sample

Hg1.93GeTesAgo.o7 is close to achieving the maximum possiblg-type zT in Hg,GeTe;. . 57

The experimental transport data for samples doped with In, Sc, and Zn demonstrate

that these dopants push the Fermi level midgap relative to the undoped compound

(grey circles; grey squares designate a native Hg-rich/Ge-rich sample): (a) the carrier
concentration is decreased from undoped levels, (b) the Seebeck coe cient is increased,

and (d) the resistivity is more than double undoped levels at room temperature. The
temperature dependence of the mobility in panel (c) indicates that ionized defect

scattering is signi cant in these samples. . . . . . . .. .. ... ... ... ... ... 59
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Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

(a) The sample geometry for our Nernst measurements involves a cylindrical sample.
The temperature gradient is applied along thex-axis, the magnetic eld is applied along
the z-axis, and the transverse Nernst voltageVy is measured. The side view of sample is
shown to clearly indicate location of voltage probes. We adopt the historical Gerlach
sign convention (in which the Nernst signal of bismuth is negative). (b) Top panel: The
Fermi-Dirac distribution is shown at two temperatures; here, the higher temperature is
red (see online for color) and lower temperature is blue. At the Fermi level E = Ef),
the two distributions intersect. Bottom panel: The temperature derivative of the
Fermi-Dirac distribution ( df=dT) is the function that drives the carrier di usion
responsible for the Seebeck and Nernst e ect (Eq. 4.16). Carriers with energy close but
not equal to Eg contribute the most to these thermoelectric e ects. (¢) The induced
Nernst voltage is the result of charge carriers with di erent energies being preferentially
scattered. Those with a shorter relaxation time are more rapidly scattered away; those
with a longer time are more strongly de ected by the Lorentz force. The left panel

re ects a regime where lower energy carriers (closer to band edge) have a longer
relaxation time, as in acoustic phonon scattering. This leads to a negative Nernst
signal. The right panel shows the case of a positive Nernst coe cient, where higher
energy carriers have a longer relaxation time, as in ionized impurity scattering. . . . . . . 68

(a) This schematic shows the lower half of the stage for clarity. The sample sits on a

copper block clamped to a PID-controlled Peltier cooler. This assembly is mirrored

across the sample to form the complete assembly. (b) The complete assembly delivers a
temperature gradient via two Peltier coolers on either side of the sample. The hot side

of each Peltier cooler is mounted to a large water-cooled aluminum heat sink. The top

half of the assembly clamps down on the bottom half via threaded guide rods to ensure
excellent thermo-mechanical contact between the sample and copper blocks. . . . ... .. 71

(a) The 3D-printed voltage ring (green) is custom designed to ensure co-planar

electrical contacts for a transverse (denoted by V) Nernst measurement. Brass set

screws fasten via heat-set threaded inserts to form point contacts with the sample,

shown in gure. (b) The locating pins of the voltage ring interface with mating holes on

the bottom copper block to ensure correct installation and direction of polarity. (c) The
Type T thermocouple (TC) is clamped into the copper block via a set screw on the
underside of the copper block (not visible in gure) to ensure excellent thermal contact
between the TC bead and the copper block. The dashed line (jY) shown in (c)

indicates the wire used for measuring magneto-Seebeck; a mirrored wire is located in

the top copper block (not shownin gure). . . . . . ... .. ... ... ... ... . ..., 72

(a) The sample is sandwiched between two Peltier/copper/aluminum block assemblies
that di er only in width of the aluminum block. The top block is 5mm narrower,
permitting easy removal while the lower block stays clamped in place between the
magnet poles. Probe 1 refers to one of the voltage probes that touches the sample and
measures the Nernst voltage. The other probe is located on the back side of the sample,
not visible in photo. The black and red leads visible in the photo provide DC power to
the Peltier modules (Peltier 1). (b) Instrumentation schematic showing each hardware
component involved in generating and measuringN = %. The orientation and
labels (Probe 1, Peltier 1) of the cartoon match the photo (a). The nanovoltmeter,
thermoelectric controller (TEC), and DC magnet current source all interface with a
computer (not shown) and communicate via Python. The actual calculation of the
Nernst coe cient is automatically performed by our Python script, minimizing human
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Figure 4.5

Figure 4.6

Figure 4.7

Figure 5.1

Figure 5.2

Figure 5.3

(a-c) We show the process of measuring the Nernst coe cient on a sample of
polycrystalline SnTe at T =20 C as a function of time. (a) First, we establish a static
T =3 C. (b) Once the thermal gradient has equilibrated across the sample, we apply
a magnetic eld in steps to yield (c) Nernst voltage measurements at each magnetic
eld value. The temperature gradient is reversed once the full range of magnetic elds
has been swept ( 10 minutes). (d) The raw Nernst voltages ( V) for the forward and
reverse temperature gradients are plotted as a function of magnetic eld (T). These data
are simply the points from (c) plotted as a function of eld. (e) The Nernst coe cient is
the slope of the Nernst signal data (V/K): N =2.0 V/KT for this SnTe sample. . . . .78

Deriving the Nernst coe cient N from dV=dB is a technique that leads to accurateN

even when o sets from Seebeck are present. (a) If the Seebeck e ect has a weak or zero
magnetic eld dependence (red trace), the measured Nernst voltage (purple) will pick

up a linear o set from the theoretical value (blue) if the probes are slightly o set. The
accurate N will still be determined. (b) In the case of eld dependence for the Seebeck

coe cient, the measured Nernst voltage (purple trace) is no longer linearly o set, but is

a combination of the odd Nernst function and even magneto-Seebeck function.

However, a linear regression through the measured data (symmetrically sampling both
positive and negative eld values) will yield the correct dvV=dB and thereforeN. . .. .. 81

(a) Schematics demonstrating longitudinal vs transverse probe placement to generate
the data in (b-d): for a Seebeck measurement, the probes are located along the same
direction as the temperature gradient (Vy), and for a Nernst measurement the probes
are located transverse to the temperature gradient {y). (b-d) Magneto-Seebeck and
Nernst signal data shown at 20C ( T = 5K) for bulk polycrystalline samples of SnTe,
Bi, and InSb. At zero eld, the Nernst signal in all materials is zero, as expected. The
Nernst coe cient ( V/KT) is therefore calculated from the slope of these plots: (b)
SnTe (N =2.0 VIKT), (c) elemental bismuth ( N =-6.4 V/KT, tted through linear
region between -0.2-0.2T) , we show data with tight spacing to higher eld in order to
highlight the loss of linearity (high eld conditions) above approximately 0.2 T ( tting
through +/- 1T would incorrectly result in a coe cient of -15  V/KT), and (d) InSb

(N =-7.6 VIKT). . . e e 83

To date, high thermoelectric performance is achieved in SnTe by combining resonant

doping (indium) with carrier concentration engineering (iodine), or inducing band
convergence via alloying with MnTe. In this study, we consider the former. Reproduced
(adapted) with permission from Ref. 10. Copyright 2015 American Chemical Society. . . . 93
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CHAPTER 1
INTRODUCTION

1.1 The \electric" in thermoelectric

The thermoelectric e ect describes the generation of a voltage in response to an applied temperature
gradient, or vice versa. This e ect was discovered centuries ago, and over the past several decades a
substantial amount of research has been devoted to improving the e ciency of thermoelectric materials to
convert waste heat to electric power in practical applications [1, 17, 21{23]. While all materials aside from
superconductors exhibit the thermoelectric e ect to varying extent, high conversion e ciency is
demonstrated in materials with the following typically con icting properties: ( i) high electrical
conductivity to generate electricity, and (ii ) low thermal conductivity to maintain the temperature
di erence across the material.

The thermoelectric conversion e ciency is characterized by the dimensionless gure of merit,zT:

ST

zT (1.1)

where is the electrical conductivity, S is the Seebeck coe cient, and is the total thermal conductivity
of a given material, all measured at a given temperaturel . The thermal conductivity is comprised of
lattice thermal conductivity | and electronic thermal conductivity  which sum to the total ; (when
written without a subscript,  generally refers to the total thermal conductivity). All of these metrics (
S, ) are frequently highly temperature dependent. Additionally, each of these transport coe cients have
di erent dependencies on the carrier concentration of a material (Figure 1.1).

To date, research e orts to improve zT have been focused in two main areas: 1) strategies to reduce the
thermal conductivity , and 2) strategies to improve the electronic portion ofzT, i.e S 2, which is called
the power factor. Strategies to address the former (minimizing ) revolve around scattering heat-carrying
phonons in the lattice by introducing point defects, heavy atoms, disorder in the unit cell, and synthesis
techniques to encourage intricate grain structure [24{27]. Strategies to maximize the power factor are
complicated and often involve tuning the carrier concentration. As seen in Figure 1.1, tuning the carrier
concentration to maximize the electrical conductivity typically damages the Seebeck coe cientS [1]. As
such, e orts to understand and improve electronic properties of thermoelectric materials are complicated
and are the subject of this thesis.

The Seebeck coe cient S describes the strength of the electric eldE generated under open circuit

conditions in a material in response to an applied temperature gradient:



Figure 1.1 The quintessential thermoelectric transport property gure (Ref. 1). While low carrier
concentration of a single type leads to high Seebeck coe cient (referred to as in this Figure and S in the
text), low electrical conductivity is the byproduct. The optimal carrier concentration is a compromise.
Reprinted from Ref. 1 with permission from Springer Nature BV.

E=SrT (1.2)

S is often strongly temperature dependent, highest for materials with one dominant type of carrier, and
often referred to in the literature as the \thermopower" [1]. As evident from Eqg. 1.2, S is the ratio of the
voltage response to an applied temperature gradient, typically reported in units of V/K. To measure S, a
thermal gradient is applied across a material and the induced voltage response is measured along the same
direction as the applied temperature gradient. Charge carriers at the hot end of the material have more
kinetic energy than charge carriers at the cold end, and these hot carriers (electrons or holes, or both)
di use to the cold end. Some carriers from the cold end will also di use to the hot end. A resulting
equilibrium potential will build (under open circuit conditions), and this potential is the Seebeck voltage.
The sign of S indicates whether electrons (negative) or holes (positive) dominate electronic transport.
Good thermoelectric materials possesS on the order of hundreds of V/K at room temperature and
above [17, 23, 28]. Metals possess very low Seebeck coe cients due to the high carrier concentration
therein that does not respond strongly to temperature gradients. Also, the high electrical conductivity of
metals e ectively self-shorts any voltage that begins to emerge due to the thermoelectric e ect (the high
thermal conductivity makes holding a temperature gradient di cult, as well). Electrical insulators often

possess a strikingS [1], but their electrical conductivity is concomitantly abysmal. Therefore,



semiconductors generally make better thermoelectric materials than metals or insulators.
The second variable in the power factor is electrical conductivity . The electrical conductivity is

de ned as [29]:
= ne (1.3)

where n is the carrier concentration, e is the modulus of the fundamental electron charge, and is carrier
mobility or electron drift velocity per unit electric eld [29]. Increasing the electrical conductivity can
thereby be achieved by increasing the carrier concentratiom and/or the mobility . In practice, tuning
either of these coe cients may be guided by chemical intuition [30], but the nature of their
interrelationship as well as the e ciency of a particular chosen dopant is di cult to predict. For example,
Hall mobility decreases with carrier concentration asn =3 at high concentrations [31], but \high" may

di er across various materials. As such, campaigns to tune eithem or bene t from high throughput
computation combined with experiment.

The electronic drift mobility is de ned as:
= — (1.4)

where is the electron relaxation time and m is the electron e ective mass. The electron relaxation time
is limited by scattering o of defects, grain boundaries, and phonons, and the e ective massn is a

property of the material related to the curvature of its band structure. Engineering either or m requires
explicit knowledge of the scattering mechanisms and band structure of the material and can be di cult to
predict how an extrinsic dopant will impact either without expensive calculations or trial and error in the
lab. Nonetheless, e orts to enhance the mobility of thermoelectric materials have been pursued for decades
and frequently been met with success [32{35].

The electronic mobility is typically determined via measurement of the electrical conductivity and the

Hall coe cient [5, 31]. The Hall mobility ? is:

= Ry (1.5)
The Hall carrier concentration is:
1
n= 1.6
Rie (1.6)
Where the Hall coe cient Ry is de ned as:
Vi tz
Ry = —2 1.7
HE B, (1.7)
1The Hall mobility di ers from the drift mobility by a factor of ry , which typically adopts a value close to unity and therefore

the two are frequently used interchangeably in the literature. For most materials with conduction dominated by a single band,
the drift mobility di ers from the Hall mobility by only 10-20% [31].



Here, V4 is the measured Hall voltage in they-direction, t is the measured sample thickness in the
direction, | is the applied current in the x direction, and B is the applied magnetic eld that is kept low
(B < 1; : Hall mobility [m 2/Vs], B: applied magnetic eld [1/T]; unitless product) to avoid charge
carriers undergoing cyclotron curling.

Measuring the Hall e ect is particularly useful when performed at various temperatures. In this way,
the temperature dependence of the Hall carrier concentration can be gleaned. As the temperature is
increased, increasing Hall carrier concentration suggests thermal activation of carriers. In general, high
performing thermoelectric materials are dominated by one carrier type, either holes or electrons. Like the
Seebeck e ect, the sign of the Hall voltage in a measured semiconductor indicates whether electrical
conduction is dominated by electrons (negative) or holes (positive). As we increase the temperature, we
expect the sign ofn to stay constant and the concentration may exhibit an increasing, decreasing,
constant, or varying relationship with temperature. If n increases non-monotonically with temperature, it
could be a sign of a phase transition as in the case with GeTe. Here, is referring to the carrier
concentration and could bep-type or n-type, depending on the sign of the Hall voltage (Eq. 1.7).

Finally, sometimes the sign ofn is observed to change signs from negative to positive or vice versa,
suggesting that there is competition between holes and electrons. In general, these bipolar materials are
not suitable for thermoelectric application since then and p type legs of a device should be dominated by
that single carrier type for optimal performance. Analysis of this data is complicated by the fact that Hall

is weighted by the mobility of electrons and holes.
1.2 Defects and doping

The primary way to optimize (either reduce or increase) the carrier concentration is to introduce
defects into the material (other methods include alloying and band engineering as described in Section 1.1).
Figure 1.1 shows various thermoelectric properties as a function of carrier concentration, and in practice,
the most common strategy to vary the concentration of a material is via doping. Doping is the deliberate
introduction of defects into a crystal lattice. What is a defect? Depending on who you ask, it's a thing to
avoid, or something sought-after. In the eld of thermoelectrics, defects are generally deliberate atomic
substitutions, vacancies, or interstitial atoms in a crystal lattice generated via introduction of extrinsic
dopants or the altering of processing conditions. For example, annealing PbTe with Na present will lead to
Napp defects where the sodium substitutes for a lead atom, generating one hole if the defect ionizes. Since
the atomic site \expecting" a lead atom with two valence electrons is substituted by a sodium atom
providing only one electron, an electron from the sea of electrons lIs in the site, generating a hole that can

act as a free carrier. The defect is denoted as I\@ since it is negatively charged. If instead of a sodium



atom substituting for the lead atom, there was a vacancy at the lead site, the defect would be denoted as
V&, where V is italicized to avoid confusion with the element vanadium. The lack of atom at the site
would lead two electrons to Il the site, generating a negatively charged defect. To maintain
electroneutrality within the crystal, the charged defect is compensated by the generation of two holes
(positively charged) which are free to conduct.

The previous examples (N@bl & Vpbz) are called acceptor defects and are labeled in general # 9 and
their concentration (per cubic cm, for example) as A 9]. Here, q refers to the charge of the defect, which is
calculated using rst principles defect calculations. [36, 37] Donor defects are the opposite of acceptor
defects, in that the atomic site is presented with more electrons than \expected". These defects are
denoted asD* 9, where the positive suggests that the extra electrons have been donated to participate as
free charge carriers and the defect site is rendered positively charged. Introduction of defects into a crystal
lattice leads to changes in carrier concentration by the qualitative description above. Quantitatively, to

maintain charge neutrality within the crystal, the following equation is obeyed at equilibrium [37]:

qA 9+n = 4§ qD "+ p* (1.8)
Aq Diq

The left side of the equation corresponds to negatively charged acceptor defects and electrons, and the
right side of the equation corresponds to positively charged donors and free holes. In optimized
thermoelectric materials, n >>p * (n-type materials) or p* >>n  (p-type materials) by several orders of
magnitude. In a perfect crystal with no defects, the donor and acceptor concentrations would be zero, and
n = p*. This is the familiar case of an intrinsic semiconductor wheren; = n = p*. In practice, this
condition is almost never realized due to natural defects in the crystal such as vacancies, or processing
contamination leading to unintentional doping. A nal important note is that Eq. 1.8 implicitly de nes the
Fermi energy, since the defect concentrationsA 9] and [D* 9] depend onEr as shown in Figure 1.2 [37, 38].

Knowing whether a defect will readily form is useful but di cult to ascertain as an experimentalist.
Chemical intuition [30] can guide the researcher as to which elements might prove to be useful acceptor or
donors, but ultimately relying on chemical intuition is a laborious, Edisonian approach. The modern era of
materials science welcomes computation, where we can calculate the enthalpy of formation of various
defects in a crystal lattice [36, 37, 39], as well as the most stable ionized form of the defect (i.e., how many
electrons it will give up or accept). This is incredibly useful to both the experimentalist, who seeks to know
what chemistry will yield the desired properties, as well as the theorist.

The formation energy of a donor or acceptor defecX in charge stateqis de ned as [37, 40]:

X
Efor [X q] = Etot [X q] Etot [bUIk] nj ; + qEF + Ecorr (1-9)



Where E [X 9] is the total energy calculated of the supercell containing defecX 9, and E [bulk] is
the energy of the equivalent supercell but without the defect. The integern; refers to the number of atoms
removed (n; negative) or added (; positive) to the supercell to form the defect [37]. The chemical
potentials of the elements ; represent the energy of the chemical reservoirs with which elements are being
exchanged, and will be discussed in greater detail in the next section. The last two terms of the equation
(9Er, Ecorr ) correspond to the electronic analog of chemical potential for charge, wher&g is the Fermi
level, and the correction term Eor accounts for nite k-point sampling and other errors introduced from
the supercell calculations. Solving Eqg. 1.9 is performed via modern computational techniques, and the
defect formation energies as a function of Fermi energy can be calculated and plotted to compare various

defects in a given material (Figure 1.2).

Figure 1.2 (Left) This defect diagram schematic shows a donor (positive slope) and acceptor (negative
slope) defect for a ctitious compound. The x-axis distance between the band edge and where the defect
intersects the x-axis is de ned as g. . (Right) Greater dopability is correlated with larger g, . Reprinted
(adapted) with permission from Ref. 2. Copyright 2020 American Chemical Society.

The formation energy of a given donor or acceptor defect is a function of Fermi energi g, as shown in
Figure 1.2. In the gure, we see that the formation energy is a simple linear function ofEr, which is not
always the case but is shown as such for simplicity. WherEg is near the edge of the valence band (left side
of diagram, \VB"), donor defects are lower in energy than acceptor defects and as such it is the donor
defects that pose a challenge to furthemp-type doping. Conversely, whenEg is near the conduction band
edge (CB), it is the acceptor defect that poses a challenge ta-type doping. When E¢ is in the middle of
the band gap, it is possible to dopen or p-type [38]. In practice there are more than one type of donor and
acceptor defects present, and it is worth noting that these defects can be eithemative or extrinsic . Native
defects are those generated by the host material without any additional impurities added (i.e.Vpp 2 in
PbTe), and extrinsic defects are those generated by foreign atoms introduced into the lattice (i.e., Na 1).

We have considered how the defect formation energy is a function of Fermi energy, but we have not

considered the role of ; (chemical potential, not electronic mobility) in Eq. 1.9. The chemical potential of



each elemental species,;, depends on how rich the compound of interest is in element. That is, synthetic
conditions that render the material rich in element i (i.e., annealing in Mg vapor, for example) increase the
chemical potential and impact the formation energy of a given defect. Deliberately controlling the

synthetic conditions to encourage certain desired defects or discourage speci ¢ defects is a technique called

phase boundary mapping [3, 19, 41{43].
1.3 Phase boundary mapping

In the previous section we considered how low energy defects can lead to changes in carrier
concentration. The formation energy of a defect depends in part on the chemical potential or the \reservoir
energy" of the element from which the defect is formed. This concept of chemical potential was introduced
in Eq. 1.9 and will be discussed in detail here. For our purposes, the chemical potential values we are
interested in are those used in electronic structure calculations which can be referenced to elemental phases
at T = 0 K (as opposed to experimental STP values). To avoid confusion, chemical potential values should

be denoted as:
Pb = Pb pp (Pb metal) (1.120)

Where Pb is used as an example chemical species of interest. The p, shows the change in chemical
potential compared to the elemental reference value of the pure material. Pressure and temperature
dependence of chemical potential is not written explicitly in Eq. 1.10, as shows little dependence for
solids but is of greater importance for liquids and gases. Inspection of Eq. 1.10 reveals that x (where X
refers to a generic element) will only adopt values 0, since 0 would refer to existence of the pure element,
and the formation of a secondaryx-containing compound will limit the chemical potential value of X.
Importantly, the bounds of chemical potential are set by the appearance of a secondary phase. Controlling
the chemical potential in a material is crucial to manipulating the formation energy of various defects, as
the defect formation energy strongly depends on ; [37, 40, 41], Eq. 1.9. Unfortunately, experimentalists
lack direct access to knowledge of the chemical potential of each element in their samples. Fortunately, a
technique called \phase boundary mapping" o ers a way to explore the bounds of chemical potential
without direct knowledge of its value.

Phase boundary mapping o ers a technique that permits the experimentalist to \pin" the chemical
potentials of each of the elements to speci c values, leveraging the removal of all degrees of freedom by
having n phases in equilibrium for a compound withn elements (in a solid). This forces the chemical
potentials to adopt unique, rather than a range of values, thereby allowing the experimentalist and the

computationalist to agree on a set of chemical potential values for a given compound.



The phase boundary mapping technique resulted in the discovery of n-type MgSh, by Ohno, et al. in
2018 [41], formerly thought to be impossible to achieve. Phase boundary mapping was also used to achieve
zT > 1 in adierent zintl phase by the same team [42]. Clearly, this technique is useful to achieve high

performance in thermoelectric materials.

Figure 1.3 Phase boundary mapping a hypothetical sample AB,C, requires pinning it to one of the
\c-invariant" or composition invariant corners of the gray triangle. This corresponds to a sample
containing mostly the ternary phase with trace amounts of two unary phases. Such a sample is described
by speci c chemical potential values. Reprinted from Ref. 3 under a Creative Commons Attribution 4.0
International license.

A single phase material is designated as a point on a ternary phase diagram. For example, in Figure 1.3
A, B, C, and A,ByC, are all theoretical single phase unary and ternary compounds. However, each
\point" is more accurately represented as an area, as shown in Figure 1.3b. The gray triangle shown in the
center labeledA,ByC, represents a small but not singular range of compositions over which the ternary
compound is single phase. This is important because if the composition is changing, let's say th#,B,C,
and Ay+0:01By 0:0sC; 0.05 are both homogeneous single phase ternary compounds and indistinguishable
via experimental techniques like scanning electron microscopy (SEM), they are actually at di erent
chemical potential values. There is therefore a range of chemical potential values over which a given
compound is stable.

The chemical potential ; of a given elementi, continuing with the example in Figure 1.3 is maximized
when the compound of interest contains small precipitates of a phase rich in. Alternatively, ; is
minimized when A,ByC, is poorest ini. Considering the ternary in Figure 1.3b, ¢ is minimized at the
point where the gray triangle intersects with the bottom pink triangle, representing phase equilibrium
betweenA,B,C,, A, and B. Under the microscope, this would look like compoundA,B,C, with trace
amounts of elementsA and B. At this point, the chemical potential of element C is minimized and antisite
(substitution) defects on the C site will be lower in energy and antisite defects G or Cg will rise in energy.
This is exactly what led to the discovery of n-type Mg3;Shy: by making MgsSh, with slight precipitates of

elemental Mg (i.e., Mg-rich), the formation energy of Viyg 2 was raised to a positive value at the



conduction band edge (positive . at CB in Figure 1.2), allowing n-type doping. This is explained by the
increased yg (Mg-poor) - mg (Mg-rich) = 0.82 eV in the Sb-rich vs Mg-rich state [41]. This chemical
potential change is responsible for the hike inVMg2 formation energy from negative (Mg-poor) at the
conduction band edge to around 0.75 eV (Mg-rich conditions) at the conduction band edge [41]. Even line
compounds have a non-negligible phase width, and as such this technique of phase boundary mapping can

lead to discoveries of electronic performance formerly thought impossible.
1.4 Thermoelectric transport theory: Single parabolic band (SPB) model

We turn our attention away now from thermodynamics (i.e., chemical potential and its role in
facilitating or suppressing atomic defects) to transport theory. How charge and heat move through a solid
is of practical interest to most engineers and scientists, and its careful modeling is especially pertinent to
the study of thermoelectrics. Solid materials that conduct electricity have mobile electrons that can
transport charge. Such materials possess a property called electronic conductivity, which we saw early on
in this Introduction in Eq. 1.1 & 1.3. Electronic conductivity describes how large of a current is induced
when an electric eld is applied to a conductive body, or equivalently, one can apply a charge current

across a conductive body and measure the induced voltage. Ohm's law describes this relation:
Je= E (1.11)

Where J. is the electronic current, is the electronic conductivity, and E is the electric eld. An
applied electric eld is not the only way to generate a charge current { a temperature gradient can also

give rise to a ow of charge current:
Je= E rT (1.12)

This coupled current equation is at the base of the thermoelectric e ect, and we saw in Eq. 1.2 that the
Seebeck coe cienf describes the strength of the electric response to an applied thermal gradient.

To model the electronic and thermoelectronic properties in a conductive material, we consider that
these processes are occurring in a periodic solid with a band structure. For a large number of states spaced
closely together, as in the case of a crystalline solid ( 10?2 atoms per cubic cm), the allowable wave
functions overlap and form bands in which the electrons can reside. These bands form the \band structure"
of a given material and while incredibly complicated in real materials, can be modeled with fairly simple
math. We are most interested in the maxima/minima of the electronic energy bands, for these electronic

states can be accessed with modest thermal excitation and they form the \band gap" of a semiconductor.

2also called \thermopower" in the literature



Figure 1.4 The parabolic dispersion relation is shown in green and is commonly used to model
thermoelectric transport properties. In this section, we only consider a single parabolic band, but in (b) we
see how multiple parabolic bands lead to a density of states (DOS) with contributions from each band. The
DOS appears to scale as E, re ective of parabolic bands. Kane bands will be considered in the next
Section. Reprinted from Ref. 4 under a Creative Commons Attribution 4.0 International license.
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At the conduction band edge, the energy dispersion can be modeled as a parabola (Figure 1.4) and

leads to the dispersion equation:

h2k?2
E E0= ’m

(1.13)

where E refers to the conduction band edgeh is reduced Planck's constant,k is the wave vector. The
parameter m is the electron e ective mass which is related to the curvature of the band. Forp-type
materials, the dispersion relation near the valence band maximum is:

h2k?2

E:EO ’m

(1.14)

Eo can be de ned as the top of the valence band edge and here electrons have negative mass. However, for
p-type materials we tend to consider holes (the absence of an electron) as the quasiparticles that transport
charge. Since an electron gaining energy is equivalent to a hole gaining energy, we can write Eq. 1.14 as
[44]:

21,2
£ o hk

= o (1.15)

where holes have positive e ective massn , and the top of the valence bandE, is taken as zero.

Despite the complicated nature of real band diagrams, a single parabolic band (SPB) model is
ubiquitous across the thermoelectric literature for analyzing transport data. Despite its simplicity, it o ers
a useful platform for researchers (including this one) to study the electronic properties of materials and
predict strategies to enhance their performance. Electronic transport through a periodic solid has been
described via the Boltzmann and Landauer formulations [12, 45]. The Boltzmann model was developed in
the late 19th century, and Landauer was developed nearly a century later. The interested reader is directed
to an excellent text by Kamran Behnia [45] which succinctly breaks down both models and shows how they
are ultimately equivalent, much to the relief of the thermoelectric community.

In both formulations, the transport distribution function (TDF) is an energy dependent function that
captures the ability of the material to transport charge. The TDF in the case of periodic crystalline

materials is de ned:
( E)= g(E)V(E)? (E) (1.16)

Each term encapsulated inside of the TDF (denoted as5(E) in Figure 1.5): the density of states g(E), the
group velocity v(E), and electron relaxation time (E), all have dependencies on the band structure. In
Figure 1.5a, we see each term plotted as a function of energy with the Fermi level or chemical potential
denoted by the dashed line . The square root relation of velocity and density of states with respect to

energy comes from the energy dispersion in the SPB model (Eq. 1.13), and the electron relaxation time's
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energy dependence depends on the dominant scattering mechanism that is assumed. In Figure 1.50beys

an E 172 power law, which assumes electrons are scattered by acoustic phonons.

Figure 1.5 (a) Here we see the TDF broken into its constituent functions: energy dependent group velocity,
relaxation time, and density of states. The shape of each of these re ects a single parabolic band model
with acoustic phonon scattering, a common set of assumptions in the thermoelectric literature. (b) The
TDF is multiplied by selection functions which determine which carriers contribute to each of the e ects.
Reprinted from Ref. 5 with the permission of AIP Publishing.

The TDF is an inescapable presence inside of every thermoelectric transport property measurement.
This is depicted visually in Figure 1.5b where the TDF (G(E) in this gure, referred to as (E) in this
thesis):? is multiplied by various selection functions to yield: electric conductivity ( rst panel, blue),
Seebeck coe cient (middle panel, green), and electronic portion of thermal conductivity . (right panel,
red). The Hall coe cient, Nernst coe cient, and Hall mobility are not shown in this gure, but they also
contain the TDF and are discussed in Chapter 4).

Solutions to the Boltzmann transport equation provide the following expressions for electric and

thermoelectric conductivities* [5, 45, 47]:

= ¢ dE ——= (E) (1.17)

3 (E) is the original formulation by Mahan and Sofo in 1996 [46]

4a note on : confusingly, is used to refer to the thermoelectric conductivity and the Seebeck coe cient in the literature. In
this section, it is used to refer to the former as in Eq.1.12 and has units of amps/Kelvin whereas Seebeck is in volts/Kelvin.
The two are related through Eq.1.20
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@b
=e dE —— E 1.18
X @ ( E) (1.18)
Eq 1.18 can be written in terms of & as
z 1
e @b
= — dE —— (E E E 1.19
= @ (E EA(E) (1.19)
The Seebeck coe cient, S is de ned as:
S= — (1.20)

which is the ratio of the thermoelectric and electric conductivities (Eq. 1.17 & 4.16).

The equations 1.17 & 1.18 above are general equations that could be applied more complicated models
than the SPB by modifying ( E) (Eqg. 1.16). The solutions to the Boltzmann transport equation within an
SPB framework yield the following commonly used formulas for Seebeck coe cient and carrier
concentration [12, 48]:

ke (r+2)Fra()

S= — ————= 1.21
e (r+1)F () ( )

|

3=2"
n=4 (r+1) zmh# Frig oo (1.22)

F. refers to the Fermi integral:
Z 1 r

F= 4 (1.23)

o 1+ Exp( )

Here is the reduced Fermi level Er/kg T) and r is the scattering parameter which varies from zero
(acoustic phonon scattering) to two (ionized impurity scattering) [12, 47], but is often set to zero without
thorough justi cation [8, 49]. The act of assuming r = 0 eliminates one of the free variables in Eq. 1.21 &
Eq. 1.22, allowing one to either forward solve these two equations if and m are known, or more
commonly for experimentalists, backsolving for and m when S and n are known. MeasuredS and n
values at a given temperature can be plotted for comparison with the SPB model by solving 1.21 & Eq.
1.22 for various values ofm and a range of . In practice, integrating Eq. 1.23 from 0 to 100 is su cient
and can be performed on a personal computer using Python or other computing environments. Having
multiple samples over a range of carrier concentrations (which represent di erent values of) is useful for
having high con dence in one's determination ofm . This ubiquity of this technique across the
thermoelectric literature has earned the plot its own title { a \Pisarenko" plot, named after the Soviet
physicist who popularized this practice in the mid 20th century. An example Pisarenko plot is shown in

Figure 3.4a, although a model more complicated than the SPB is employed therein for SnTe.
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1.5 Complicating matters: beyond the SPB

Figure 1.6 The single parabolic band model is not suitable for SnTe, which possesses a Kane band at the
point and a heavier band (which can be modeled as parabolic with highm ) that onsets 0.35 eV deeper
beyond the onset of the L band. The two valence band model (solid curve in a) well represents the
experimental data. Reproduced from Ref. 6 with permission from the PCCP Owner Societies.

Cases where the SPB is not a valid model will be considered in this Section. It must be stated that the
SPB is not valid in cases where the electronic band structure is poorly described by a single parabolic
band, such as in bipolar materials (conduction and valence band both contributing to the population of
free charge carriers can hardly be described as a \single band") or single carrier-type materials but with
multiple bands contributing to conduction (like SnTe or PbTe, Figure 1.6). Figure 1.7 shows how poorly
experimental data (white boxes) are t by the SPB model at various m ; the data are best t by a
multi-band model (black trace). Additionally, the SPB is not valid for materials with a linear, not
parabolic dispersion (e.g., Kane band systems, Figure 1.4). For these systems, a model other than the SPB
should be utilized, although sometimes it is used for ease of analysis and comparison across classic systems.
Finally, if the electronic states are poorly described by a band due to heavy alloying or resonant doping,
which result in a smearing of electronic states, SPB is non-ideal. Unexpected deviations from the SPB
model could be a sign that something interesting is happening to the band structure of the material. As
such, the SPB model is incredibly useful and well represented in the thermoelectric literature but its

applicability to the speci ¢ material system should be considered.
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Figure 1.7 (a) The calculated band structure of La; «Tes is shown as an example of where theingle
parabolic band model is not an accurate model. The black line in (b) which representing the model that
best ts the data corresponds to a semi-empirical multiband model where the e ective mass of the rst
band is 0.844n.. Any of the single parabolic band models (di erent e ective masses shown; gray traces)
are inaccurate and when they re ect the experimental data do so only over a very short range of.
Reprinted from Ref. 7 under a Creative Commons CC BY-NC 3.0 license.
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The focus herein will be on Kane systems and the energy dependence of scattering. At the end of the

introduction, we will provide the full thermoelectric transport tensor.
1.5.1 Kane electronic dispersion

We observed earlier that a parabolic dispersion leads to & / E relationship, Eq. 1.13. When the
dispersion is not parabolic, butk is linear with E (Figure 1.4), a Kane model is more appropriate. A Kane
band model is commonly used in the literature for modeling the light band  point in Brillouin zone) of
PbTe and SnTe (Figure 1.6). A second valence band must be modeled as well fordeep enough to pick up
the heavier band, corresponding to carrier concentration over 2  10°° h* cm 2 in Figure 1.6.

The Kane dispersion is:

h2k?2
2m

E(L+ E )= (1.24)

This expression resembles Eqg. 1.13 but includes a non-parabolicity term = kg T/ Eg4. When s set
to zero®, the dispersion is identical to the parabolic expression. To develop expressions for Seebeck, Hall,
resistivity, and Nernst, additional parameters re ecting Fermi surface degeneracy and anisotropy are
required, complicating the math far beyond that of the previous section. The reader is directed to Ref. [7]
for a de nition of the generalized Fermi integral for non-parabolic Kane bands, and the supplement of [15]
for expressions for Seebeck and carrier concentration in a two valence band model for SnTe. Kane
expressions for the Nernst coe cient are found in multiple works by the Heremans group at Ohio State
University [17, 50{52]; we recommend the 2007 work on PbSe alloys for its clearly laid out de nitions of all
four electronic transport coe cients ( , Ry, S, N) in a Kane system with non-isotropic Fermi surface [51].
Using a Kane model is important, or else all of the terms in the TDF will be non-re ective of the actual

transport.
1.5.2 Energy dependence of scattering

Across the corpus of thermoelectric literature, the assumption of acoustic phonon scattering is so
entrenched that two years ago an article was published by G.J Snyder's group titled, \Thermoelectric
transport e ects beyond single parabolic band andacoustic phonon scattering [emphasis added].
Assumptions abound in all modeling, and earlier we highlighted the common assumption in thermoelectric
modeling of carrier scattering dominated by acoustic phononsr = 0). An additional assumption is that
the electron relaxation time is constant in a material, and the constant relaxation time assumption (CRTA)

is given as a power law:

= E" 12 (1.25)

SYet again  is used; we adopt it to follow the literature standard
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Assuming the CRTA is appropriate and that r = 0 for a given material system makes for an easy
calculation of (within SPB model). Introduction of a third Boltzmann equation, electric conductivity,

allows one to solve for o from which one can easily calculate using Eq. 1.25.

_ €(2kg T)32
T 3218

The scattering parameterr re ects the dominant scattering mechanism in a material. For acoustic

m =2 o(r +1)F () (1.26)

phonon scattering,r = 0 and it follows that  is a negative function of energy which means that lower
energy carriers have longer relaxation times, as in acoustic phonon scattering (ADP, from acoustic
deformation potential). This was depicted pictorially in Figure 1.5a. Alternatively, can be a positive
function of energy (r > 0) which suggests that higher energy carriers have longer relaxation time, for
example: ionized impurity scattering (IMP), grain boundary scattering, or scattering by polar optical
phonons. Scattering by these sources is extremely common in thermoelectric materials [20, 53, 54].

If assumingr = 0 is commonplace across the thermoelectric literature but does not accurately describe
a swath of materials, how do we get away from this assumption? For one, computational techniques to
calculate the dominant scattering mechanism from rst principles, taking into account the material's full
dielectric tensor, electronic structure, elastic constants, and -point phonon frequencies [49] have improved
over the past ve years. Barring access to computation, the experimentalist has an option - solving for
using a fourth measurable transport coe cient.

The Nernst coe cient, N, can be measured and used along with measurements 8f n, and to
simultaneously solve for , m , r, and . This technique is called the method of four coe cients and has

been employed for decades [12, 55{58]. The Boltzmann solution for thBl coe cient (in an SPB model) is:

(r+1)F()@r +3=2)Fzr41=2( )

[(r+1)Fc ()2
(2r +1=2)F5 1=2( )(r +2)Frsa ()

[(r+1)F ()]

Despite their maturity, reported Nernst measurements are scant across the literature. Perhaps this is

N = kg 2
Bm

(1.27)

because measurindN requires a special apparatus that can apply a temperature gradient and a magnetic
eld (Hall e ect instruments do not require a temperature gradient, just an applied voltage and way to
measure the generated Hall voltage). Further, the Nernst voltage is typically several orders of magnitude
smaller than the Seebeck voltage [56, 59]. The Nernst coe cient is positive when r > 0 and negative when
r 0 (i.e., acoustic phonon scattering) in an SPB regime [12]. Therefore, it is a poignant clue as to the

dominant scattering mechanism in a material.

8For example, in SnTe we measure a Seebeck coe cient at room temperature of 10 - 20 V/IK, and a Nernst signal of 0.2 to
3.5 VI/K at the same temperature (range because values depend on Te content)
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Figure 1.8 Analyzing the temperature dependence of Hall mobility is a commonly performed analysis
technique to determine the dominant scattering regime in a material. While useful as a heuristic, this
technique can be misleading when non-idealized scattering or complex non-parabolic band structure is

present (Ref. 8).
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While taking Nernst measurements in conjunction with standard thermoelectric measurements §, n, )
is the preferable route to determiner, the scattering parameterr is commonly assumed or assigned based
o the temperature dependence of the mobility data [8]. Various temperature dependencies are shown in
Figure 1.8 that are o ered by the thermoelectric literature as heuristics to guide the experimentalist
towards deciphering the dominant scattering mechanism. For example, mobility decaying with temperature
following a power law of T 1 is claimed as evidence for dominance of scattering by acoustic phonons.
However, directly solving for r using the method of four coe cients in conjunction with performing
scattering calculations [49] is preferable. Assuming, rather than solving for is a problem, because it can
lead to mistakenly attributing changes in the electronic dispersion (upon doping, for example) to changes
in e ective mass when the the actual change is with the scattering parameter [12]. Perhaps it is the
scarcity of o -the-shelf Nernst measurement instruments (compared with Hall, resistivity, and Seebeck)
that limits the extent that the method of four coe cients is performed. However, any lab equipped with a
PPMS in theory could build a setup. To that end, we design and build our own Nernst e ect instrument

using o the shelf components to easily perform room temperature measurements (Chapter 4).
1.5.3 Full thermoelectric tensor

The coupled current equation was introduced in Eq. 1.12 in its most generic and simple form. Here is

the complete thermoelectric property tensor, whereJ; still refers to current, j to conductivity, etc:
0 1
X
0.1 O 1 Ey
JX XX Xy Xz XX Xy Xz E
@A=@, v oy oy A r iT (1.28)
‘]Z ZX zy zz ZX zy zz r yT
r T

The subscripts x; y; z do not refer to crystallographic directions but rather designate the orientation of
applied and measured elds (where j; -;, refers to the current measured along the same direction as an

applied electric eld). When a magnetic eld is directed along the z direction, the tensor simpli es to:

0 1
0.1 0 1 -
E
JIx XX Xy 0 XX Xy 0 Ey
@A=@, , 0 , , O0A PooT (1.29)
J; 0 0 27 0 0 2z )
T
r ,T

These variables contain all of the information about a material's response to an electric eldE and a
temperature gradientr T, the two driving forces in \thermo-electric" materials. The on-diagonal terms we
can measure without a magnetic eld: electric resistivity, Seebeck coe cient; while the o -diagonal terms:

Hall, Nernst, required application of a magnetic eld [45].
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CHAPTER 2
CONTROLLING THERMOELECTRIC TRANSPORT VIA NATIVE DEFECTS IN THE
DIAMOND-LIKE SEMICONDUCTORS CU ,;HGGETE 4 AND HG ;GETE 4

Modi ed from a paper published in the Royal Society of Chemistry Journal of Materials Chemistry A.’
Jiaxing Qu*® Claire E. Porter*® Ldia C. Gomes??, Jesse M. AdamczyR!, Michael Y. Toriyama*?,

Brenden R. Ortiz13, Eric S. Toberer'*, and Elif Ertekin 1°

2.1 Relevance to Thesis

In 2019, a new material was discovered with great thermoelectric potential owing to its inherent
ultralow thermal conductivity [19]. Hg ,GeTey, with lattice thermal conductivity below 1 W/m K at
temperatures above 50C, was thermally equipped but electronically lacking to deliver great thermoelectric
performance [19]. This paper herein focuses on the native defects that set the dopability limits in
diamond-like semiconductors CyHgGeTe, and Hg,GeTe,. The interest in these compounds stems from
their predicted high thermoelectric performance from several Materials Genome Initiative (MGI) inspired
e orts [19, 60{62]. In particular, Cu 21l gIVTe 4, compounds were predicted to possess high thermoelectric
performance in 2015 from a high-throughput (roughly 40,000 inorganic compounds) computational survey
[60].

Of the nine CuyllgIVTe,4 (Il g = Zn, Cd, Hg) (IV = Si, Ge, Sn) compounds, Cu,HgGeTe, was shown
from experiment to possess the highestT owing to its ultralow thermal conductivity and high mobility
[61]. While all of the compounds synthesized in this 2018 study were-type [61], superior n-type
performance was predicted (10x higher thamp-type [60]). Perhaps inspired by this alluring prediction, a
phase boundary mapping study was conducted one year later on GiHgGeTe;. While no n-type
performance was detected at any of thec-invariant points 6, the e ort resulted in the discovery of
Hg.GeTe, [19].

The door was open for a campaign to explore the dopability limits to CuHgGeTe; and Hg,GeTey. The

two compounds were unexplored, but with high predicted thermoelectric potential. For HpGeTey, max zT

7Reproduced with permission of Royal Society of Chemistry, from Ref [9]; permission conveyed through Copyright Clearance
Center, Inc (Appendix D). Electronic supplementary information available online.

8co-lead authorship*; Graduate student, primary computational researcher

9co-lead authorship*; Graduate student, primary experimental researcher

10postdoctoral researcher, phase stability calculations

11 Graduate student, experimental synthesis

12 Graduate student, DFT calculations

13 Graduate student, synthesis of Cu »GeTey

14p I, Supervised experimental work; Claire's graduate advisor

15p 1., Advised computational work

16 composition invariant, see Section 1.3 for more detail
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could be achieved provided the carrier concentration could be increased by two orders of magnitude. To
achieve this increase in carrier concentration, we (Toberer group at CSM and Ertekin group at University
of lllinois Urbana Champaign) investigated the role of native defects in HgGeTe,. Our rst step was
investigating the phase stability of Hg,GeTe,, and the competing phases that limit its phase width. In
doing so, we could identify the maximum chemical potential of Hg, Ge, and Te, and the energy of defect
formation for various native defects. Meanwhile, | synthesized samples of HgseTe, at these various
Hg-rich, Hg-poor, etc. points in chemical potential space. In doing so, | was able to manipulate the carrier
concentration by half an order of magnitude by varying the ratio of elemental constituents. Our work on
phase boundary mapping reveals thain-type doping of Cu,HgGeTe, is hindered by native Cuﬁ%l defects,

and the lack of Cu in Hg,GeTe, 0 ers a possibility for extrinsic doping to achieve n-type performance.
2.2 Abstract

Diamond like semiconductors (DLS) have emerged as candidates for thermoelectric energy conversion.
Towards understanding and optimizing performance, we present a comprehensive investigation of the
electronic properties of two DLS phases, quaternary CpHgGeTe, and related ordered vacancy compound
Hg,GeTey, including thermodynamic stability, defect chemistry, and transport properties. To establish the
thermodynamic link between the related but distinct phases, the stability region for both is visualized in
chemical potential space. In spite of their similar structure and bonding, we show that the two materials
exhibit reciprocal behaviors for dopability. Cu,HgGeTe, is degeneratelyp-type in all environments despite
its wide stability region, due to the presence of low-energy acceptor defectsd4 and Cupg and is resistant
to extrinsic n-type doping. Meanwhile Hg,GeTe, has a narrow stability region and intrinsic behavior due
to the relatively high formation energy of native defects, but presents an opportunity for bi-polar doping.
While these two compounds have similar structure, bonding, and chemical constituents, the reciprocal
nature of their dopability emerges from signi cant di erences in band edge positions. A Brouwer band
diagram approach is utilized to visualize the role of native defects on carrier concentrations, dopability, and
transport properties. This study elucidates the doping asymmetry between two solid-solution forming DLS
phases CyHgGeTe, and Hg,GeTe, by revealing the defect chemistry of each compound, and suggests

design strategies for defect engineering of DLS phases.
2.3 Introduction

Diamond like semiconductors (DLS) are a chemically diverse family of multinary compounds whose
crystallographic structure is based on the diamond prototype. Although several DLS phases like zinc

blende GaAs [63{65], chalcopyrite Culn,Ga; xSe (CIGS) [66{68], and related quaternary Cu,ZnSn$,
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(CZTS) [69{71] have long been of interest in photovoltaics, their tetrahedral coordination and strong
covalent bonding have traditionally been associated with high thermal conductivity, precluding their use as
e cient thermoelectric materials. Unexpectedly, many DLS { especially tellurides { have recently been
shown to exhibit both high carrier mobilities and low thermal conductivities[61], opening the door to their
use in thermoelectric (TE) energy conversion [19, 61, 72{75]. To realize their promise, however, persistent
challenges with carrier concentration control must be overcome. In this work, we present a thorough
computational and experimental investigation of two promising DLS: quaternary Cu,HgGeTe, and related
ternary ordered vacancy compound HgGeTey, to elucidate the following: (i) the role of native defects on
carrier concentrations and transport, (ii) the range of achievable dopability, and (iii) defect engineering
strategies that can be applied to other DLS systems to optimize TE performance.

Among the DLS, the I-1ll-Te , chalcopyrites CulnTe, (CIT) and CuGaTe , (CGT) were rst identi ed in
2012 as high-performance thermoelectrics due to higher carrier concentrations, high mobility, and moderate
lattice thermal conductivity [72{75]. The predicted peak zT is 1.18 at 850 K for CIT [74] and 1.4 at 950 K
for CGT [75]. Following this, a computational survey of the Inorganic Crystal Structure Database (ICSD)
[76] revealed a group of potentially promising thermoelectrics: quaternary DLS CullgIVTe4 (Il g: Zn, Cd,
Hg) (IV: Si, Ge, Sn), which exhibit relatively high hole mobilities (> 50 cn? V s ! at 573K) alongside
exceptionally low lattice thermal conductivity ( < 0:25 W m 'K ! at 573K) [61]. Among this group,
Cu,HgGeTe; shows the highest potential with predictedzT > 1:5 at 573 K under optimized doping. The
low thermal conductivity of Cu ,HgGeTe, was attributed to both the presence of heavy elements Hg and Te
as well as phonon scattering from Cug and Hgc, antisite defects [61]. While experimentally investigating
the Cu,HgGeTey phase diagram, related material HgGeTe, was discovered, which exhibits the
defect-chalcopyrite structure and forms a full solid solution with Cu,HgGeTe, [19]. With even lower
reported lattice thermal conductivity than Cu ,HgGeTe; [19] and an abundance of vacancy sites in the
defect-chalcopyrite structure that can possibly accommodate extrinsic dopants, HgGeTe, is also a
promising TE candidate.

With low thermal conductivities in place, further improvements to the e ciency of Cu ,HgGeTe, and
Hg.GeTe, require control of carrier concentration to optimize electronic properties. The chemical
complexity of both materials presents some challenges in this endeavor, including the high-dimensional
chemical phase space, abundance of possible native defects, and large number of secondary phases. The
crystal structures of Hg,GeTey and Cu,HgGeTe, are shown in Figure 2.1. CyHgGeTe, crystallizes in the
stannite structure (space groupl 42m) while Hg,GeTe, crystallizes in defect chalcopyrite structure (space
group 14). In stannite Cu,HgGeTey, each anion (Te atom) is tetrahedrally coordinated by four cations

(two Cu in the nominal valence +1, one Hg in +2, and one Ge in +4). In Hg,GeTe4, each anion
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coordinates with only three cations, resulting in a lone pair of Te electrons. HgGeTe, can be derived from
Cu,HgGeTe; by replacing one Cu atom with one Hg atom and removing another Cu atom, envisioned as
the simultaneous creation of one Cuy defect and one \¢, defect. The thermoelectric performance
descriptor [77] suggests that both CyHgGeTe; and Hg,GeTe, could have even bettern-type TE
performance than PbTe if they could be doped to optimal electron concentrations. However, it is
well-known that many DLS materials su er from doping asymmetry[78, 79], i.e. they tend to exhibit

p-type carriers and resistn-type doping. As such, understanding the defect chemistry and achievable
carrier concentration range is crucial for both materials.

In this work, we present a comprehensive analysis of the thermodynamics, defects, and electronic
properties of CibHgGeTe, and Hg,GeTe,. Both materials' stability are determined by density functional
theory (DFT) and visualized together in chemical potential space. DFT predictions for phase competition
are validated using experimental phase boundary mapping. Calculations of native carrier concentrations
and e ective mass values are supported by electronic transport measurements. The defect calculations
reveal the boundaries of achievable carrier concentrations for both compounds if suitable extrinsic dopants
can be identi ed. Cu,HgGeTe, is found to be degeneratelyp-type in all thermodynamic environments
despite its wide stability window, while Hg,GeTe, shows bothp- and n-type dopability windows in spite of
its narrower stability region and intrinsic character. An understanding of the defect chemistry in
Cu,HgGeTey, Hg,GeTey, and the interplay between the two (Cu-doped HgGeTey) gives insight into the

doping asymmetry in DLS phases and o ers possible strategies to overcome this doping challenge.

2.4 Results and discussion

2.4.1 Phase stability analysis

We begin by determining the stability regions for Cu,HgGeTe; and Hg,GeTey. Phase stability analysis
(see Section 2.6.2) provides information about the range of thermodynamic environments under which a
compound is stable. Thermodynamic environments are described by a set of chemical potentials ;(T,P).
For each elementi, i indicates its availability, with more negative values indicating that the element is
relatively poor (and less negative values indicating that it is rich) in the environment. At a given
temperature T and pressureP, a compound is stable for only a well-de ned range of chemical potentials.
Outside this range, decomposition to other secondary phases occurs. A ternary compound may be stable as
a single phase, two-phase, or three-phase equilibrium while a quaternary compound can be stable in a
single, two, three, or four-phase equilibrium. In general, when am-element compound is in equilibrium
with n phases (including itself), the corresponding set of ; are xed (invariant points). Critically,

controlling chemical potentials during growth provides an opportunity to tune defect concentrations to
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Figure 2.1 Cu,HgGeTe, crystallizes in the stannite structure, while Hg,GeTe, adopts the defect
chalcopyrite structure. Transitions from the quaternary to the ternary structure (which form a full solid
solution) may be understood as the simultaneous substitution of one Hg atom onto a Cu site and the
creation of a Cu vacancy.

Figure 2.2 Front view (a) and back view (b) of the stability region of Cu,HgGeTe, which forms a
polyhedron in the three-dimensional chemical potential space. The color index represents di erent
secondary phases. The two-dimensional projection of the stability region on the ¢, and g plane is
shown by the grey-shaded area in (c) at Te-rich condition. Points A and B correspond to Cu-rich and
Cu-poor growth conditions respectively. Stability region for Hg,GeTes (d) on the Hg and e plane,
bound by points D°, E°, F°.

obtain control over carriers (their type and quantity), dopability, and transport.
The four-dimensional chemical potential space spanned by cu{ Hg{ ce{ T coOntains the
stability region where Cu,HgGeTe, is thermodynamically stable (2 ¢, + Hg + Get4 1=
Hchot ); this region is a lled 3D polyhedron. Figure 2.2a and b show this polyhedron in 3D by
projecting along the ¢ axis. The 1. axis was chosen for projection because, as we will show,
Te-related defects are so energetically costly that displaying the remaining Cu, Ge, and Hg axes renders

more useful and interesting information. Each point inside the polyhedron corresponds to a set of chemical
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potentials for which Cu,HgGeTe, is stable. Each colored face of the polyhedron represents a two-phase
equilibrium of Cu,HgGeTe, with a secondary compound, thereby putting a restriction on the available set
of chemical potentials of the quaternary compound. Likewise, the edges of the polyhedron represent
domains of three-phase equilibrium while vertices indicate four-phase equilibrium. Vertices correspond to
invariant points, the points of xed chemical potentials. In total, we nd 12 invariant points representing
12 distinct four-phase equilibria, in good agreement with our prior experimental phase boundary mapping
of Cu,HgGeTe, [19] which identi ed 13. One experimentally detected phase Cu.4Te is missing in our
calculations, as the structure is unknown has not yet been characterized. The stability region of
Cu,HgGeTe, spans a large range of chemical potentials for Cu (0.56 eV), Hg (0.53 eV), Ge (0.66 eV), and
Te (0.43 eV). Such di erences in atomic chemical potentials ( ;) for host elements results in distinct
defect energies at di erent growth conditions, allowing tunability of the carrier concentration.

We will subsequently show that both Te- and Ge-related defects have relatively high energy for all
equilibrium chemical potentials; as such, we can further project the polyhedron of Figure 2.2a,b to the

cu- Hg Plane. In Figure 2.2c, we have invoked that CuHgGeTe, is in equilibrium with elemental Te
( 1e =0) which selects the A-B-C-D-E plane in green from the polyhedron when the projection is made.
At the Te-rich condition (plane A-B-C-D-E), the secondary binary and ternary phases that are in
equilibrium with Cu ;HgGeTe, include: CuTe (Pmmn, orthorhombic), GeTe (R3m, trigonal), HgTe ( F43m,
cubic), Cu,GeTe; (Imm2, orthorhombic) and Hg,GeTe, (14, tetragonal), which con rms previous

experimental observations [19].

Figure 2.3 Phase stability region of HpGeTe, in composition space with SEM images of samples at
di erent growth conditions. E °, D%, and F° match the same labels in 2(d).

25



The shape of the stability region of C,u,HgGeTe, is similar to that of Cu,ZnSnS, (CZTS)[80, 81] and
Cu,ZnSnSeq (CZTSe)[81] due to the similar chemical composition and secondary phases. Too much Hg
(higher  4y) leads to HgTe formation while too little Hg (lower Hg) leads to Cu,GeTes formation. At
the most Cu-rich growth conditions (points A, B in Figure 2.2c), Cu,HgGeTey is in equilibrium with CuTe,
Te, and HgTe or Cu,GeTes, respectively. At the most Cu-poor growth condition (point D), Cu ;HgGeTe, is
in equilibrium with Te, Hg ,GeTey, and GeTe. It is worth noting that previous experimental work found
that Hg ,GeTe; and Cu,HgGeTe; share a full solid solution[19], while rst-principles calculations show
phase segregation of HgGeTe, and Cu,HgGeTe, into separate distinguishable phases that are in
equilibrium with each other (point D, E, and F in Figure 2.2). From our previous modeling of disordered
con gurations for intermediate alloy compositions[18], the mixing enthalpy lies below 10 meV/atom,
indicating that there is no strong preference for phase segregation, and the formation of solid solutions is
expected at nite temperatures above 0K due to the stabilizing contribution of mixing entropy. Our
rst-principles based phase stability calculations are performed at 0 K without entropy contributions while
experimental synthesis and measurements are performed at = 623K and T > 323K, respectively.
Including temperature dependent contributions even at modest temperatures would reproduce the
experimental observation that Hg,GeTe, and Cu,HgGeTe, form a solid solution.

The stability region of pure Hg,GeTe, is also shown in Figure 2.2a and b. In the three-dimensional
space formed by ¢y, Hg, and e, the stability region of pure Hg,GeTey is located at the
maximally Cu de cient growth condition (plane cu = 1 ). On this plane, the stability region of
Hg,GeTe, is denoted by the triangular plane D°-E°-F°. Meanwhile plane D-E-F represents the equilibrium
between CuHgGeTey and Hg,GeTey; it corresponds to HgGeTe, with some amount of Cu dissolved in.
Since pure HgGeTe, does not depend on ¢, the stability region of Hg,GeTe, is bounded by plane
D-E-F on one side and must continue along the ¢, axisas ¢! 1 . As such, we can conclude that
the full stability region is the projection to the front surface (  ng,  ce) Of Figure 2.2a. The solid
volume demarcated by the dashed lines connecting planes D-E-F andBEC-F° shows the stability region
of Hg,GeTe, containing di erent amounts of dissolved Cu into the ordered vacancy lattice.

The phase boundaries of pure HgGeTe, can also be projected into two dimensions along the 1. axis
to the plane spanned by g and e, as shown in Figure 2.2d. The relatively narrow stability region
indicates that the chemical potentials for host elements Hg, Ge and Te do not vary signi cantly in di erent
parts of the stability region. In contrast to the large stability region for Cu ,HgGeTey, HgoGeTey is stable
across a narrow set of chemical potentials which will ultimately limit the ability to tune native defects

synthetically.
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We conclude our tour of the phase stability regions of both compounds with a note on the shape of the
computed phase stability region of HgGeTe, (Figure 2.2d). This 2D region is shown as a triangle (with
vertices D°, E°, and F°) but the ternary phase stability region is actually bounded by 4 vertices
(representing three-phase equilibrium) two of which are nearly coincident. From computation we found
that Hg ,GeTe, can be in equilibrium with binary phases GeTe R3m, trigonal) and HgTe (F43m, cubic) as
well as with elemental phases of Ge and Te. Point F actually consists of two di erent vertices that are very
close to each other (0.05 eV dierence in ng), corresponding to the equilibria of HgTe-Ge-Hg, GeTes and
of GeTe-Ge-HgGeTey. Close inspection of Figure 2.2d along the g axis reveals this small gap between
where GeTe and HgTe appear to intersect. From experiment we do not observe three-phase equilibrium
with elemental Ge. Instead of Ge, our experiments reveal a phase coexistence of HgGeTe-Hg,GeTey,
which is represented by point F° (at the intersection of phase lines GeTe and HgTe). This discrepancy
between DFT and experiment arises from uncertainties in DFT-computed relative energies, and would be
resolved if the the formation enthalpy of Hg,GeTe, in DFT was reduced by only 0.05 eV per unit cell.

To unite theory and experiment, samples were prepared under synthetic control of chemical potentials
via phase-boundary mapping (PBM) [41], which is an experimental technique that leverages the presence
of intentional trace impurity phases to determine the native chemical potentials within the sample. Just as
the vertices in Figures Figure 2.2a-b represent invariant points of xed chemical potentials in the
guaternary system, the vertices in Figure 2.2d represent invariant points in the ternary system (where
three compounds are in equilibrium instead of four). The PBM of CibHgGeTe, has already been
reported[19]; the PBM of Hg,GeTe, in compaosition space is shown in Figure 2.3 together with SEM images
of samples at di erent corners of the phase stability region. For example, preparation of a multi-phase
sample that includes predominantly HpGeTe, but with trace impurities of Te and HgTe (con rmed
through SEM) xes the chemical potentials at vertex E°. The area that represents three-phase equilibrium
for Hg,GeTey with Te and HgTe (or Te and GeTe, or HgTe and GeTe) in composition space corresponds to
a single point in chemical potential space. Therefore, the green, orange, and blue regions in Figure 2.3
match vertices E°, D° and F° in Figure 2.2d respectively.

This comprehensive phase stability analysis for CuHgGeTe, and Hg,GeTey; maps out their stability
region in chemical potential space and will provide guidance for synthetic control of chemical potentials.
We can achieve speci ¢ chemical potentials by controlling growth conditions to yield samples with specic
equilibrium trace impurities, pinning them to speci ¢ invariant points in chemical potential space to

achieve desirable carrier concentrations.

27



2.4.2 Defect chemistry

With an understanding of the phase stability, it is now possible to predict the achievable dopability
range in both Cu,HgGeTe; and Hg,GeTe, using defect chemistry. The dopability of each compound is
established by considering the types of native defects that are present, and their concentrations, at each
invariant point in chemical potential space. By considering the defect formation energies at each invariant
point, we can determine the equilibrium defect concentrations, the corresponding-type and p-type free
carrier concentrations, and the e ective Fermi energy (see Section 2.6.4). Importantly, the invariant points
represent extremal values of chemical potential space for which the compound is stable.g. Cu-rich to
Cu-poor). By considering defect chemistry at all invariant points, the achievable dopability at di erent
growth conditions for a compound can be established. As we will describe below, predicted carrier
concentrations can also be directly compared to experimental measurements via phase boundary mapping.

Cu,HgGeTe: The formation energies of native point defects for CuHgGeTe, as a function of the
Fermi energy (Er) are shown in Figure 2.4a,b. The native defects considered include vacancies ¢V, Vug.,
Vge, VTe), antisite defects (Geqg, Hgge, Cung, Hgcu) and self-interstitials (Cu;), all of which are
considered in varying charge states. Here, Gudefects sits on the tetrahedral site (see Supplement[9]) Note
that Figure 2.2a shows the formation energies of defects at point B, which represents the four-phase
equilibrium between Te-Cu,GeTes-CuTe-Cu,HgGeTey. The panel on the right shows the defect energies at
point F, the four-phase equilibrium between HgTe-HgGeTey-GeTe-Cu,HgGeTe,. Compared to each other,
point B represents a relatively Cu-rich environment, and point F a relatively Cu-poor environment.

Under both Cu-rich and Cu-poor conditions, we observe that cation vacancies ¥, and Vg, as well as
the antisite defect Cuyg, are the primary acceptor defects in CyHgGeTey, while antisite Hgc, is the
lowest-energy donor defect. Since both the acceptor vacancydy and acceptor antisite Cuyg have ultra-low
formation energies compared to the donor Hg, in all cases, CyHgGeTe, is found to exhibit degenerately
p-type conductivity across all the invariant points on A-B-C-D-E green plane. In both the Cu-poor and
Cu-rich cases, the e ective Fermi energyEg (Section 2.6.4) lies inside the valence bands. At the Cu-rich
growth condition (Figure 2.4a), the antisite defect Cupg has negative defect formation energy for all Fermi
energies within the band gap, ensuring thatE¢ lies well below the valence band edge. Attempts to dope
the material n-type by mitigating Cu pg Vvia choosing a more Cu-poor environment are foiled by the
subsequent drop in energy of \¢,. These two defects ensure degenerately-type carrier concentrations
across the entire A-B-C-D-E green plane (and, in fact, the whole stability region of the quaternary).

Cu-related antisite defects Cuyg and Hgc, are predominant through the whole Fermi energy range.

High-temperature X-ray di raction[61] has con rmed the existence of these two antisite defects. The
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favorability of these defects can be understood by the energetic proximity of the stannite and kesterite
phases [82{85], which di er from each other only by the arrangement of the group ¢ and llg cations. The
antisite defects Hge, and Cuyyg likely contribute to anomalously low | (< 0:25 W m K ! at 573K) in
Cu,HgGeTe; because they introduce disorder into the lattice periodicity and contribute to point defect
scattering of phonons. This is believed to be a contributing factor to CyHgGeTe,'s ultra-low | in
experiment.

Another predominantly low-energy defect is Vy, which is notoriously common in Cu-based
semiconductors and often associated witlp-type electrical transport.[66, 86{89] Attempts to suppress the
formation of V¢, through o -stoichiometric synthesis at Cu-rich growth conditions (Figure 2.4a) will
simply increase the Cuyg concentration. These low-energy native defects make-type doping of
Cu,HgGeTe, through extrinsic elements challenging, and lead us to conclude that it will be di cult, if not
impossible, to synthesize CyHgGeTe, with electrons as the majority carrier.

Like many other DLS materials, the n-type TE potential of Cu ;HgGeTe, will surpass that of p-type if
it can be doped to the optimal carrier concentration.[19, 61, 77, 78] Although then-type TE performance
of Cuy,HgGeTe, is predicted to be four times better than PbTe according to the TE material descriptor
[19], we nd that the n-type dopability is restricted by low-energy Cu-related acceptor defects that resist
extrinsic doping. From a design perspective, a Cu-free analog to GiHgGeTe, may help open up the
dopability window, which is demonstrated by our following defect calculations on HgGeTey.

Hg,GeTe,: Figure 2.4c,d show the defect formation energies as a function of the Fermi energy for six

di erent native defects (V g, Vge, V1e, Geng, Hdge, Hgi) in Hg,GeTey, at points F° and D° in Figure 2.2
corresponding to Hg-rich (c) and Hg-poor (d) growth conditions, respectively. Here, the interstitial site
refers to the “vacant' site of the ordered vacancy compound previously occupied by half of the Cu atoms in
Cu,HgGeTe, (Figure 2.1). The other Cu sites in Cui,HgGeTey are now occupied by Hg atoms, forming a
distinct Wycko position from the original Hg atoms. As such, we consider both of the inequivalent Hg
sites for Vi and Geyg defects. Due to the narrow stability window, the defect chemistry does not vary
signi cantly under di erent growth conditions. In contrast to Cu ,HgGeTey, Hg,GeTey is predicted to
exhibit a more intrinsic character, with the e ective Fermi energy ( E¢ ) residing between mid-gap and the
VBM under both Hg-rich and Hg-poor conditions. The most favorable defects in HgGeTes (V g, Geng,
and Hg;) have comparably higher energies than the most favorable defects in GlHgGeTey.

It is interesting to note that Hg ,GeTe,; has a wider predicted band gap than CyHgGeTey: 0:48 eV in
comparison to Q10 eV. By removing the Cu from Cw,HgGeTey, the electronic states contributed by Cu
d-orbitals at the top of valence bands of CyHgGeTe, (see Supplement[9]) are also removed, opening up

the band gap of HpGeTes. Also, by removing Cu constituents, the dominant Cu-containing defects (Cuyg,
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Figure 2.4 Defect formation energy for native point defects as a function of Fermi energyEg) in
Cu,HgGeTe, under (a) Cu-rich and (b) Cu-poor conditions, calculated using the HSEO06 functional and
band edge shifts from HSE06+SOC. Cu interstitials are placed in the tetrahedral interstitial site. Defect
formation energy for native point defects as a function of Fermi energy in HgGeTe, under (c) Hg-rich and
(d) Hg-poor conditions, calculated using the HSEO6 functional and band edge shifts from HSE06+SOC. Hg
interstitials are placed in the vacancy site. The e ective Fermi energy is shown by the dashed vertical line,
which is the position of Fermi energy when the system is quenched from the synthesis temperature. For
Hg,GeTey, the positive energy windows Ego, 0f 0.14 eV and E . of 0.25 eV are favorable forp- and
n-type extrinsic doping.
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Hgcu and V¢,) in Cu,HgGeTey are now no longer present, and the remaining native defects possess
relatively high formation energies, leaving behind an intrinsic character and a dopability window for
Hg.GeTe,;. The positive energy windows Ego, 0f 0.14 eV and E,¢. of 0.25 eV are favorable for
low-energy donor dopants and acceptor dopants. A donor/acceptor dopant with formation enthalpy lower
than the respective energy window will dope HgGeTe, n- or p-type, without forming compensating native
defects. As such, the doping e ciency could be high if the growth conditions were well-chosen and a
suitable extrinsic dopant was found.

Hg,GeTe, with Cu present: So far we have considered the defect chemistry of H&geTe, in an environment
that has no Cu present (plane -E°-F°, located at ¢, = 1 ). Since we are interested in
understanding the relationship between the defect chemistry of CuHgGeTe, and Hg,GeTe, it is valuable
to also consider the defect chemistry of HgGeTe, when Cu is present and can be incorporated as an
extrinsic p-type dopant. To explore this, we consider the defect chemistry of HgGeTe, on plane D'-E'-F'
(Figure 2.2), which are three growth conditions when all the Cu-containing secondary phases are
considered in the Cu-Hg-Ge-Te chemical space. Vertices D, E, and F of GiigGeTe, and D', E', and F' of
Cu-doped Hg,GeTey have identical chemical potential sets due to the intersection of the two (hyper) planes
created by their thermodynamic equilibrium equations.

To explain the relationship between CuHgGeTe, and Hg,GeTey, Figure 2.5 compares the defect
formation energy diagrams at F' and F, where the two materials have the same set of chemical potentials.
For Hg,GeTe, the diagram shows that Cu is an e ective extrinsic p-type dopant due to the low-energy
Cuyg defect, which is analogous to the corresponding antisite defect in GiHgGeTe,. We found that the
Cungz antisite defects have lower E(D,q) than Cuyg:, indicating that Cu replacement on site 2 Hg
(Figure 2.1) is more favorable. This conclusion is in agreement with a theoretical and experimental work
on Cu incorporation into the Cu,cHg, xGeTe, alloy structure which reveals that the incorporation of Cu
occurs preferentially on site 2 planes before lling the other planes [18].

In Figure 2.5, the Fermi energy domain shown for CyHgGeTe, is widened to match the band gap of
Hg.GeTe,, and the diagrams are aligned via their conduction band edges. Interestingly, a correspondence
of the defect chemistries of the two materials is found. For most native defects, the favorable charge states,
defect formation energies and charge transition levels (CTL) are preserved between Cu-doped HgeTey
and Cu,HgGeTe,. For instance, low-energy acceptor defects Gy and Vyg have almost the same defect
formation energies in the two compounds. The CTL for Geg near mid-gap is also recovered in the
extended energy window of CyHgGeTey. Despite the di erence in crystal structures, the high similarity
between the defect chemistries of Cu-doped HgseTe, and Cu,HgGeTe, reveals that the locally-preserved

tetrahedral bonding is a governing factor in determining defect formation energies.
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Figure 2.5 Comparison of defect chemistry for Cu-doped HgGeTe, and Cu,HgGeTe, at the same set of
chemical potentials. The energy domain for CuHgGeTe; has been widened to reproduce the band gap for
Hg.GeTe, ( Evem = -0.38 eV). The shift of valence band is shaded in grey for CuHgGeTe,. To facilitate
comparison, defects that correspond to each other are shown in the same color for both materials.

2.4.3 Transport properties

Despite their chemical and structural similarities, the transport properties of Cu,HgGeTe, and
Hg,GeTe, are quite di erent. In the following, we present a Brouwer band diagram inspired approach
(Figure 2.6) to plot carrier/defect concentrations, ideal dopability (de ned in Section 2.4.6), and Seebeck
coe cient along the relevant chemical potential paths. The chemical potential path travels from Cu-rich to
Cu-poor conditions, passing through three distinct regions: CyHgGeTe, (A to F), Cu-doped Hg,GeTey
(D' to F'), and Cu-free Hg »GeTey (D° to FP) (Figure 2.2).

2.4.4 Defect and carrier concentrations

In Figure 2.6a, the native free carrier concentrations are shown together with defect concentrations
along the chemical potential path, including comparison with computational results (lines) and
experimental measurements (symbols). The carrier and defect concentrations are calculated following a
‘quench’ picture, in which the total concentration of each type of defect is xed at the synthesis

temperature while the relative concentrations of all charge states of a given defect equilibrate with the
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measurement temperature (Section 2.6.4). The experimental carrier concentrations are measured using
phase-boundary mapping. In general, the predicted carrier concentrations (dashed lines) at 323K are in
good agreement with experimental Hall measurements, within one order of magnitude for HgseTe; and
even better for Cib,HgGeTey. No experimental data are provided for the middle panel in Figure 2.6 due to
the formation of a solid-solution between CyHgGeTe, and Hg, GeTe,.

The predicted hole concentrations for CyHgGeTe, (A to F) range from 1.7 10° to 2.0 10% cm 3,
spanning one order of magnitude along the chemical potential path. It is apparent that the high native
carrier concentrations arise from the two low-energy defects previously identi ed, Cyg for more Cu-rich
conditions and V¢, for more Cu-poor conditions. Therefore, attempts to suppress the formation of one
defect (e.g. Cuyg) will facilitate the formation of the other (e.g. V cy), resulting in the degeneratep-type
character of Cui,HgGeTe, for all growth conditions.

The middle panel of Figure 2.6a shows Cu-doped HgseTe,, where Cu-related defects are limited to
Cung antisite defects. The defect chemistry of Cu-doped HgGeTe, is distinct from that of Cu ;HgGeTey
due to the absence of ¥, defects, leaving Cygy as the only dominant defect. This negatively charged
defect achieves charge neutrality by creating holes, resulting in g-type character for Cu-doped HgGeTe,.
The predicted hole concentrations for this doped compound bridge the gap between degeneratghytype
Cu,HgGeTey and intrinsic Hg,GeTey, ranging from 9.9 10* to 4.8 10'° cm 3. Aside from the dominant
defect Cuyg, Geng and Hg; also manifest in high concentrations, while \{;; appears in lower concentrations.

Finally, we consider the defects and carriers of Cu-free HgseTe,, shown on the rightmost side of
Figure 2.6a. At Cu-decient ( ¢, = 1 ) conditions where HpGeTe, is stable (plane DP-E°-FO in
Figure 2.2), the native carrier concentrations are largely set by dominant defect V4, with predicted hole
concentrations ranging from 2.0 10'7 to 7.0 10" cm 3. The theoretical carrier concentrations somewhat
underestimate experiment, which may arise from an overestimated band gap. Conversely, the experimental

carrier concentration could be high due to the presence of trace impurities or unintentional dopants.
2.4.5 Seebeck coe cients, Fermi energy, and e ective masses

Seebeck coe cient ( ) calculations were performed using AMSET [90], with input carrier
concentrations (to account for ionized impurity scattering) from rst-principles defect calculations at
323 K. Experimental Seebeck coe cients were measured in-house on a custom instrument [91] (see Section
2.6.7). These are compared in Figure 2.6b. No experimental data are shown for D, E, F, D', E', or F' due
to the formation of an alloy between Cu,HgGeTe, and Hg,GeTey [19]. The computed and measured
Seebeck coe cients are in very good agreement for C4HgGeTey, which is not surprising due to its high

carrier concentration to which the Seebeck coe cient is only weakly sensitive. CyHgGeTe, exhibits
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Figure 2.6 Brouwer band diagram of transport properties plotted along the chemical potential path from
Cu,HgGeTe, to Hgo,GeTey at T = 50 . (a) Defect concentrations (solid lines) and carrier concentrations
(dashed lines) from rst-principles defect calculations and experiment Hall measurements (x symbols). (b)
Seebeck coe cient ( ) shown together with position of Fermi energy (Er) reference to VBM for that
material. (c) ideal n-type dopability represented by maximum achievable electron concentrations, with
labels for both electron (blue) and hole (red) concentrations.

metallic behavior for its Seebeck coe cient, consistent with a degenerate semiconductor{ 35 V/K).
Conversely, measured values for Hg.GeTe, are signi cantly higher (300 to 400 V/K) and di er from
computed values by around 100 V/K (Figure 2.6b). We explain this discrepancy by considering that is
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