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The optimization of thermoelectric materials for use in various applications, such as spacecraft power
generation, waste heat recovery, and Peltier coolers, requires a careful optimization of material properties.
This can be achieved via defect engineering in which defects are purposefully added to a material to pro-
duce desired properties. In this tutorial, we discuss a defect engineering strategy called phase-boundary
mapping. While many compound thermoelectric semiconductors are often called “line compounds” due
to their appearance as a line on a binary phase diagram, in reality, due to the laws of thermodynam-
ics, all phases have a finite phase width. The edges of this phase space define the chemical potential of
the material. By making small compositional changes across this phase space, appreciable differences
in thermoelectric properties are observed due to this change in the chemical potential. Additionally, the
phase equilibria of a thermoelectric material impacts alloying and dopability that further impacts material
properties. Phase-boundary mapping is a strategy that allows us to explore the limits of a material and ulti-
mately reproducibly optimize thermoelectric performance by considering the effects of off-stoichiometry
on chemical potential, and thus defect energies and material properties. This technique can be applied in
the optimization of numerous thermoelectric materials as well as extended to other semiconductors with
properties controlled by defects.

DOI: 10.1103/PRXEnergy.1.022001

I. INTRODUCTION

Thermoelectrics are solid-state semiconductor devices
that convert a temperature gradient to electricity and vice
versa [1]. In the power generation mode, thermoelectrics
convert heat to electricity, allowing for electricity genera-
tion for applications such as spacecrafts and remote power
sources where other power generation technologies are not
possible. Thermoelectrics have historically been used in
the radioisotope thermoelectric generators that power the
deep space probes such as Voyager and more recently on
the Mars rovers [2]. In the future, thermoelectrics could be
used to convert waste heat to electricity [3,4] in a variety of
processes, such as in energy intensive industrial processes
or in the engine of a vehicle [5]. Thermoelectrics can also
be used in reverse where applied electricity can generate
a temperature gradient. Under these operating conditions,
thermoelectric devices can replace harmful refrigerants
with a safer solid-state alternative such as a Peltier cooler
[6]. Compact thermoelectric devices can efficiently supply
small temperature difference heating and cooling immedi-
ately to where it is needed, such as seat heating and cooling
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[4]. Such zonal heating, ventilation, and air conditioning
[7] designs could lead to system efficiency improvements
over traditional designs. The benefit of thermoelectrics
compared with other forms of renewable energy is that
there are no moving parts, no necessary maintenance, they
have a long device life, and they have good scalability [8].

Thermoelectric materials, along with many other semi-
conductor materials, are often considered to be line com-
pounds in that they appear as a line on a phase diagram.
However, due to the laws of thermodynamics, all line com-
pounds on a phase diagram actually have a finite width [9].
In the practical synthesis of materials, oftentimes materi-
als are not synthesized perfectly in this single-phase region
and thus a sample is usually bound to be in thermodynamic
equilibrium with impurity phases defined by the phase
space [10]. In fact, such phase or solubility boundaries can
be conveniently used to achieve optimal dopant concen-
trations such as in (Bi,Sb)2Te3 [11] and YbxCoSb3 [12].
Ultimately, all thermoelectric materials can be synthesized
into at least two different thermodynamic states that are
set by the chemical potentials of the different phases in
equilibrium on the phase diagram. These possible ther-
modynamic states lead to different defect concentrations
[13] and dopant solubilities [14] that in turn impact overall
thermoelectric performance.

Here we discuss a systematic approach called phase-
boundary mapping in which the different thermodynamic
states of a single thermoelectric material are explored
[15]. By purposefully introducing secondary phases or by
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otherwise setting the chemical potential of a thermoelectric
material, the equilibrium phase region can be set, allow-
ing us to identify the phase-region-dependent properties
and thus allow for reproducible optimization of a given
thermoelectric material. Methods for setting the chem-
ical potential to achieve reproducible optimization will
be discussed in greater detail throughout this tutorial. In
recent years, phase-boundary mapping has shown to be
an incredibly useful tool in improving and understanding
thermoelectric performance in a variety of different mate-
rial systems [16–19]. Additionally, the phase-boundary
mapping approach is not limited to the study of thermo-
electric materials, and could be used to engineer defects
in a variety of other valence precise compounds, includ-
ing semiconducting and intermetallic materials for various
applications.

In this tutorial, we first discuss relevant metrics and
quantities to understand thermoelectric performance. Then
we consider doping and how dopants can impact mate-
rial properties and overall thermoelectric performance.
We then introduce the concept of phase-boundary map-
ping from a thermodynamic standpoint, utilizing schematic
phase diagrams. Real examples of phase-boundary map-
ping in a variety of both binary and more complicated
multinary systems follow. Finally, this tutorial closes with
a section outlining practical steps and considerations that
can be used as a guideline for future phase-boundary
mapping studies.

II. THE IDEAL THERMOELECTRIC MATERIAL

The efficiency of a thermoelectric material is often mea-
sured using the dimensionless figure of merit, called zT
[1]. For practical thermoelectric materials, zT has histor-
ically been around 1; however, advances in the field in the
last few decades has led to higher zT values [20–22]. The
zT material figure of merit is calculated using the Seebeck
coefficient α, the electrical conductivity σ , and the thermal
conductivity κ [1]:

zT = α2σT
κ

. (1)

The Seebeck coefficient α is a measure of the voltage
generated by a temperature difference resulting from the
Seebeck effect. For small �T, the Seebeck coefficient can
be written as

α = �V
�T

. (2)

The Seebeck coefficient is related to the number density
of charge carriers in the material, n [23]. For metals or
degenerate semiconductors, α ∼ n−2/3 [24]. In order to
have an efficient thermoelectric material with a large See-
beck coefficient, there should be only one dominant charge

carrier type because bipolar conduction reduces the See-
beck coefficient [1]. Thus, as the number of charge carriers
increases, the Seebeck coefficient decreases. However the
opposite is true for the electrical conductivity σ , where
the electrical conductivity increases with an increasing
number of charge carriers (σ ∼ n).

From these relationships between carrier concentration
and the Seebeck coefficient and electrical conductivity,
we can see that there is a conflicting requirement for the
charge carrier concentration n. Similarly, while it is desir-
able to have a high electrical conductivity, as often seen
in crystalline materials, the thermal conductivity should
be low. This leads to the general description of an ideal
thermoelectric as an “electron crystal-phonon glass” [25].

The total thermal conductivity of a material is given
by contributions from the lattice thermal conductivity and
the electrical thermal conductivity. The electrical contri-
bution to the thermal conductivity is directly related to
the electrical conductivity σ via the Wiedemann-Franz
approximation using the Lorenz number L. Thus, the elec-
tronic contribution to the thermal conductivity is also a
function of charge carrier concentration n. The lattice ther-
mal conductivity can be suppressed however in order to
increase zT using various phonon engineering techniques,
such as introducing scattering centers [26–30]:

κ ≈ κl + κe = κl + LσT. (3)

By considering the effects of the charge carrier concentra-
tion on the various components for zT (α, σ , and κ), we can
see the zT of a material peak at an optimal charge carrier
concentration (Fig. 1).

Since reaching the maximum value of zT requires an
optimal carrier concentration, comparing the zT for unop-
timized materials is not an ideal point of comparison.
Independent of n, a complementary strategy is to increase
the quality factor B, which also depends on defects. The
quality factor B is proportional to the weighted mobil-
ity μw and inversely proportional to the lattice thermal
conductivity κl [32–34]:

B ∼ μw

κl
. (4)

The weighted mobility can be calculated as a function of
the Seebeck coefficient and the electrical conductivity and
is inspired by the parabolic band model [35]. Thus, B can
be calculated for a given material at a specific temperature
using only measured values of the Seebeck coefficient, the
electrical conductivity, and the lattice thermal conductiv-
ity [34]. While optimizing the zT of a material is often
the goal in thermoelectric material improvement, consid-
ering the material quality factor B is a good way to gauge a
material’s potential to reach high zT values. The higher the
value of B, the higher the maximum value of zT a material
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FIG. 1. Plots of α, σ , and κ versus the carrier concentration
n, as well as the resulting zT. Since all of the components of zT
depend on the carrier concentration, the zT of a material will peak
at a single value of the carrier concentration. Adapted with per-
mission from E. S. Toberer et al., Chem. Mater. 22, 624 (2010).
Copyright 2009. American Chemical Society.

can obtain given optimal doping. Since this quality factor
is dependent on the lattice thermal conductivity, efforts to
decrease κl such as through alloy scattering can increase
B as long as μw is not reduced to a greater extent than
κl. The improvement of thermoelectric materials is thus a
complicated multidimensional optimization problem that
must consider numerous factors and material properties.
The optimization of quantities such as n and B simplifies
this complexity because by increasing B and doping to an
optimal n, maximum zT for a material can be achieved. Of
course, this approach is still not trivial. While defects are
capable of drastically changing n, they may also impact
the thermoelectric quality factor B and such competing
effects are still essential to consider. Phase-boundary map-
ping is a strategy that we show can drastically impact the
defects in a material, which can impact both B and n,
and thus can be used as a tool to optimize thermoelectric
performance.

III. CHARGE CARRIER TUNING THROUGH
DOPANTS AND DEFECTS

In any thermoelectric device, there are both n-type and
p-type semiconductor legs, with the n-type legs having
excess electrons and the p-type legs having excess holes
at the optimal charge carrier concentrations.

Achieving the optimal carrier concentration generally
requires the doping of a material through addition of other
elements or the convenient use of solubility and phase
boundaries [11,37] to increase or decrease the number of
holes or electrons. The effect of doping is often understood
through simple valence balance. For instance, replacing Te

(valency of −2) with I (valency of −1) in PbTe increases
the number of free electron charge carriers in the system,
Thus, I can be used as an n-type dopant in PbTe [14].

While doping is a great way to adjust the charge car-
rier concentration, the selection of dopant materials is not
always straightforward. The selection of a dopant type can
have noticeable effects on device performance and ulti-
mately zT. It has been shown that in order to have the
smallest effect on the charge carrier mobility, it is best to
use a cation acceptor for p-type materials and an anion
donor for n-type materials [38].

The choice of dopant atoms is also impacted by the
types of intrinsic defects that are energetically favorable in
the system. Figure 2 shows some possible intrinsic defects
in a sample compound MX as well as a description of
the defect using Kröger-Vink notation [36]. Kröger-Vink
notation is a way of symbolically representing defects.
Subscripts indicate the site of a particular atom or vacancy
(denoted by V), and the superscripts indicate the charge on
that species, with dots indicating positive charge and apos-
trophes indicating negative charge. The defects shown here
include cation vacancies, anion vacancies, cation intersti-
tials, anion antisites, and cation antisites [39,40]. Gener-
ally, these point defects are charged and thus impact the
charge carrier concentration. For instance, in the case of a
cation vacancy as shown in Fig. 2(a), the missing cation
from the crystalline lattice results in the addition of a free
charge carrier in the form of a hole to charge balance the
system, as shown in this figure using Kröger-Vink nota-
tion [36]. This cation vacancy can make the material more
p type, whereas anion vacancies as shown in Fig. 2(b) lead
to excess electrons resulting from the missing X −1 ion.
Figure 2(c) depicts a cation interstitial. Anion interstitials
are not included in this schematic because they are often
unlikely due to geometric constraints from the larger anion
radius. Figures 2(d) and 2(e) show antisite defects in which
an atom is on the site that is regularly occupied by the other
atom. These antisite defects are both intrinsic, in that the
atoms are both native to the compound. Extrinsic intersti-
tial and antisite defects occur when additional elements are
added to the system as dopants or perhaps accidentally as
contaminates.

Depending on the type of defect, a material may either
gain excess electrons or excess holes, thus pushing the
Fermi level EF towards the conduction band or valence
band, making the sample n type or p type, respectively.
Because these defects are adding additional holes and/or
electrons, they are impacting the material’s charge carrier
concentration n. These defects thus dictate the material’s
thermoelectric properties, as shown in Fig. 1. For instance,
if a material had anion vacancies as the dominant defect,
there would be additional free electron charge carriers.
If the number of anion vacancies increased, the charge
carrier concentration n would also increase, resulting in
an increase in electrical conductivity and total thermal
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(a) Cation Vacancy (c) Cation Interstitial (b) Anion Vacancy (e) Cation Antisite (d) Anion Antisite 

FIG. 2. Some possible intrinsic point defects in a sample MX crystal. In this general case, the ionic charges are considered to be
+1 and −1, respectively. Within each panel there is a schematic of the crystal structure with the defect circled and the Kröger-Vink
notation [36] balanced defect reaction that shows whether the defect leads to additional free holes or electrons. The intrinsic defects
shown here are a cation vacancy (a), an anion vacancy (b), a cation interstitial (c), an anion antisite defect (d), and a cation antisite
defect (e).

conductivity, but also a decrease in the Seebeck coeffi-
cient. Thus, control over the dopants offers control over
thermoelectric properties.

An extrinsic dopant’s ability to dope a system (its dopa-
bility) can depend heavily on the intrinsic defects found
naturally in the material. Different defects, both intrinsic
and extrinsic, have differing defect formation energies that
dictate the dominant defect in a material [13]. As we show
later, these defect energies can differ for the same nomi-
nal compound, depending on the thermodynamic state of
the material. Additionally, point defects can affect other
aspects of the system, including diffusion and kinetics [41–
43], mechanical properties [44–46], electronic transport
[47,48], and thermal transport [49,50].

IV. PHASE DIAGRAMS AND A
THERMODYNAMIC DESCRIPTION OF

PHASE-BOUNDARY MAPPING

Phase-boundary mapping is an approach in which differ-
ent thermodynamic states of the same nominal compound
are systematically studied. These different thermodynamic
states arise from the differing chemical potential val-
ues set by phase equilibria within different regions of a
phase diagram. These differing chemical potentials then set
the defect formation energies that in turn impact numer-
ous properties, often through changing the charge car-
rier concentration. Additionally, these differing chemical
potentials can impact other properties of the system. For
instance, the thermal conductivity and band structure of a
material can be impacted by defects even if these defects
are uncharged [55].

Phase-boundary mapping was first used as a term by
Ohno et al. [51] for the optimizations of Ca9Zn4+xSb9 [15]
and Mg3Sb2; however, the underlying concepts have been
observed and utilized previously for other types of material
systems without using this term specifically [12,54,56–59].
It has since been used for dozens of thermoelectric material

studies. This methodology can be understood schemati-
cally by looking at Fig. 3. In this case we are considering
an arbitrary binary compound, AxBy , where A and B are
the constituent atoms and the stoichiometry is set by x
and y. In Fig. 3(a), there is a sample binary eutectic phase
diagram. The compound of interest AxBy appears to be a
line compound with an infinitesimal width. However, in
Fig. 3(b) we see that there is a finite width of the com-
pound, although it is too narrow to see on the full phase
diagram in Fig. 3(a). This finite width is a result of intrin-
sic defects within the material. These intrinsic defects are
unavoidable in any material at finite temperature due to the
laws of thermodynamics [60]. The free energy of a system
is given by the relation

G = H − TS, (5)

where G is the free energy, H is the enthalpy, T is the
temperature, and S is the entropy. The entropy of a sys-
tem increases as the number of defects increases and thus
there is some defect concentration that minimizes the free
energy dependent on the enthalpy of the compound [9].
These inevitable defects necessitate a finite phase width.
Since the finite width of the compound is very small, sam-
ples made in the lab will practically be either A excess or
B excess. In this tutorial we use the term “excess” to indi-
cate there being more of a particular element than in the
nominal composition. It does not mean that the compound
is majority that element. Some phase-boundary mapping
studies use the terms “rich” or “poor” to describe these
states. In this example where there are no additional phases
between the AxBy compound and elemental phases A and
B, if a sample is A excess, its chemical potential will be set
by pure A and the compound AxBy . If a sample is B excess,
its chemical potential will be set by pure B and the com-
pound AxBy . Thus, for the nominal binary compound AxBy ,
there are two distinct thermodynamic states, A excess and
B excess.
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FIG. 3. Schematic demonstrating the importance of phase-boundary mapping in a sample binary system [10,51] with an arbitrary
binary compound of interest, AxBy , where A and B are the constituent atoms and the stoichiometry is set by x and y. (a) A sample
binary eutectic phase diagram where AxBy appears to be a line compound. (b) An enlarged view of a region of the phase diagram
showing that AxBy actually has a finite width. The two phase regions, A excess and B excess, have different chemical potentials μ.

This approach is informed by the Gibbs phase rule that
is often written as

F = C − P, (6)

where F is the degrees of freedom, C is the number of
components, and P is the number of phases [61]. This for-
mulation of the Gibbs phase rule is at constant temperature
and pressure.

In this binary case, there are two components, A and
B. Thus, samples made in one of the two-phase regions
shown in the phase diagram in Fig. 3(a) (colored in pink
and orange) will have zero degrees of freedom. This means
that a sample synthesized in a two-phase region in a two
component system will have fixed composition set by the
two phases in that region. For instance, a sample made
slightly A excess will be primarily AxBy phase with some
secondary A phase with the mole fractions of these two
phases dictated by the binary lever rule [62]. The binary
lever rule uses the ratios of the distances in phase space
between a given composition and the equilibrium phases to
determine the fraction of constituent phases for that com-
position. There is an analogous formulation of the lever
rule for ternary systems as well.

The effect of the chemical potential on defects present
in a sample can be considered using the law of mass action
and energetics of defect formation. For instance, consider
the hypothetical phase AxBy shown in Fig. 3. Let us con-
sider the case where A vacancies are the most prevalent
intrinsic defect. Let us also assume that the A vacancy has
a charge of −1, such as shown in Fig. 2(a). The chemical
equation describing this situation is

AxBy → Ax−δBy + δA(s) + δh+. (7)

The defect formation energy for a single A vacancy
(VA) can then be determined by calculating the difference
in energy between the products and the reactants. This
includes the energy difference between the defective and
pristine structure, as well as the energy contributions of the
two products, the hole and the removed A atom [13,63].
The energy of the hole is the negative of the chemical
potential of the electron (the Fermi level EF ), and the
energy of the removed A atom is the same as the chemi-
cal potential of A. The difference in the energies between
the pristine structure and the defective structure can be cal-
culated using density functional theory (DFT) calculations.
Thus, the defect formation energy for an A vacancy can be
written as [56,64,65]

�EVA = Edefective − Epristine − EF + μA. (8)

While this expression is specific to the case of an A
vacancy with a −1 charge, similar expressions can be writ-
ten for all types of defects. The important takeaway is that
defect energies depend on values such as the Fermi level
and the chemical potential of the relevant species.

The concentration of any defect in a material is directly
related to the defect energy of formation for that defect by
the relation

xdefect = x0exp
(

− �Hdefect

kT

)
, (9)

where x0 is the concentration of possible defect sites [40].
Thus, the concentration of a specific type of defect in
a material is highly dependent on the defect formation
energy that is directly impacted by the chemical poten-
tial. Since the chemical potential varies depending on the
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phase region of synthesis, whether a sample is A excess
or B excess can have great impacts on the defect concen-
tration. It should be noted that here we are highlighting
the simplest case with dilute noninteracting defects. In
a real material there may be many different competing
defects with differing relationships between the defect for-
mation energy and the equilibrium Fermi level. The overall
equilibrium Fermi level and the concentration of charge
carriers in the material can be determined by considering
all of the different defects present in the material and their
respective contributions and interactions.

Charge transport in thermoelectric semiconductors is
determined by the free charge carrier concentration that
is set by defects and dopants within the material. In this
example, the A-excess and B-excess AxBy samples will
have different defect concentrations and possibly different
charge carrier concentrations due to the difference in defect
formation energies resulting from the differing chemi-
cal potentials. In Fig. 1, we show the profound impact
that charge carrier concentration has on the thermoelectric
properties and ultimately the material zT. Defect concen-
tration can also impact other thermoelectric properties in
the material besides carrier concentration, such as the lat-
tice thermal conductivity through point defect scattering
[66,67].

Phase-boundary mapping can also be applied to ternary
or larger multinary systems, beyond what we have shown
thus far with the binary case. Figure 4(a) shows a very sim-
ple extension to a ternary phase diagram. In a ternary phase
diagram, each triangular region is a three-phase region
with zero degrees of freedom by the Gibbs phase rule.
Similar to the binary case shown in Fig. 3, the phase region

of the compound of interest is quite small and, thus, there
are multiple possible thermodynamic states for the same
nominal compound as a result of being in chemical equilib-
rium with different phases. In this simple schematic where
the only stable phase in the ternary system is the compound
of interest, there are three main thermodynamic states;
however, in more complicated ternary spaces, such as the
sample phase diagram in Fig. 5, with many phases, there
may be many more thermodynamic regions to consider
through phase-boundary mapping.

Figure 5 depicts the same arbitrary phase diagram of
interest AxByCz, but there are four additional phases in
the A-B-C system, marked by squares and denoted α, β,
γ , and δ. In this arbitrary phase diagram, α is a binary
phase formed with B and C, γ is a binary phase formed
with A and B, and β and δ are both ternary phases in the
A-B-C system. In the simplest ternary phase diagram case
shown in Fig. 4(a), there are only three distinct thermo-
dynamic states to explore using phase-boundary mapping;
however, in the more complicated ternary phase diagram
with additional stable phases shown in Fig. 5, there are now
seven distinct, readily accessible thermodynamic states to
consider (there are 15 thermodynamic states if you con-
sider the binary regions and the small single-phase region;
however, the phase widths of these regions tend to be
incredibly narrow and difficult to reproducibly synthesize).
Each of these distinct thermodynamic states may have
differing defect concentrations, and thus different thermal
and electronic material properties. This demonstrates the
complexity of phase-boundary mapping in real systems,
and also the importance of using this technique to under-
stand complicated thermoelectric material systems. With
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A + C +
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AxByCz

A + B + AxByCz

B + C
+AxByCz

A + C +
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A xB yC
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(a) (b)

A + B + AxByCz

B + A
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yC
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AxByCz

FIG. 4. A simple schematic of phase-boundary mapping for a ternary system as considered in many recent works [10,15–17,52–54].
(a) A sample ternary phase diagram with only one compound, the arbitrary compound of interest AxByCz , with A, B, and C being
the constituent atoms and the stoichiometry being set by x, y, and z. In a ternary phase diagram, the triangles are regions of constant
chemical potential. (b) An enlarged view of the phase diagram in (a) to show the finite size of the phase region. The three black dots
indicate the composition-invariant points (sometimes shortened to c-invariant points [19] or just referred to as invariant points).
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FIG. 5. (a) A more complicated ternary phase diagram consisting of the same compound of interest AxByCz as shown in Fig. 4,
but also four additional phases: α, β, γ , and δ. Increasing the number of stable phases in the system increases the number of distinct
thermodynamic states to be considered through phase-boundary mapping. (b) Enlarged view of the phase diagram in Fig. 4(a). The
gray region in the middle is the single-phase region, the white regions are the finite-width two-phase regions, and the colored regions
are the three-phase regions. Note that to go from any three-phase region to a neighboring three-phase region you must pass through a
two-phase region.

large numbers of possible thermodynamic varieties for a
single nominal compound, knowledge of the phase equi-
libria is required for optimized and reproducible material
synthesis.

V. PHASE-BOUNDARY MAPPING IN BINARY
SYSTEMS

A. Phase-boundary mapping to obtain both n-type and
p-type versions of the same material

PbTe is perhaps the most well-studied thermoelectric
material, having been used as early as the 1960s in pow-
ering space missions [68–70]. Like most binary thermo-
electric semiconductors, it is often considered to be a
line compound; however, experimental variations of free
charge carrier concentration [71–75] combined with an
interpretation of the dominant charged defect [76–78] has
been used to determine the finite and asymmetric phase
widths of PbTe to be as wide as about an 8 × 10−5 mole
fraction.

However, due to the very small magnitude of the phase
width, it is nearly impossible to produce phase pure
PbTe. Thus, every PbTe sample is either Pb excess or Te
excess, and the chemical potential is different for these two
“flavors” of PbTe. Male et al. [14] demonstrated that Te-
excess PbTe samples had a low dopability due to the ener-
getically favorable Pb vacancies in that phase region. They
showed that by synthesizing Pb-excess PbTe, they were
able to dope n-type samples, which is not possible under
Te-excess conditions. By switching between synthesizing
under Te-rich conditions to synthesizing under Pb-rich

conditions, they moved from one phase region to another,
similar to switching between the two distinct phase regions
in Fig. 3. Synthesizing PbTe under Pb-excess and Te-
excess conditions is done using saturation annealing, a
technique discussed later in this tutorial. In this case, the
effectiveness of dopants at changing the charge carrier
concentration is drastically different depending on which
phase region the sample is synthesized in. This demon-
strates that in order to effectively dope some thermoelectric
compounds, knowledge of the phase equilibria and defect
energies should be utilized. Other phase-boundary map-
ping studies of PbTe have been conducted following this
initial work [79].

Another key issue in the synthesis of thermoelectric
materials is the issue of reproducibility. By deliberately
setting the chemical potential as is done in phase-boundary
mapping, greater control is given in creating samples with
specific properties. Considering once again the example of
phase-boundary mapping PbTe, if an experimentalist were
to simply combine Pb and Te in the stoichiometric ratio,
there would be no real control over whether the sample was
equilibrated Pb excess or Te excess, resulting in samples
with either favorable or nonfavorable properties randomly.
However, in purposefully setting the chemical potential
and defect energies via saturation annealing, samples can
be consistently synthesized p type or n type. The semicon-
ductor type in PbTe can even be switched from p type to
n type and vice versa via subsequent saturation annealing
steps [14]

Similar to PbTe, consider another well-studied binary
thermoelectric, Bi2Te3. While the prominent intrinsic
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defects in PbTe tend to be vacancies, Bi2Te3 tends to be
dominated by antisite defects [80–82]. Thus, while Pb-
excess PbTe is n type due to the suppression of Pb vacan-
cies, Bi-excess Bi2Te3 is p type due to the Bi atoms on
the Te sites antisite defects [11]. In both PbTe and Bi2Te3
we see that, depending on which phase region a sample
is in, the carrier concentration can be impacted so drasti-
cally that it can be made either p type or n type with very
small compositional changes. In Fig. 6 we show that in
going from a mole fraction of Te of about 0.5997 to 0.6002,
there can be a massive change in the Seebeck coefficient,
going from about 235 μV K−1 (p type) to −254 μV K−1

(n type). Here, by crossing a phase boundary, samples can
be made with very different properties even with nominal
compositions that are incredibly close.

Another example is Mg3Sb2. For years, it was believed
that only p-type Mg3Sb2 existed despite various dopant
studies [83–85]. However, it has been shown recently
that it can be made n type when considering this phase-
boundary mapping approach [51]. In this material, the
dominant intrinsic defect is cation vacancies (Mg vacan-
cies). This defect in many cases can be considered to be
a “killer defect.” Killer defects have formation energies
less than zero, and thus should spontaneously arise in the
material [86]. In the case of Mg3Sb2, the defect formation
energy for Mg vacancies dips below zero towards the con-
duction band minimum. This defect can essentially pin the
Fermi level such that the sample is bound to be p type
due to the excess holes resulting from the unavoidable Mg-
vacancy electron-killer defects. Despite efforts to dope the
material n type using n-type dopants, the resulting samples
are persistently p type.

Ohno et al. [51] demonstrated that by making Mg-
excess Mg3Sb2, they could reproducibly make n-type
Mg3Sb2 by suppressing the Mg vacancies with the chem-
ical potential in that region set by elemental Mg and
Mg3Sb2. They showed that because the chemical potential
of the system acts like a step function at the line compound
boundary, they were also able to observe a step function
in the Seebeck coefficient at that point, with the Seebeck
coefficient going from positive (p type) to negative (n type)
as the system goes from Sb excess to Mg excess. This
step function in the Seebeck coefficient is shown in Fig. 7.
Note that here they also included a small amount of Te
doping, as is often done to increase the thermoelectric per-
formance in Mg3Sb2. In this Mg3Sb2 system, as well as in
other systems studied by phase-boundary mapping, there is
a steplike function of material properties across the phase
boundary. This is a result of the step change in chemical
potential at the boundary. Once again as was seen for the
cases of PbTe and Bi2Te3, it is shown here that in binary
thermoelectrics the difference between an n-type and p-
type material can sometimes be simply attributed to the
sample being cation rich or anion rich and thus fixing the
chemical potential and defect formation ability.

(a)

(b)

(c)

FIG. 6. Phase-boundary mapping considerations of binary
Bi2Te3. (a) Enlarged binary phase diagram with the small finite
width of the single-phase region. (b) Plot of excess charge carri-
ers versus the mole fraction of Te. Te-excess samples are n type,
whereas Bi-excess samples are p type. (c) Seebeck coefficient
versus the mole fraction of Te for this same narrow region in the
phase diagram about Bi2Te3. Small differences in composition
make appreciable differences in the value of the Seebeck coeffi-
cient. Reprinted and adapted with permission from I. T. Witting
et al., Adv. Electron. Mater. 5, 1800904 (2019). Copyright 2019,
John Wiley and Sons.

B. Other insights from phase-boundary mapping
binary compounds

Not all thermoelectric materials however can be made
both p type and n type using phase-boundary mapping such
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FIG. 7. Step function in the Seebeck coefficient in
Mg3+xSb1.99Te0.01 across a small range of x as a result of
crossing a phase boundary from Sb excess (p type) to Mn excess
(n type) [51]. Similar steplike functions have been shown in
other phase-boundary mapping studies such as the step function
in the carrier concentration demonstrated in Ca9Zn4+xSb9 [15]
[Fig. 8(c)] and in YbZn2Sb2 [87], and the step function in the
lattice constant demonstrated in the study of YbxCo4Sb12 [59]
[Fig. 10(b)]. Reprinted with permission from S. Ohno et al.,
Joule 2, 141 (2018). Copyright 2018, Elsevier.

as is seen in PbTe, Bi2Te3, and Mg3Sb2. For some binary
systems, only one type of dominant charge carrier is pos-
sible, even with changing dopants and chemical potentials.
For instance, SnTe and Sb2Te3 are always p-type semicon-
ductors. Yet, phase-boundary mapping is still quite useful
in the optimization of these materials.

SnTe has been demonstrated to always be a p-type
semiconductor [88,89]. This is due to the fact that the
single-phase region is offset from the 50 at. % line because
of low-energy Sn vacancies that are energetically favorable
at any practical temperature. This leads to excess holes
regardless of whether the sample is made Sn excess or
Te excess. However, although making the sample cation
excess or anion excess does not impact the type of semi-
conductor, there is still a large effect on the charge carrier
concentration. If the sample is made Sn rich, there is a
relatively low hole concentration, and if the sample is
made Te rich, there is a high hole concentration, with a
difference of about one order of magnitude between the
two [90].

Very similar to SnTe, Sb2Te3 is also persistently p type
with a hole concentration that depends on whether the sys-
tem is cation rich or anion rich. This persistent p-type
behavior is due to Sb on Te antisite defects that cause the
phase stability to always be towards the Sb-rich side of
the phase diagram [11]. The concentration of holes in the
material depends on whether the material is synthesized
Sb rich or Te rich. In these binary examples, it is shown
that, through phase-boundary mapping, the charge carrier
concentration can be greatly impacted.

VI. PHASE-BOUNDARY MAPPING IN
MULTINARY SYSTEMS

Thus far, we have discussed the thermodynamic under-
standing of phase-boundary mapping and shown how
various studies have utilized this technique to better under-
stand binary thermoelectric compounds. Now, we show
how this method has been used in ternary and even greater
multinary phase spaces. As shown in Fig. 4, the basic
understanding of phase-boundary mapping through phase
diagrams is not very different from the binary case shown
schematically in Fig. 3. However, there is a greater number
of distinct thermodynamic states about the compound of
interest, particularly in a phase space with multiple stable
phases, as shown in Fig. 5. One key ternary study uti-
lizing the phase-boundary mapping approach studied the
Zintl thermoelectric compound Ca9Zn4+xSb9 [15]. In this
work, which is highlighted in Fig. 8, Ohno et al. [15] syn-
thesized samples of Ca9Zn4+xSb9 with various x values
ranging from 0.2 to 0.8. In doing so, they created samples
in multiple distinct phase regions and thus thermodynamic
states, as shown in Figs. 8(a) and 8(b). Additionally, they
measured the thermoelectric properties and were able to
calculate the figure of merit zT as a function of temperature
for each sample. This is a classic example of the phase-
boundary mapping approach applied to a ternary system.
By making small compositional changes, the charge car-
rier concentration n can be tuned, leading to apprecia-
ble changes in the thermoelectric figure of merit zT. For
instance, they showed that, by going from the composition
Ca9Zn4.2Sb9 to Ca9Zn4.6Sb9, the zT triples from about 0.3
at 800 K to about 0.9 at 800 K, as a result of differing phase
equilibria.

A. Using ternary phase-boundary mapping to
understand dopability

A key consideration in designing better thermoelec-
tric materials that was mentioned briefly in the discussion
of PbTe is the dopability of a material. The dopability
is defined as the maximum charge carrier concentration
that can be achieved by adding a particular dopant mate-
rial to the semiconductor system [14]. This dopability is
related, but not identical to, the solubility limit. While
the solubility limit is simply dependent on how much
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(a) (b)

(c) (d)

x = 0.8

x = 0.8

x = 0.7

x = 0.7

x = 0.6

x = 0.6

x = 0.5

x = 0.5

x = 0.4
x = 0.3

x = 0.2

x = 0.2

x = 0.3

x = 0.4

FIG. 8. Experimental phase-boundary mapping study conducted by Ohno et al. [15] on the Zintl phase Ca9Zn4+xSb9. (a) Phase
diagram of the Ca-Zn-Sb ternary system with the three main phase regions of interest colored blue, green, and pink, respectively. (b)
Enlarged region of the phase diagram in (a) that shows points for the different samples made in this study (Ca9Zn4+xSb9, with x = 0.2,
0.3, 0.4, 0.4, 0.6. 0.7, and 0.8). (c) Plot of the carrier concentration nH versus composition. Here we can see that samples made in
different phase regions have different charge carrier concentrations with a steplike function across phase boundaries. (d) Plot of zT
versus temperature for each of the synthesized samples shown in the top phase diagrams. Small changes in composition can drastically
change zT. Reprinted and adapted with permission from S. Ohno et al., Adv. Funct. Mater. 27, 1606361 (2017). Copyright 2017, John
Wiley and Sons.

dopant can be absorbed into the material, the dopability
is impacted by both the solubility and also the resulting
compensating defects. A compensating defect is the sys-
tem’s self-regulating attempt at charge neutrality. Since
dopants introduce charge carriers, the system will tend
to react by generating intrinsic compensating defects of
the opposite charge. Thus, dopability is a direct result of
defect energies. In order for a semiconducting material to
be effectively doped, the defect formation energy of the
dopant must be lower than the defect formation energies
of the intrinsic defects in the material [91]. As discussed
previously, the intrinsic defect formation energies depend

on the chemical potential, which depends on phase equi-
libria. Thus, the dopability may be different in different
phase regions, demonstrating once again the importance
of understanding the phase region a sample is synthesized
in.

It is important to remember however that the contri-
butions of the defect formation energies are not always
straightforward. Various complications introduced by
intrinsic defects, secondary phase formation with the
dopant atom, and Fermi-level pinning can constrain dopa-
bility. For instance, in the case of secondary phase forma-
tion, if the dopant forms a stable phase with the elements in
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the host compound, there may be secondary phase forma-
tion that occurs upon doping to high levels that constrains
the dopability past that point [92,93]. Fermi-level pinning
can occur when compensating intrinsic defects form in
response to doping, thus limiting the effect of doping and
pinning the Fermi level at the point where these com-
pensating “killer defects” completely negate the additional
charge carriers coming from the dopant [92]. This was
true in the case of Mg3Sb2 where low-energy Mg vacan-
cies in Sb-excess samples made the material persistently
p type despite efforts to dope n type. However, it was
shown in the case of Mg3Sb2 that shifting the phase
equilibria to Mg excess allowed for suppression of these
Fermi-level pinning effects that once again demonstrates
the importance of phase equilibria in doping thermoelec-
tric materials [51]. However, Fermi-level pinning and
other limiting effects on dopability are not always avoid-
able. In many traditional semiconductor systems, such as
GaAs, dopability is constrained by these intrinsic defect
effects [94].

While PbTe is a binary compound, when dopants are
added it can be studied using ternary phase-boundary map-
ping approaches. In the case of the Pb-Te-I ternary system,
we show in Fig. 9 that the dopability of I in PbTe is much
greater when the sample is made Pb excess as opposed to
Te excess. Conversely, in the case of the Pb-Te-Na ternary
system, Te-excess samples are best for Na doping to obtain
high zT p-type PbTe [53].

Another doping phase-boundary mapping study con-
ducted using this ternary phase diagram approach was the
study of Sn-doped ZnSb [16]. In this work, Wood et al.
studied four distinct phase spaces about ZnSb in the Zn-
Sb-Sn ternary phase diagram. They found that if samples
were synthesized in chemical equilibrium with Zn4Sb3 and
Sn, they obtained much higher carrier concentrations than

if the Sn-doped ZnSb was synthesized in any of the other
three-phase regions. Although the nominal compositions
of the four synthesized samples differed by no more than
3 at. % for any of the three constituent atoms, these small
changes in composition led to a fourfold increase in car-
rier concentration, optimizing the sample to the expected
maximum zT determined by an effective mass model.

Their highest zT sample had distinguishable second
phase regions in the microstructure of the expected phase
equilibria phases of Zn4Sb3 and elemental Sn. Often in the
field of thermoelectrics, much work is conducted to ensure
that synthesized samples are as pure as possible with
no distinguishable second phases. However, the danger
with this approach, as elucidated by the phase-boundary
mapping mindset, is that, for any given thermoelectric
compound, there are at least two distinct thermodynamic
states. By seeking out the most pure samples possible, it
can be hard to determine the phase region synthesized.
Thus, a thorough investigation of a thermoelectric material
should include materials synthesized in the known phase
regions to probe all possible thermodynamic states. In this
case they were able to nearly double the zT by purposefully
introducing those secondary phases to the material. Thus,
the presence of secondary phases in a thermoelectric mate-
rial is not always bad. Purposefully introducing secondary
phases into the material can fix the chemical potential to
a phase area that has more desirable defect energies for
optimizing the charge carrier concentration or other related
properties in the material.

B. Further ternary and multinary phase-boundary
mapping studies

Not only can phase-boundary mapping be used to
improve dopability of a material, but it can also be used in

(a) (b) (c)

FIG. 9. Phase-boundary mapping study of I-doped PbTe. (a) Ternary phase diagram of the Pb-Te-I system. (b) Enlarged portion of
the phase diagram about the compound PbTe. The blue points are samples that are Pb rich, leading to n-type behavior, while the red
points are Te rich, leading to p-type behavior. (c) Plot of the carrier concentration (a negative sign signifies electrons as the charge
carrier, and a positive sign signifies holes) with increasing iodine doping in PbTe. Here we see that samples that are Pb rich are very
dopable n type with the addition of I, whereas the addition of I to Te-rich samples will not make a good n-type material. Reproduced
with permission from J. Male et al., Mater. Horiz. 6, 1444 (2019). Copyright 2019, Royal Society of Chemistry.
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solubility design [12]. CoSb3 (sometimes written Co4Sb12)
is a skutterudite material that has void filling sites that
can be filled with dopant alkaline-earth or rare-earth atoms
such as Yb [95,96]. For these compounds, there exists a
maximum ratio of dopants that can fill the structure that
is called the filling fraction limit [12]. This filling fraction
can be considered to be a solubility of Yb in CoSb3. Using
a phase-boundary mapping approach (although it was not
called such), Tang et al. [12] showed that, as they synthe-
sized YbxCo4+ySb12+z samples of differing compositions,
the solubility of Yb changed depending on the region of the
phase diagram in which the sample was synthesized; see
Fig. 10. Similar studies of filling Co-Sb skutterudites with
Ce and In have also been conducted using similar phase
diagram approaches [54,59].

Phase-boundary mapping is also a useful tool to
resolve large discrepancies in literature data regarding
the thermoelectric properties. Since this phase equilibria
approach is often not considered in thermoelectric syn-
thesis, different studies may unintentionally be in different
phase equilibria for the same nominal compound. Take the
half-Heusler material TiNiSn for example. Prior to a 2018
phase-boundary mapping study [58], there were significant
discrepancies in the literature regarding the solubility of
Ni in TiNiSn. While it had been shown that excess Ni in
TiNiSn leads to higher performance [55,97], the literature
discrepancies regarding the solubility of Ti in TiNiSn were
significant. By phase-boundary mapping, Tang et al. [58]
were able to show that, by setting the chemical potential to
the Ni-rich side of the phase space, they achieved a larger

(a) (b)

(c) (d)

FIG. 10. Phase-boundary mapping study of CoSb3. (a) Ternary phase diagram of the Yb-Co-Sb system. The orange points are
experimental sample compositions. (b) Lattice constant as a function of the composition of YbxCo4Sb12.2. Here we see a step function
as the composition crosses from being Sb excess to Co excess. (c) Resistivity as a function of temperature for differing compositions,
with the Hall carrier density at 300 K for each sample in the top right corner. The Co-excess samples (red) have lower resistivities
and higher charge carrier concentrations than the Sb-excess sample (blue). (d) Plot of the Seebeck coefficient versus temperature for
the various sample compositions. The Sb-rich sample (blue) has a lower Seebeck coefficient than the Co-rich samples (red). Reprinted
with permission from Y. Tang et al., J. Materiomics 1, 75 (2015). Copyright 2015, Elsevier.
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zT, and they demonstrated the narrow solubility range of
Ni in TiNiSn in the context of these small phase regions.

Another system with substantial discrepancies in the
literature was the Mg2Si-Mg2Sn pseudobinary [98]. Phase-
boundary mapping sets the chemical potentials in equilib-
rium. However, in a phase-boundary mapping study by
Orenstein et al. [17] it was shown that many of the dis-
crepancies in the literature were due to samples being out
of equilibrium due to a loss of Mg in synthesis. The mis-
cibility gap of the system changes depending on whether
the system is Mg rich or not. This study demonstrated
another success of phase-boundary mapping in reconcil-
ing differences between data from different studies for the
same nominal compound.

Phase-boundary mapping is not limited to the consid-
eration of binary and ternary phase diagrams. In a 2019
study by Ortiz et al. [19], they demonstrated the use of
phase-boundary mapping on the quaternary Cu-Hg-Ge-Te
phase diagram. This was the first study that considered a
quaternary phase diagram using phase-boundary mapping,
and it demonstrated the success of this method in identi-
fying phase-region-dependent behavior of the charge car-
rier concentration, even for an exceptionally complicated
material system. They found that the hole concentration
in these thermoelectric materials ranged from 5 × 1017 to
5 × 1021 cm−3 depending on the phase equilibria. Thus,
phase-boundary mapping has so far been demonstrated
on binary, ternary, and quaternary systems, demonstrat-
ing its ability to apply to many, if not the majority of,
thermoelectric material systems.

VII. PRACTICAL STEPS FOR FUTURE
PHASE-BOUNDARY MAPPING STUDIES

In this tutorial we have given both the underlying
physics and chemistry-based understanding of phase-
boundary mapping as well as discussed many different
studies that used this approach in the optimization of ther-
moelectric materials. Now we provide a practical guide
to conducting future phase-boundary mapping studies.
The key steps in any phase-boundary mapping study are
consideration of the phase diagram, experimental mate-
rial synthesis to set the chemical potentials and identify
secondary phases, and interpretation and analysis of the
results.

A. Determination of guiding phase diagram

The first step in any phase-boundary mapping study is
to consider the phase diagrams and stable phases in the
material system of interest. Databases like the Materials
Project [99] and Open Quantum Materials Database [100,
101] contain DFT-calculated phase diagrams for numerous
binary, ternary, and even some multinary phase systems. It
is important to note that such phase diagrams are calcu-
lated for the 0 K case, and may not be accurate at higher

temperatures. Experimental phase diagrams may also be
available via databases like the ASM Alloy Phase Diagram
Database [102,103]. Here, the goal is to identify all possi-
ble secondary phases that may equilibrate with the target
compound. In the case of a simple binary system with only
one stable compound of interest as shown in the schematic
in Fig. 3, the only phases on the phase diagram are the
binary phase and the two constituent element phases. In
most systems however it is more complicated.

It is also important in the consideration of these ther-
moelectric phase diagrams to do a thorough literature
search of other possible phases that may not appear in
these databases but have been experimentally reported.
For instance, the Yb-Mn-Sb phase diagram is of impor-
tance to the thermoelectric community due to the high
performing Yb14MnSb11 compound [104]. The Yb-Mn-Sb
phase diagram is relatively complex, with multiple stable
ternary and binary compounds, many of which are reported
within DFT databases. However, some experimentally
reported compounds such as Yb10MnSb9 [105,106] and
Yb21Mn4Sb18 [107] do not appear in these DFT-calculated
phase diagrams. For this reason, it is important to consider
all possible phases that could be present in the system,
not just those found using a quick DFT database search.
Once all of the phases of interest have been identified,
the next step is to compile them into a single phase dia-
gram using their reported stoichiometries. From there, the
phase regions of interest about the compound of interest
should be identified. In the study of a binary compound
these regions may be as simple as “A excess” and “B
excess,” as shown in the schematic phase diagram in Fig. 3.
In a ternary phase diagram there may be many phase
regions to consider. Any phase region that is in equilibrium
with the target phase should be considered for a thorough
phase-boundary mapping study. For instance, in the sam-
ple ternary phase diagram shown in Fig. 5, even though
there are nine total three-phase regions, only seven should
be considered in phase-boundary mapping of the target
phase labeled AxByCz. Once the possible phase regions
have been identified, samples can be synthesized in various
compositions and/or chemical potential states. However,
it may not always be necessary to consider every single
possible phase region. It has been shown that, given knowl-
edge about an expected dominant defect in a material,
the phase regions likely to have maximum and minimum
defect concentrations can be predicted [108]. Yet, in cases
where the dominant defect may not be known, or when
multiple defects have similar energy, then a full phase-
boundary mapping study considering all regions may be
necessary.

B. Experimental synthesis and phase identification

There are a few different ways in which experimental
samples for phase-boundary mapping can be synthesized.
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Polycrystalline thermoelectric samples tend to be syn-
thesized by combining stoichiometric ratios of elemental
powders, pellets, or shavings and then reacting them via
high-energy ball milling [109], melting in quartz tubes,
and/or arc melting [110–112] followed by densification via
hot pressing [113] or spark plasma sintering [114]. Per-
haps the simplest method for phase-boundary mapping is
to simply alter the stoichiometry of the sample when pow-
ders, pellets, or shavings of different elements are being
measured out for synthesis. If these elemental powders
fully react, the result will ideally be a matrix phase of the
compound of interest with secondary phases as suggested
by the phase diagram.

The identification of secondary phases is the best way to
confirm which phase region a sample is in. Because some
elements may be more or less likely to be “lost” during
synthesis, simply relying on the measured nominal com-
position of the elements is not sufficient. For instance, in
the phase-boundary mapping study of the Ca9Zn4+xSb9
compound, it was found that the actual compositions of
samples varied from the measured nominal compositions
used for synthesis due to a systematic loss of Ca during
processing [15]. This systematic loss of an element dur-
ing processing is not particularly uncommon. For instance,
in the synthesis of Mg3Sb2, it has been shown that Mg
loss always exists, perhaps due to oxidation during prepa-
ration or vaporization during hot pressing [51]. In order
to identify these phases, it may be important to syn-
thesize compositions far enough in compositional space
from the boundary such that secondary phases are within
the detection limits of phase identification experimental
techniques.

Phase identification can be done using a variety of
methods, most commonly x-ray diffraction (XRD), scan-
ning electron microscopy (SEM), and energy dispersive
spectroscopy (EDS) or energy probe microanalysis. Other
homogeneity techniques such as scanning Seebeck mea-
surements [79] may also be used. Each of these methods
have their strengths and drawbacks. For instance, XRD is
an incredibly common technique that is relatively easy to
use. It is capable of identifying secondary phases through
identifying extra peaks in the diffraction pattern. However,
this becomes much more tricky if the secondary phases
and the primary phase have complicated crystal structures
with peaks with similar 2θ values. Additionally, many
XRD setups have an impurity detection limit of the order
of 5–10% [115], which may make this technique not as
useful in many phase-boundary mapping studies. Addi-
tionally, the contrast in backscattering electron (BSE) SEM
images can be used in conjunction with EDS to identify
secondary phases. However, this BSE contrast is a result
of compositional differences between phases. If the pri-
mary phase and the secondary phases are very close in
compositional space, there may not be sufficient contrast
between phases. However, in cases where the chemical

compositions of secondary phases are sufficiently differ-
ent, SEM is a good tool with good sensitivity to detect
these secondary phases. Thus, in phase identification it
may be necessary to use multiple techniques in conjunction
with each other to fully characterize the sample. Similarly,
some knowledge about the secondary phase crystal struc-
tures and composition will be necessary to select the best
phase identification techniques for a particular material
system.

Another experimental method of phase-boundary map-
ping is through saturation annealing, shown schematically
in Fig. 11. This method is beneficial when compared to
other phase-boundary mapping synthesis techniques in that
it sets the chemical potential of the material without adding
excessive secondary phases that may impact properties
(often negatively). Furthermore, the addition of an excess
specific element(s) may move the local composition out of
the target equilibrium, leading to confusing results. This
was discussed in the phase-boundary mapping study of
the Mg2Si-Mg2Sn psuedobinary, where it was shown that
the common strategy of adding excess Mg shifted local
equilibrium, making phases with different compositions
[17]. In this technique, a sample with the stoichiometry
of the target compound is sealed in a tube with a sat-
urating media that is excess in whichever component is
chosen to be in equilibrium with the sample, in such a way
that they are not physically touching each other (such as
by having quartz wool between the stoichiometry sample
and the saturating media) [14]. By annealing this sample,
equilibrium can be reached between the stoichiometric

PbTe: Pb Rich PbTe: Te Rich

FIG. 11. Experimental setup for saturation annealing for
phase-boundary mapping PbTe [14]. Reproduced with permis-
sion from J. Male et al., Mater. Horiz. 6, 1444 (2019). Copyright
2019, Royal Society of Chemistry.
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sample and the saturating media such that the chemical
potential of the sample is fixed to that of the desired phase
region. This saturation annealing can also be conducted
with slightly different setups, such as saturation annealing
in a MgO crucible in a graphite susceptor with induction
heating [116].

A similar methodology was used for a phase-boundary-
mapping-type study of GaAs, although it was not described
as such. Hazama et al. [56] showed that they could change
the chemical potentials of their GaAs samples by annealing
them with an overpressure of As such that they obtained
an As-excess sample. Similarly, it has been shown that,
by controlling the partial pressure of Mg during annealing,
Mg-vacancy concentrations could be changed as a means
of tuning Mg2−δSi1−xSbx [117].

While phase-boundary mapping can be done experimen-
tally through a variety of different avenues, the important
takeaway is that the chemical potential of the sample is
set to a particular region of the phase diagram as differ-
ent regions have different chemical potentials and defect
energies.

C. Property determination and analysis

Once the thermoelectric samples have been synthesized
such that each sample is set to a specific region in the
phase diagram, standard thermoelectric property analysis
is conducted. Generally, this involves measuring proper-
ties like the electrical conductivity σ , thermal conductivity
κ , and the Seebeck coefficient α, in order to calculate zT.
Additionally, measurements of the charge carrier concen-
tration n via Hall effect measurements are often conducted.
These transport measurements can be conducted using a
variety of different specific setups [118], some of which
are available via commercial instruments, and other setups
requiring home-built instruments [119,120]. If one wants
to extend this phase-boundary mapping approach to other
types of defect-controlled materials such as photovoltaics
or solid electrolytes [121], other transport and property
measurements should be conducted.

Here, the experimentalist is checking for phase-region-
dependent transport properties. For instance, in the case
of Mg3Sb2, it was found that if the samples were made
Mg excess, they exhibited n-type transport, whereas if
the samples were made Sb excess, they exhibited p-type
transport [51]. Step functions in thermoelectric proper-
ties across phase boundaries may be observed, as shown
in Fig. 7. Additionally, this analysis can be aided by
DFT calculations on defect formation energies [17,122].
Computationally determining the dominant defect in var-
ious phase regions can help explain the differences in the
transport properties that are observed.

VIII. CONCLUSION

All thermoelectric compounds have at least two possible
thermodynamic states, as indicated by the phase diagram.

These states can have vastly different defect formation
energies that may lead to different charge carrier con-
centrations, impact other defect-dependent properties, and
sometimes even change the dominant charge carrier type.
Since the thermoelectric figure of merit zT is very depen-
dent on defect-related properties, such as the charge carrier
concentration, the thermodynamic state of a material can
have a profound impact on performance.

We have shown that phase-boundary mapping is an
experimental methodology in which these distinct ther-
modynamic states of the same compound are system-
atically explored. By synthesizing materials in different
phase equilibria, the full potential of the thermoelectric
material can be studied. Too often, researchers studying
thermoelectrics fail to recognize the importance of phase
equilibria, often limiting the performance of their mate-
rials, or resulting in conflicting or unreproducible results.
Phase-boundary mapping can be used on nearly any ther-
moelectric material system and is a necessary step in
thermoelectric studies and optimization. While we have
discussed many recent studies of phase-boundary mapping
thermoelectric materials in this tutorial, there are still many
promising thermoelectric materials that have not yet been
studied using phase-boundary mapping that could benefit
greatly from this approach.

Additionally, phase-boundary mapping is not just rele-
vant for thermoelectric materials. Studies of other complex
semiconductor materials such as those for photovoltaics
could benefit from this approach. In short, any type of
functional material where the properties are dominated by
defects could make use of these approaches. For instance,
in most electronic materials and photovoltaics, there is
a strong dependence on carrier concentration to achieve
optimal behavior. This is often tuned through doping.
However, this phase-boundary mapping approach shows
us that, due to differing chemical potentials, carrier con-
centrations and dopability can vary depending on the phase
region of synthesis. Optimally doping other types of func-
tional materials could benefit from this phase-boundary
mapping approach.
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