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Computations have predicted good thermoelectric performance for a number of Zintl phases when

doped n-type. Combined with the successful experimental realization of n-type KGaSb,, KAISby,
and Mg;Sb, with zT > 1, this has fueled efforts to discover novel n-type dopable Zintl phases.
However, a majority of Zintl phases exhibit strong proclivity toward p-type doping and prior suc-
cesses in finding n-type dopable Zintls were largely serendipitous. Herein we use modern first-
principles defect calculations to study trends in the dopability of Zintl pnictides and find that the
average oxidation state of the anion is a useful chemical guide to identify novel n-type dopable
phases. Specifically, we observe that Zintl pnictides with average oxidation of the anion near -1 are
n-type dopable. The trend is mainly a consequence of the high formation energy of native accep-
tor defects (e.g. cation vacancies) and the resulting absence of charge (electron) compensation.
Using the oxidation state guide in conjunction with a descriptor of thermoelectric performance, we
conduct a large-scale materials search and identify promising candidates that are n-type dopable.
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1 Introduction

Zintl phases are composed of electropositive cations (e.g. alkali,
alkaline, rare-earths) that are ionically bonded to a polyanionic
framework, typically consisting of covalent anion-anion bonds, !
as shown for KGaSb, in Figure 1. Zintl phases continue to intrigue
chemists because of their unique characteristics, including disper-
sive bands, small band gaps”, and weakly bound cations®. To-

gether, these yield materials with excellent charge transport and ~ Sb-Sb
poor phonon transport. These attributes make Zintl phases partic- bonds
ularly suitable for thermoelectric applications “~'°. Indeed, they Gash
are among the best thermoelectric materials, with demonstrated B tetrahfadra

thermoelectric figure of merit z7>1 for p-type Yb;4MnSby; 4,
CagZny,Sby 1>, Cag5YbysMgyBi, '©, and BagGajsGesg'/. While
Zintl phases, in general, span a diverse range of chemistries, many
Zintl thermoelectric materials are pnictides, i.e., compounds con-
taining group 15 anions such as As, Sb, and Bi. It is for this reason
that we focus on Zintl pnictides in this study.

Fig. 1 Crystal structure of a Zintl phase, KGaSby, with an anionic
framework composed of GaSb, tetrahedra linked by Sb-Sb bonds and

It is not surprising that Zintl pnictides exhibit good thermo- the interstices filled with electropositive K cations.

electric performance for p-type doping because the majority of
them are, as grown, natively p-type due to self-doping. Exam-
ples of p-type Zintl pnictides include the “14-1-11” phases '® (e.g.
Yb4MgBi,;) , "1-2-2" phases '” (e.g. SrZn,Sb,), "5-2-6" phases '
(e.g. CasAl,Sbg), "16-11" phases”’ (e.g. Caj¢Bij;) etc. Hence,

efforts to improve their thermoelectric performance have focused
mainly on optimizing hole conductivity through extrinsic doping.
Few attempts have been made to dope Zintl pnictides n-type; it is
only recently that n-type doping has been experimentally demon-
strated in a handful of Zintl phases. The most prominent exam-
ple is n-type Mg;Sb, with a maximal achieved z7 in excess of
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1.521-23  followed by n-type KAISb, “* and KGaSb, 2° with z7 ~ 1,
which was achieved without optimization of the transport prop-
erties. However, a recent study has shown that Mg;Sb; is not a
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layered material and therefore, the Zintl-Klemm concept cannot
be invoked to rationalize it as a Zintl phase. “° The discovery of n-
type dopable Zintl pnictides was largely serendipitous and driven
mainly by chemical intuition. An accurate and quantitative un-
derstanding of the dopability Zintl pnictides is still lacking. In-
terestingly, the potential for good thermoelectric performance of
Zintl pnictides, if doped n-type, was first suggested in computa-
tional searches“"“/ and subsequently, validated through experi-
ments “=>

The observed strong proclivity of Zintl pnictides toward p-type
conductivity is generally due to the facile formation of native ac-
ceptor defects, typically cation vacancies — they act as “killer” de-
fects by charge compensating electrons from native and extrinsic
donors. The facile formation of cation vacancies is plausibly a
consequence of the weak chemical bonding of the cations to the
anionic framework. Conversely, cation vacancies likely have high
formation energies in n-type dopable Zintl pnictides, “*>*” which
prevents electron compensation.

In this work, we use modern defect theory and first-principles
defect calculations to investigate the dopability and the existence
of design principles for n-type doping of Zintl pnictides. These
design principles could be used in conjunction with descriptors of
thermoelectric performance to advance the computational search
for novel Zintl thermoelectric materials. We identify a simple,
yet effective, chemical guide that correlates with the n-type dopa-
bility of Zintl pnictides. Specifically, we observe that Zintls with
average oxidation state of the anion (pnictogen) near -1 are n-
type dopable. This observation follows from the analysis of the
chemical composition of n-type dopable Zintl pnictides, as deter-
mined from our defect calculations. Interestingly, we find that in
Zintl pnictides with average pnictide oxidation state near -1, the
formation of cation vacancies is suppressed, which makes them »n-
type dopable. The relatively high formation energy of the cation
vacancies in these Zintl pnictides is likely due to their cation-poor
chemical compositions such that formation of cation vacancies
is energetically unfavorable. In contrast, known p-type dopable
Zintl phases have cation-rich compositions, where cation vacan-
cies form readily. We utilize our chemical guide in combination
with a previously developed descriptor of thermoelectric perfor-
mance-° in a large-scale materials search and identify novel n-
type dopable Zintl pnictides that are promising for thermoelectric
applications. Furthermore, we confirm the n-type dopability of
three candidate materials through direct defect calculations.

2 Results and Discussion

The dopability of a semiconductor, which is quantified as the
achievable carrier type(s) and concentrations, depends on several
factors, including the native defect energetics and the existence
of dopants with sufficient solubility and desired electronic prop-
erties. Here, we focus on native defects under various growth
conditions and how they allow or prevent the desired doping.

2.1 Role of Native Defects in Dopability
With the advent of first-principles computations, the formation

energetics of point defects can be reliably calculated with stan-
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dard methods such as the supercell approach“”>>=”. The defect
formation energy is calculated as:
AHp 4 = (Epg—En)+qEr + Zni,ui +Ecorr €D)
i

where Ep , and Ep are the total energies of the supercell contain-
ing defect D in charge state g and the defect-free host supercell,
respectively. Ep is the Fermi energy and E.,, comprises all the
finite-size corrections that are applied within the supercell ap-
proach .“” The dependence of the formation energy on the phase
stability and growth conditions is captured by the term Y ;n;u;.
The chemical potential of element i is denoted by u; and n; is the
number of atoms of element i added (n;<0) or removed (n;>0)
from the supercell. Conventionally, the elemental chemical po-
tential y; is expressed relative to the reference elemental phase
as W = uio + Ay;, where H,Q is the reference chemical potential
under standard conditions and Ay; is the deviation from the ref-
erence chemical potential. Ay; =0 corresponds to i-rich growth
conditions while large negative values of Ay; correspond to i-poor
growth conditions. The bounds on Ay; for a given material are set
by the region of phase stability. Further computational details are
provided in the Methods section.

Computed defect energetics are typically presented in the form
of a “defect diagram” — formation energies (AHp ;) of defects plot-
ted as functions of Fermi energy (Er) (see following sections for
several examples). For each defect, the trace corresponding to the
charge state with lowest AHp , at a given Fermi energy is drawn.
The slope of the trace is the charge state of the defect because of
the linear dependence in Eq. 1. Defects with positive and neg-
ative slopes are donors and acceptors, respectively, while those
with zero slope are charge neutral. As described above, the de-
fect energetics also depends on the growth conditions, which is
quantified by the Au of each of the elements present in the com-
pound. Therefore, a different “defect diagram” exists for each
unique growth conditions.

Under a given growth condition, the equilibrium Er and the
corresponding free carrier concentration is determined by solv-
ing the condition of charge neutrality ">
of donor and acceptor defects are determined using a Boltzmann
distribution, such that [D,] = Nye AHpq/%sT where [Dg] is the de-
fect concentration, Ny is the concentration of lattice sites where
the defect can be formed, kg is the Boltzmann constant, and T
is the temperature. Here, AHp , is a function of Er (“defect di-
gram”). The concentrations of electrons and holes at a given T are
also functions of Er. To establish charge neutrality, the total pos-
itive charges should equal the negative charges. In this equation,
at a given temperature, the Fermi energy is the only free parame-
ter. Solving the charge neutrality condition self-consitently yields
the equilibrium EF; the corresponding free carrier concentration
can then be determined straightforwardly. In computing the car-
rier concentration, typically, the synthesis temperature is used
because it is assumed that the defect concentrations at higher

The concentration

temperatures are “frozen-in” (quenched). A change in the defect
concentrations require significant atomic rearrangement, which
is likely to be kinetically limited at low temperatures.

The dopability of a material is often limited by their native de-

This journal is © The Royal Society of Chemistry [year]
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Fig. 2 Formation energies of native defects (AHp ) as functions of Fermi energy (Er) for (a) LiZnSb, (b) CasAl,Sbg, and (c) CdSb under Li-rich,
Ca-rich, and Cd-rich growth conditions, respectively. The corresponding crystal structures are shown above. Ey is referenced to the valence band
maximum. The upper limit of Er shown is the conduction band minimum such that Er values range from 0 to the band gap. Multiple lines of the same
color represent the same defect type at different Wyckoff sites. The shaded region on the left in (a) represents the valence band. AHp , of some
defects, particularly interstitials, are outside the energy window shown. Low AHp , of “killer” cation vacancies hinder n-type doping.

fects. For instance, when acceptor defects with low formation
energy (high concentration) are present, the material can be only
doped p-type; in such cases, n-type doping may lead to low free
electron concentration or it may not be possible altogether. Such
acceptor defects are colloquially termed electron “killers” because
they limit n-type doping.

2.2 Defect Chemistry of p-type Zintl Pnictides

Many well-known Zintl phases, such as CasAl,Sbg and CaZn;Sb,
are examples of materials where cation vacancies act as “killer”
defects to limit n-type doping. > Conversely, the absence of accep-
tor defects with low formation energy presents an opportunity for
n-type doping. Analogous arguments can be drawn for the role of
native donor defects in p-type dopability. As discussed earlier, de-
fect energetics and therefore, dopability, is a also a function of the
growth conditions expressed in terms of the chemical potentials
of the constituent elements. A material may also be both n- and
p-type dopable under all growth conditions or n-type dopable un-
der certain growth conditions while p-type under another growth
condition. KGaSby, a recently discovered Zintl thermoelectric ma-
terial >°, is an example of the former while PbTe and Mg;Sb, are
examples of the latter >**%°>!, More specificially, Mg3Sb, is doped
p-type when grown under Mg-poor conditions®® and n-type un-
der Mg-rich conditions. **

The pervasiveness of electron “killer” defects in Zintl pnictides

This journal is © The Royal Society of Chemistry [year]

has been extensively documented and characterized through both
experiments »'%°? and theory®?. A Zintl pnictide that is notori-
ous for being degenerately p-type under all growth conditions
is LiZnSb>>. In 2006, Madsen performed one of the first high-
throughput computational searches>° for identifying thermoelec-
tric materials — LiZnSb emerged as a promising n-type candi-
date. However, the computational search, like other computa-
tional searches that followed”%°7-°%) was agnostic of material
dopability. Subsequent experimental efforts to dope LiZnSb n-
type were futile®; even lowering the hole concentration to be-
low 1029 cm—3 proved daunting. In the absence of detailed defect
characterization or calculated formation energetics, it was specu-
lated that facile formation of one of the cation vacancies (Vy; or
Vz,) resulted in degenerate hole doping.

To quantitatively understand the role of native defects in the
p-type behavior of LiZnSb, we performed first-principles calcula-
tions — the computed defect energetics are presented in the form
of a “defect diagram” in Figure 2(a). It is evident that acceptor Li
vacancies (Vi;) have low formation energy even at the most Li-
rich conditions allowed by the phase stability (equilibrium with
Li3Sb with Ay;; = -0.98 €V). The formation energy of Vi; is no-
ticeably small such that the equilibrium Fermi energy at 873 K lies
inside the valence band and the free hole concentrations are in
the degenerate limit (6x10%° cm ). The corresponding V;; con-
centration is ~4% of the Li site concentration, which is consistent
with the observed significant off-stoichiometry in LiZnSb>>. The

Journal Name, [year], [vol.], 1-11 |3
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Fig. 3 Formation energies of native defects (AHp 4) as functions of Fermi energy (Er) for (a) KGaSby, and (b) CdAs, under K-rich, and Cd-rich
growth conditions, respectively. The corresponding crystal structures are shown above. Er is referenced to the valence band maximum. The upper
limit of Er shown is the conduction band minimum such that Er values range from 0 to the band gap. Multiple lines of the same color represent the
same defect type at different Wyckoff sites. AHp , of some defects, particularly interstitials, are outside the energy window shown. In these materials,
the formation energies of cation vacancies are relatively higher compared to the Zintl phases in Figure 2, which facilitates extrinsic n-type doping.

defect energetics presented in Figure 2(a) correspond to growth
under relatively Li-rich conditions — this is intentional because
the formation energy of Vi is highest under the most Li-rich con-
ditions and provides the lower bound for the hole concentration.
From another perspective, the Li-rich conditions offer the best sce-
nario to guage opportunities for n-type doping of LiZnSb. Given
the facile formation of the “killer” defect Vi, it is not possible to
n-type dope LiZnSb, at least under equilibrium growth conditions.

To further our understanding of defect-limited dopability of
Zintl pnictide phases, we consider the well-known CasM,Sbg fam-
ily (M = Al, Ga, In) of p-type thermoelectric materials. The
structure contains 1-D chains of corner-sharing MSb, tetrahe-
dra that are linked by Sb-Sb bonds and interspered with Ca
cations. Specifically, we calculated the native defect energetics
of CasAl,Sbg. Under both Ca-rich (Figure 2b) and Ca-poor con-
ditions, we find that the acceptor-type Ca vacancies (Vc,) are the
lowest-energy defects and CasAl,Sbg is natively p-type, consistent
with experiments“. The high formation energy of the lowest-
energy donor Vg, should facilitate extrinsic p-type doping. In-
deed, CasAl;Sbg is known to be degenerately p-type doped with
Na '“. Additionally, it is known from experiments that M-site sub-
stitutions do not noticeably influence the hole concentrations *~,
which further corroborates that Al vacancies, in fact, are not the
predominant defects. As in the case of LiZnSb, the “killer” cation
vacancies limit n-type doping of CasAl,Sbg. However, the forma-
tion energy of Ca vacancies at Ca-rich conditions is not as low as

4| Journal Name, [year], [vol.],1-11

Li vacancies in LiZnSb.

Finally, we examine the native defect chemistry of CdSb, the
lesser-known cousin of ZnSb — a material that has been widely in-
vestigated for thermoelectrics. CdSb possess the same orthorhom-
bic structure as ZnSb and features the characteristic Sb-Sb cova-
lent bonds (Figure 2c). As in the previous two examples, the
cation vacancies (Vcq) are the lowest-energy defects (Figure 2c)
such that CdSb is natively p-type under Cd-rich as well as Cd-poor
growth conditions. The defect chemistry of CdSb is similar to that
of ZnSb, where the presence of large concentrations of Zn vacan-
cies lead to degenerate hole doping.~" In summary, the doping
asymmetry of many Zintl pnictides that are only p-type doped
(Figure 4) is attributed to the low formation energy of cation va-
cancies that act as electron “killers” and hinder n-type doping.

2.3 Defect Chemistry of Known n-type Dopable Zintls

Given the general scarcity of n-type Zintls, not much is known
about their defect chemistry. Also, how the defect chemistry of n-
type dopable Zintls differ from the persistently p-type Zintls (Sec-
tion 2.2) remains to be understood. In this section, we present the
computed defect energetics of two Zintl pnictides that are known
to be n-type dopable: (1) KGaSby,, which has been experimentally
confirmed to be extrinsically dopable n-type with Ba=~, and (2)
CdAs;, an n-type Zintl with low electron concentrations in self-
doped samples~”. The calculated defect diagrams along with the

This journal is © The Royal Society of Chemistry [year]
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crystal structures are shown in Figure 3.

KGaSb, possess a tunnel-like structure formed by the anionic
framework of GaSb, tetrahedra that are linked by Sb-Sb bonds
(Figure 3a). The cation (K) occupies the large interstitial voids
created by the tunnel structure. We have previously demonstrated
through theory and experiments that n-type KGaSb, can be real-
ized via Ba doping
3. At first glance, the defect energetics of KGaSb, (Figure
3a) has one striking difference compared to the p-type Zintls dis-
cussed in Section 2.2 — the formation energy of all the defects
is significantly higher in KGaSb,, which has important implica-
tions for dopability. The lowest energy acceptor, as in p-type Zintl
pnictides, is the cation vacancy (Vk). However, the formation
energy of acceptor Vi is fairly high such that their concentra-
tions will be low, which will not hinder extrinsic n-type doping.
The formation energy of Vi is the highest under K-rich conditions
(Figure 3a) offering the best opportunity to extrinsically n-type
dope KGaSb,. Another interesting observation from Figure 3(a)
is that the lowest-energy native donor, the antisite Sbg,, also has
a relatively high formation energy. This implies KGaSb, should
also allow extrinsic p-type doping. Indeed, we have previously
confirmed that KGaSby is p-type doped with Zn~”, albeit the hole
concentrations are lower than electron concentrations in n-type
samples, consistent with the differences in formation energy of
Vk and Sbg, at the CBM and VBM, respectively.. The lower hole
concentrations in p-type samples can be attributed to the lower
formation energy of Sbg, compared to Vg — some hole compen-
sation by donor Sbg, likely occurs when doped with Zn. There-
fore, the defect calculations reveal that n-type doping of KGaSby
is enabled by the high formation energy of the otherwise “killer”
acceptor cation vacancies.

Figure 3(b) shows the formation energies of the native defects
in the binary Zintl phase, CdAs;, under assumed Cd-rich growth
conditions. The defect chemistry of CdAs, is qualitatively simi-
lar to KGaSb, in that the cation vacancies (Vc4) have relatively
high formation energies. In fact, the formation energy of V¢4 at
the conduction band minimum (CBM) is even higher than that of
Vi in KGaSby. As a result, extrinsic n-type doping of CdAs, grown
under metal-rich conditions is very promising. Under Cd-rich con-
ditions (Figure 3b), CdAs; is predicted to be natively n-type with
low free electron concentration of 2x10'7 em™3 (T = 873 K).
Available experimental reports confirm that self-doped CdAs; is
indeed an n-type material with ~10'7 ecm—3 free electron concen-
tration””. It is also possible to realize p-type CdAs, via extrinsic
doping because the formation energies of compensating donors,
Vs and antisite Ascq at the valence band maximum (VBM) under
Cd-poor growth conditions are also relatively high.

In summary, we find that (1) the cation vacancies are one of
the lowest-energy native acceptor defects, (2) the formation en-
ergies of cation vacancies are high, and (2) the Zintl phases may
also be p-type dopable, making them good candidate materials
for fabricating both n- and p-type legs of a thermoelectric de-
vice. Interestingly, we observe that the chemical compositions
of KGaSb, and CdAs; are cation-poor; in contrast, the chemi-
cal compositions of known p-type Zintl pnictides are generally
cation-rich (e.g. CasAl,Sbg). As a consequence, we find that the

resulting in electron concentrations of ~10!°
cm™

This journal is © The Royal Society of Chemistry [year]
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pnictide (Pn) anion. Blue circles denote p-type, red squares

n-type. , —°% KGaSb, can be doped both n- and p-type.

average oxidation state of the pnictide (Sb, As) is -1 in KGaSby
and CdAs,, which are both n-type dopable. In comparison, the
average pnictide oxidation state in known p-type Zintl phases is
further from -1. For instance, -3 and -2 in LiZnSb and CdSb,
respectively. To further build upon this observed correlation be-
tween n-type dopability and average pnictide oxidation state, we
surveyed the experimental literature of Zintl pnictides, which is
discussed next.

2.4 A Guide to Discover n-type Dopable Zintl Pnictides
Figure 4 presents the experimentally measured charge carrier
(electrons, holes) concentrations of 40 Zintl pnictides as a func-
tion of the average oxidation state of the pnictide (Pn) anion. The
average oxidation state of Pn is calculated by assuming the formal
oxidation state of the cations and dividing the total positive va-
lence with the number of Pn atoms. For example, in CagZnySby,
the formal oxidation states of Ca and Zn are 2+, such that the
total positive valence is 9x2+4x2 = 26, and therefore, average
oxidation state of Pn is -26/9 = -2.89. Similarly, in KGaSby, the
average oxidation state of Pn is -(14+3)/4 = -1.

The literature data in Figure 4 is intriguing in that it
presents a rather useful demarcation between Zintl pnictides with
experimentally-verified n-type dopability (measured electron con-
centrations) and those for which data on n-type doping is not
available. We find that all Zintl compounds with -1 average oxi-
dation state of the pnictide (e.g. As, Sb, Bi) are n-type dopable,
while those with average oxidation state less than -1 show pro-
clivity for p-type doping. Therefore, the average oxidation state
of the anion, which can be straightforwardly determined from
the stoichiometry, seems to be a simple predictor of n-type dopa-
bility of Zintl pnictides and as such, could potentially be used
as a chemical guide for rapidly identifying n-type dopable Zintls.

Journal Name, [year], [vol.], 1-11 |5
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Mg;Sb,, with -3 average oxidation state of Sb, is the only out-
lier that has been successfully doped n-type by growing the ma-
terial under Mg-rich conditions“~. Considering Mg3;Sb; as a Zintl
phase, which has been debated “°, the data in Figure 4 indicate
that while it may be possible to find n-type dopable Zintl pnictides
that disobey the oxidation state guide, the likelihood increases as
the average pnictide oxidation state approaches -1.

We know from existing experimental studies that there are a
few Zintl pnictides that do not suffer from the p-type doping
asymmetry (Figure 4). These include CoSbs, KGaSb,, KAISby,
and Mg;Sb, that have been doped both p- and n-type “=>>>°°
ZnAs, and CdAs; are reported only as n-type~~ with lower elec-
tron concentrations of ~ 10'7 cm~3. We observe that the known
n-type dopable Zintl pnictides, with the exception of MgzSb,, all
share a simple common feature — the average oxidation state of
the pnictide (Pn) in these materials are small negative values (Fig-
ure 4). Specifically, the Pn average oxidation state is near -1 in
n-type dopable Zintls whereas in most other Zintl phases, the ox-
idation states range from -2 to -3.

A few preliminary observations that emerge from Figure 4 are:
(1) the average Pn oxidation state seems to suggest that the likeli-
hood of finding n-type dopable Zintl pnictides increases for metal-
poor chemistries, which offers a simple chemical guide to discover
n-type dopable Zintl phases, and (2) the chemical guide needs to
be further tested because the empirical data for n-type Zintls is
comparitively sparse. Detailed studies have shown that Mgz Sb,
is not a layered material and therefore, the Zintl-Klemm con-
cept cannot be used to rationalize its structure.“” Consequently,
Mg;Sb; cannot be considered a Zintl phase. In light of these find-
ings, we have not included Mg;Sb, in Figure 4.

It is not immediately obvious how the Pn average oxidation
state is related to the n-type dopability of Zintl pnictides. The
high formation energy of “killer” cation vacancies is what makes
certain Zintl pnictides n-type dopable. According to Eq. 1, the for-
mation energy of cation vacancies (V.uion) depends on the energy
difference between the defected and host supercells (Ep , — En)
and the chemical potential of the cation (Ucyion). The Fermi en-
ergy (Er) is treated as a free parameter. It is not straightforward
to deconvolute the energetic contributions of Ep ; — Ey and Ucagion
to Veation formation energy (Eq. 1) for a wide range of chemistries;
however, a plausible explanation for the relation between the av-
erage oxidation state and n-type dopability can be gleaned from
the stoichiometry of the Zintl phases.

Zintl pnictides with Pn average oxidation state near -1 have
uniquely cation-poor chemical compositions; in contrast, p-
type Zintl pnictides are cation-rich. For example, in KGaSby
and CdAs;, the metal-to-pnictide ratio is 0.5 while in LiZnSb,
CasAl,Sbg, and CdSb the ratios are 2, 1.2, and 1, respectively.
These n-type dopable Zintl pnictides already have cation-poor
compositions and formation of cation vacancies would further
deplete their cation content, which is likely associated with a
stiff energetic cost. As a result, the formation energy of “killer”
cation vacancies in cation-poor Zintl pnictides is energetically
unfavorable, which creates opportunities for n-type doping of
these phases. An analogous example of this effect in non-Zintl
chemistries is observed in SnO and SnO, — the former has a rela-

6| Journal Name, [year], [vol.],1—11

Zintl pnictides in ICSD
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Fig. 5 900 Zintl phases identified from the ICSD denoted by the
number of atoms in the primitive cell and the maximum electronegativity
difference between the constituent elements. Well-known Zintl phases
(e.g. ZnSb, CasAl,Sbg, CaZn,Sb,, KSnSb) are correctly identified. Red
markers denote those Zintl phases where the pnictide average oxidation
state is near -1 — based on our proposed chemical guide, these Zintl
compounds are predicted to be dopable n-type. Complete list of 900
Zintls phases is documented in the ESI.

tively cation-rich composition compared to the latter. While for-
mation of Sn vacancies (Vg,) in SnO is facile , the formation
of Vg, in SnO, is unfavorable °*

Based on the curated experimental data (Figure 4), and first-
principles defect calculations presented in Sections 2.2, and 2.3,
the proposed chemical guide appears promising for rapid iden-
tification of n-type dopable Zintl pnictides. In the next section
(Section 2.5), we perform a large-scale search to identify Zintl
pnictides that are predicted to exhibit good n-type thermoelectric
performance, and expected to be n-type dopable based on their
Pn average oxidation state. For three identified candidate materi-
als, we confirm their n-type dopability through first-principles de-
fect calculations, providing further confidence to this approach.
To truly demonstrate the usefulness of the approach, we call
upon the experimentalists to: (1) synthesize and characterize the
promising Zintl pnictides identified in Section 2.5, and (2) per-
form targeted synthesis of new, undiscovered Zintl phases that
satisfy the oxidation state guide. To realize the latter, one may
consider chemical substitutions in known Zintl phases with Pn
average oxidation state near -1.

This journal is © The Royal Society of Chemistry [year]
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2.5 Search for n-type Dopable Zintl Pnictides with Promising
Thermoelectric Performance

Traditionally, computational searches for novel thermoelectric
materials using descriptor-based approaches have either over-
looked material dopability alltogether “>>°° or assessed the dopa-
bility of the identified candidates post-search through first-
principles defect calculations or experimental doping stud-
While dopability can be reliably assessed with first-
principles defect calculations, their practical implementation is
still computationally expensive such that it cannot be performed
for a large set of candidate materials. In this work, the pro-
posed chemical guide for identifying n-type dopable Zintl pnic-
tides presents a unique opportunity to assess material dopability
prior to gauging their thermoelectric performance - this is en-
abled by the simplicity of the chemical guide. With the chem-
ical guide, it is possible to rapidly search vast chemical spaces,
which would not be possible even with computationally-tractable
descriptors of thermoelectric performance such as f3

ies <

With the goal of accelerating the discovery of n-type Zintl
thermoelectric materials, we performed a broad search within
~40,000 stoichiometric and ordered structures reported in the In-
organic Crystal Structure Database (ICSD) /" to identify candidate
n-type dopable Zintl pnictides that are predicted to exhibit good
thermoelectric performance. The search was a three-step process
involving: (1) automated search of Zintl pnictide structures, (2)
identification of Zintl pnictides that are predicted to be dopable
n-type according to the chemical guide, and (3) assessment of the
thermoelectric performance of the n-type dopable Zintl pnictides
to identify promising candidates.

The methodology for automated search of Zintl pnictide struc-
tures is presented in the Methods section. Using the Pn-Pn bond
as a structural search criteria, we identified 185 binary (78 ar-
senides, 73 antimonides, 34 bismuthides), and 160 ternary (50
arsenides, 84 antimonides, 26 bismuthides) compounds. The au-
tomated search correctly identifies well-known Zintl compounds
such as ZnSb, Mo3Sb;, CasAl,Sbg, Yb14MnSb; that have been
widely studied as thermoelectric materials. In addition, we ide-
tified 555 ternary polar intermetallics, which can be classsified
as Zintls. Well-known phases such as CaZn,Sb, and KSnSb are
correctly identified. The 900 identified Zintl phases are shown in
Figure 5, represented by the number of atoms in the primitive cell
and the maximum of the electronegativity (Pauling) differences
between pairwise combinations of the constituent elements. The
maximum electronegativity difference provides a rough measure
of the ionicity of the cation-anionic framework bonding.

Among the 900 structures, we identified 67 compounds where
the pnictide (As, Sb, Bi) average oxidation state is -1 or higher
(red markers in Figure 5) — according to our chemical guide, these
Zintl phases are likely n-type dopable. For compounds containing
cations that assume multiple oxidation states, especially those
containing transition metals, the highest oxidation state of the
metal was used to determine the average oxidation state of the
pnictide. This identification of potentially n-type dopable candi-
date materials was designed to be conservative. It is notable that
these potentially n-type dopable Zintl phases cluster on the right

This journal is © The Royal Society of Chemistry [year]
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compound N ml*)os,cs KL, L B/ BpoTe
ZnAs; 24 0.04 6.0 2209 1.9
NaSb 16 0.42 1.1 36 1.7
KGaSby 24 0.12 1.0 120 1.5
NaAs 16 0.50 1.4 34 1.5
KAISby 24 0.14 1.1 103 1.4
CdAs, 6 0.08 6.3 738 1.3
KSb 16 0.60 0.9 15 1.2
LisAsy 160 372 11 2 1.2
CS4ZI1ASI4 304 4.85 0.7 1 1.0
BazAsy4 34 3.81 1.0 2 0.6
KSb, 6 0.11 1.0 60 0.6
Cs3Sby 160 4.34 0.5 1 0.6
CsBi 32 0.66 0.7 6 0.6
KBi 32 1.10 0.6 3 0.6
RbSb, 6 0.14 0.7 35 0.5
KBajAss 16 0.89 1.2 8 0.5

Table 1 Candidate n-type Zintl pnictides predicted to exhibit high
thermoelectric performance with relative 3, /Bpyte Of 0.5 and greater.
Properties: number of atoms in the primitive cell (N), conduction band
density of states effective mass (mj)yg cg) in units of electronic mass m,,
lattice thermal conductivity (k) in W/mK, and intrinsic electron mobility
(ua) in cm?/Vs. B, is expressed relative to the B of n-type PbTe.

side of Figure 5 corresponding to larger values of maximum elec-
tronegativity difference. From a materials design perspective, the
chemical guideline to realize Zintl phases with pnictide average
oxidation state of -1 or higher seems to require that the cation be
highly electropositive.

Of the 67 Zintl phases, 43 have finite DFT-calculated band gap,
for which we computationally assessed their potential for thermo-
electric performance using our previously-developed descriptor 3
(see Refs. and for details). The larger the value of 3, the
better the predicted thermoelectric performance. The value of
for the assumed n-type doped materials, expressed relative to the
n-type B of PbTe, is presented in Table 1 for the candidate Zintl
phases with relative f,/Bpyte of 0.5 and greater. Also, other com-
puted properties such as band gap (Eg), conduction band density
of states effective mass (m]*)OS’CB), and modeled lattice thermal
conductivity (xz) and intrinsic electron mobility (u,) are tabu-
lated. The complete table of 8 of all 43 Zintl phases can be found
in Table S1 in the supplemental information.

In light of the work presented in Ref. 26, it is important to
carefully consider if the proposed candidates can be considered
as Zintl phases. The goal of this study to provide a simple chem-
ical guide that allows rapid screening of thousands of materials
to identify promising n-type Zintl phases for thermoelectrics. The
broad materials search presented here does not forgo the need
for in-depth studies of the candidate materials on a case-by-case
basis. The proposed Zintl pnictides in Table 1 contain covalent
Pn-Pn bonds in the anionic framework (see Figures S2 and S3 in
the supplementary information). Therefore, the proposed can-
didates fulfill one of the basis requirements of the Zintl concept

Journal Name, [year], [vol.], 1-11 |7
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a) ZnAs, (b) KSb

(c) KBa,As;
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Fig. 6 Formation energies of native defects (AH)p ;) as functions of Fermi energy (Er) for (a) ZnAs,, (b) KSb, and (b) KBaAss under Zn-rich, K-rich,
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represent the same defect type at different Wyckoff sites. AHp , of some defects, particularly interstitials, are outside the energy window shown. The
native defect energetics confirm the n-type dopability of these candidate materials.

i.e. covalent character of the anionic framework. Additionally,
most of the proposed Zintl phases contain highly electropositive
cations (Li, Na, K, Ba, Rb, Cs). As a result, the cation-anionic
framework bonding will have significant ionic character, thereby
fulfilling another requirement of the Zintl concept.

Most notable among the candidate materials are KGaSb, and
KAISb, that we have previously demonstrated to be n-type
dopable Zintls with thermoelectric figure of merit 77 approaching
~1, without aggressive optimization”*“°. Specifically, we have
demonstrated that Ba-doped KGaSb, is n-type®> (as well as p-
type via Zn doping). In addition, first-principles defect calcula-
tions of candidate materials KGaSb, (Figure 3a), CdAs, (Figure
3b), and KSb (Figure 3c) confirm that these materials are dopable
n-type. As with other well-known Zintl thermoelectric materials,
most Zintl phases in Table 1 exhibit low lattice thermal conduc-
tivities. To further confirm the validity of the proposed chemical
guide, we performed defect calculations for three candidate ma-
terials from Table 1, which are discussed next.

ZnAs,: Based on the value of f, presented in Table 1, n-
type ZnAs, is predicted to exhibit superior thermoelectric per-
formance, mainly arising from its high electron mobility. The
formation energetics of the native defects in ZnAs, grown un-
der Zn-rich conditions, shown in Figure 6(a), suggest that the
material is dopable n-type. As expected, zinc vacancies are the
lowest-energy acceptors but their formation energies are signifi-
cantly high — larger than 1 €V for Fermi energy at the CBM. Also,

8| Journal Name, [year], [vol.],1—11

the formation energy of the lowest-energy antisite donors, Znp,
are high even under Zn-rich/As-poor growth conditions. The high
formation energy of native donor and acceptor defects mean that
ZnAs, is intrinsic when not extrinsically doped. The very high
formation energy of the “electron killer” cation vacancies presents
the opportunity for extrinsic n-type doping of the material.

KSb: The Zintl phase KSb has a LiAs structure type composed
of corrugated ...Sb-Sb-Sb... chains interspered with K (Figure
6b). Beside its crystal structure, phase competition with K;3Sb,
and semiconducting nature, not much is known about KSb re-
garding its doping behavior. The Pn average oxidation state is
-1 and according to the proposed chemical guide should be an »n-
type dopable. From the defect energetics shown for K-rich growth
conditions (Figure 6b), we find that the cation vacancy (Vi) is, as
expected, one of the lowest-energy native acceptor defects with
a formation energy at the CBM lower than that in KGaSb, (Fig-
ure 3a). However, formation energy of Vg at the CBM is still
high enough to not cause significant electron compensation when
doped with a suitable extrinsic donor. Additionally, we find that
the anion vacancy (Vgp) due to its negative-U behavior’® acts
as an amphoteric defect i.e. a donor or an acceptor depending
on the Fermi energy. The formation energetics are such that the
anion vacancy is also one of the lowest-energy acceptor defects
(for EF closer to the conduction band) but its formation energy is
about the same as the cation vacancy. Therefore, KSb is an n-type
dopable Zintl, which further validates the chemical guide.

This journal is © The Royal Society of Chemistry [year]
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KBa,Ass: Beyond KAISbs and KGaSby, two other ternary Zintl
phases feature in Table 1 — Cs4ZnAs;4 and KBayAss. Since
Cs4ZnAsyy has a large unit cell with 304 atoms, first-principles
defect calculations is computationally intractable. Therefore, we
chose to calculate the formation energetics of native defects in
KBajAss, which are presented in Figure 6(c). The crystal struc-
ture of KBa,Ass is characterized by the ...-As-As-As-... backbone
with K and Ba in the interstices (Figure 6¢). We find that while
the defect chemistry of KBa,Ass is unlike other Zintl phases with
-1 Pn average oxidation state (KGaSb,, CdAs;, ZnAs;, KSb), it is
still an n-type material, consistent with our predictions. Instead
of the expected cation vacancy (Vk), the lowest-energy acceptors
in KBa,Ass under K-rich conditions are V4 vacancies and Kg, an-
tisites. Nevertheless, KBa,Ass is natively self-doped n-type with
predicted free electron concentrations ranging from ~10'% cm—3
at 600K to ~10'° cm~3 at 1000K (Figure S1). The particularly
low formation energy of the antisite Bak is responsible for the
n-type self-doping in KBa,Ass.

Through these three additional examples (ZnAs;, KSb,
KBa,Ass), we have further demonstrated that our proposed chem-
ical guide for identifying n-type dopable Zintl phases is reliable.
Also, the chemical guide is particularly useful to rapidly assess the
dopability of Zintl phases with large unit cells, such as Cs4ZnAsy4,
where direct first-principles defect calculations are impractical.

3 Conclusions

In this work, we propose a simple chemical guide for finding novel
n-type Zintl thermoelectric materials. We find that Zintl pnictides
with average oxidation state of the pnictide near -1 are likely n-
type dopable. Combined with descriptors of thermoelectric per-
formance, the simple chemical guide offers exciting opportuni-
ties for synthetic chemists to realize new Zintl pnictides for ther-
moelectrics with designed doping characteristics. More generally,
through this work, we demonstrate that it may be possible to de-
scribe the dopability of specific material classes with relatively
simple compositional and structural descriptors.

Methods

Calculation of Defect Energetics

First-principles defect calculations are performed with density
functional theory (DFT) in the generalized gradient approxima-
tion of Perdew-Burke-Ernzerhof (PBE) '“, utilizing the projector
augmented wave (PAW) formalism as implemented in the VASP
software package.’~ Defect energetics are calculated using the
standard supercell approach.“” The total energies of defect su-
percells are calculated with a plane-wave energy cutoff of 340 eV
and a I'-centered Monkhorst pack k-point grid to sample the Bril-
louin zone. The defect supercells are relaxed following the pro-
cedure used in Refs. and 65. Typically, DFT-calculated total
energies (OK) of elemental phases are used as reference elemen-
tal chemical potentials (1), which can lead to erroneous forma-
tion enthalpies. '° Inspired by the FERE approach ’°, the reference
chemical potentials in this work are obtained by fitting to a set of
measured formation enthalpies.

The underestimation of band gap in DFT-GGA is remedied by

This journal is © The Royal Society of Chemistry [year]
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applying band edge shifts as determined from GW quasi-particle
energy calculations, following the procedure previously employed
in Refs. and 65. The following corrections are included in
Ecorr, following the state-of-the-art methodology described in Ref.

: (1) image charge correction for charged defects, (2) potential
alignment correction for charged defects, (3) band filling correc-
tion for shallow defects, and (4) band gap correction for shallow
acceptors/donors. The calculation setup and analyses are per-
formed using a software package, pylada-defects, that we have
developed to automate point defect calculations.

For a given material, the defect formation energies of all va-
cancies, antisites, and interstitials are calculated in charge states
qg=-3,-2,-1,0, 1, 2, and 3. In most materials considered in
this study, the formation energy of interstitials is relatively high;
in some cases, interstitial formation energies are larger than the
plotted energy window. Vacancies and antisite defects derived
from all unique Wyckoff positions in the crystal structure are in-
cluded in the calculations. The most likely interstitials sites are
automatically identified via a Voronoi tessellation scheme as im-
plemented in pylada-defects.

Automated Identification of Zintl Pnictides from ICSD

To search for Zintl pnictides in the Inorganic Crystal Structure
Database (ICSD), we developed an algorithmic procedure to au-
tomatically identify such structures. Given that all the Zintl pnic-
tides in Figure 4 are arsenides, antimonides, and bismuthides, we
limited our search to all structures that contain Pn = As, Sb, or Bi,
but not N or P. Mixed anion compounds containing Pr and one or
more of the following anions: O, S, Se, Te, F, Cl, Br, and I, were
not considered in this search. The presence of covalent Pn— Pn
bonds in the structure is a characteristic feature of many Zintls,
including several shown in Figure 4 such as ZnSb, KGaSby, and
Yb;4MnBi;;. We identified structures comprising binary, ternary,
and quaternary chemistries that contain at least one Pn-Pn bond.

Certain polar intermetallic compounds, which lack Pn-Pn
bonds, can also be classified as Zintl phases because their
structures can be rationalized using the Zintl-Klemm concept
Within thermoelectrics, the “1-2-2” (e.g. CaZn,Sb,) and “1-1-1”
(e.g. KZnAs) polar intermetallic are considered Zintl phases (Fig-
ure 5). We considerd Pn-based ternary polar intermetallics with
AxB,C; stoichiometry, where A is an electropositive cation, B is a
less-electropositive cation that is part of the “anionic framework”,
and C is a pnictogen (As, Sb, or Bi). The automated search uses
the following criteria to identify these structures: (1) at least one
bond exists between B-C, (2) xc — x5<0.7, and (3) yc — x4>1.0,
where y is the electronegativity on the Pauling scale. This search
scheme correctly identifies the well-known “1-1-1” and “1-2-2”
phases, as shown in Figure 5. In these Zintl phases, the Pn oxi-
dation state is 3-. For the purposes of identifying n-type dopable
Zintl phases, we are specifically interested in compounds where
the Pn average oxidation state is -1 or higher, a feature lacking in
these Zintl phases.
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