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Abstract: Experimentally, AZn,Sb, samples (A = Ca, Sr, Eu,
YD) are found to have large charge carrier concentrations that
increase with increasing electronegativity of A. Using density
functional theory (DFT) calculations, we show that this trend
can be explained by stable cation vacancies and the corre-
sponding finite phase width in A,_.Zn,Sb, compounds.

Zintl compounds have enjoyed a rich history of scientific
study since their initial investigation by Edward Zintl in the
1930s"* and have recently gained interest for use in thermo-
electric devices for power generation.*! An opportunity now
exists to combine the historical depth of chemical under-
standing, current experimental studies, and new computa-
tional capabilities to establish a detailed, coherent under-
standing of the electronic properties of Zintl materials. The
concepts developed for Zintl phases are widely applicable in
solid-state chemistry and can be used to understand the
properties of many solid-state materials, from insulators and
metals to semiconductors.

Within the Zintl-Klemm-Busmann concept,m the dona-
tion of valence electrons from the cation to the polyanionic
sub-lattice is assumed to be complete. This simple concept is
useful in understanding bonding and transport phenomena to
first order, and can be employed quantitatively in doping
Zintl compounds with alio-valent species.®® In practice
however, the degree of ionic bonding depends on the
difference in electronegativity between the Zintl cation and
the polyanion, and therefore on the covalent contributions to
the bond. The degree of electron transfer between cations and
anions” has well documented influence on the transport
properties of Zintl compounds."*!"! Consistent with the Zintl—
Klemm-Busmann electron counting concept, density func-
tional theory (DFT) studies show that, regardless of the
covalent or ionic character of the cation bond, Zintl
compounds have completely filled valence bands.”'>'* This
suggests that Zintl phases, provided that the valence and
conduction bands do not overlap, should exhibit intrinsic
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semiconducting behavior with a low concentration of charge
carriers.””

Some Zintl phases exhibit large experimental p-type
carrier concentrations that appear to challenge the definition
of Zintl phases as valence-precise semiconductors. The
AZn,Sb, compounds (A =Ca, Sr, Eu, Yb) are an extreme
example of such incongruity. AZn,Sb, compounds form the
CaAlSi, structure type (Figure 1a, space group P3m1), which
is described by Burdett and Miller using the Zintl concept.!'?
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Figure 1. Left: Layered crystal structure of SrZn,Sb,, space group
P3m1. S, green; Zn, blue; Sb, orange. Right: The experimental Hall
carrier concentration of AZn,Sb, compounds increased with increasing
cation electronegativity (Allred—Rochow scale?"?4). The carrier concen-
tration data were taken from Ref. [23-27].

The study of AZn,Sb, phases has accelerated recently due to
their excellent thermoelectric performance.” = Good ther-
moelectric materials are generally extrinsically-doped semi-
conductors, with optimal carrier concentrations, n, on the
order of 10" to 10® carriers/cm?.1%735% A7Zn,Sb, (A = Ca, Sr,
Eu, Yb) compounds possess large, nearly optimal carrier
concentrations (ranging from 10"°-10% holes/cm®) without the
need for doping—a unique feature among Zintl thermo-
electrics. Remarkably, the experimentally observed carrier
concentrations in AZn,Sb, compounds trend with the electro-
negativity of A, as shown in Figure 1b. Note that although the
Allred—-Rochow and Nagle electronegativity scales are con-
sistent, other scales yield an overly high electronegativity for
Eu.’”! The Sanderson electronegativity may be the most
appropriate, but it has not been tabulated for rare earth
elements.®”® The trend illustrated in Figure 1 is consistent
across several research groups and synthetic approaches. The
dependence of n on the cation electronegativity in AM,Sb,
compounds (M =Zn, Cd, Mn) has been exploited in several
instances to optimize the thermoelectric figure of merit.[*-*3

The relationship between n and the electronegativity of A
has been previously justified by imperfect electron donation
from the cation, leading to electron-deficient polyanions, and
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thus to holes in the valence band.['"*! This is inconsistent with
published computational results that confirm that the valence
band is fully filled in each case. Here, we strengthen the Zintl
concept with a consistent picture of valence-precise charge
counting, electronic structure, and carrier concentration.
Using DFT calculations, we show that the predicted concen-
tration of A-site vacancies in AZn,Sb, compounds depend
strongly on the electronegativity of A and can explain the
trend in the experimentally observed carrier concentrations.

The calculated electronic band structures for pure
AZn,Sb, compounds (A=Ca, Sr, Eu, Yb) are shown in
Figure 2. All compounds are predicted to be semiconductors
with the Fermi level falling within a forbidden gap region.
While the variation in the calculated band gaps is within the
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Figure 2. The electronic band structures of AZn,Sb, compounds. The
Fermi level at 0 K falls in the forbidden gap for each compound. An
anti-ferromagenitic supercell was used for EuZn,Sb, resulting in

a different Brillouin zone, but the directions in reciprocal space are
consistent.

range of experimental estimations (> 0.25 eV®), the magni-
tude does not greatly influence the subsequent results. The
structure of the valence band is also remarkably similar across
the AZn,Sb, series, each consisting of three bands with
slightly different effective masses, consistent with previous
studies indicating that the cation does not strongly influence
states near the Fermi level.'>'¥ In the case of A = Yb and Eu,
the calculations suggest that the f-states are well below the
valence band maximum and do not contribute significantly to
character of these bonded states.

At 0 K, the valence band states are fully occupied and the
conduction band states are unoccupied. This is consistent with
a simple molecular orbital model™? with 16 electrons per unit
cell (including 2 electrons from the cation) completely filling
the 8 bonding states per unit cell. Thus, for a perfect AZn,Sb,
crystal, thermally activated holes and electrons should
dominate transport.”™ In contrast, experimental transport
measurements show highly degenerate p-type behavior with
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little indication of thermally activated carriers up to 700 K.
This indicates that in the measured samples, the Fermi level is
near or inside the valence band, rather than near the middle
of the band gap.

Since electronic structure calculations for pure AZn,Sb,
are inconsistent with experimental results, we investigate
another explanation—that the degenerate p-type behavior is
a result of non-stoichiometric samples containing stable site
defects. For example, in the molecular orbital model, a defi-
ciency of either A-site cations or Zn corresponds to an
oxidation process, leading to fewer electrons in the bonding
and anti-bonding states. The study of the effect of vacancies
on the electronic properties of materials such as oxides has
a long history (e.g., Ni*" vacancies in NiO lead to p-type
behavior).*”) Among Zintl phases, the influence of defects on
transport has not yet been widely studied.

AZn,Sb, phases are likely thermodynamically stable over
a small, temperature-dependent composition range, the limits
of which are determined by the energetics of configurational
disorder and the equilibrium relationships with other nearby
phases.**1 Unless a sample is cooled extremely slowly during
synthesis, the phase at room temperature may also exist
outside of its thermodynamic range of stability, due to kinetic
limitations. A small deviation from the valence-precise
stoichiometry can significantly alter the electronic proper-
ties.[¥ For example, a vacancy concentration of only ~0.6
at% of Yb atoms in YbZn,Sb, could explain the large
experimental p-type carrier concentration of 10* h*cm™,
assuming that each vacancy leads to two free carriers. Note
that this latter assumption is challenged by the results below.

The site defect formation in AZn,Sb, depends on the
phase relationships with the other compounds in the Zn-Sb-
A ternary phase diagram, which place thermodynamic limits
on the chemical potential of each species. Based on total
energy DFT calculations, we find that AZn,Sb, phases are
indeed stable at zero temperature with respect to the
elemental constituents as well as to reported surrounding
binary compounds (e.g., CaSb,, Ca;;Sb,).

For a crystal phase that has a small concentration of
defects, we can consider them in the dilute limit"® under the
assumption that the defects are non-interacting and the
crystal band structure is largely unaffected.'*!! In this limit, we
can employ the following relationship to calculate the
concentration of defects (xp,) relative to the concentration
of possible defect sites (x,) as a function of the single defect
enthalpy (AH=Ep—E,;), the Fermi level (Eg) and the
chemical potential of each atomic species (u):

AH, Es, — E E
Xp g A Xo€XP (— o ];q) = xyexp (— W) (1)

The chemical potential range for each species is con-
strained thermodynamically by nearby stable phases. Exper-
imentally, nominally stoichiometric AZn,Sb, samples are
consistently found to contain ZnSb precipitates,”>?" sug-
gesting that some loss of A may occur during synthesis.
Irrespective of how samples become A-deficient, the presence
of ZnSb in all samples indicates that the two-phase equilib-
rium condition between AZn,Sb, and ZnSb must be used to
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explain the experimental trends. Thus, chemical potentials, u,
were chosen to match this condition. Requiring stability with
the surrounding phases also limits the total defect concen-
tration that can occur.

The total defect energy [Ep in Equation (1)] in each
AZn,Sb, phase was calculated after removing or replacing
a single atom from a large supercell. Defect energies were
calculated for vacancies on the A, Zn and Sb site (denoted V,,
V., and Vg, respectively), substitutions of Zn or Sb on the A
site (Zn,, Sb,) or of A on the Zn site (Az,), and cation
interstitials (A;). The defect formation enthalpy, AH=
Ep—Ey+qEg+u, is often reported as a function of Efg for
a set of charged states, ¢.**! Figure 3 (top) shows AHp as
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Figure 3. Top: The defect formation enthalpy, AHps (=AH);) for
various point defects in CaZn,Sb, is shown as a function of E;. In all
AZn,Sb, compounds, cation vacancies, V,, were found to be the lowest
energy defect. Bottom: With increasing cation electronegativity AH,
for cation vacancies decreases. The colored dashed lines correspond
to the respective conduction band minima.

a function of Ey for all of the calculated defects in CaZn,Sb..
The slope of each line segment (+ 1,0, —1 or —2) corresponds
to the charged state of the defect. It is apparent from Figure 3
that vacancies on the Ca site (V,) are the most energetically
favorable point defect. This was found to be true for all
AZn,Sb, compounds—the A site cation vacancy always
exhibits the lowest energy among the point defects consid-
ered. For this reason, we focus our attention on the cation
vacancy defect energies across the AZn,Sb, series.
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Assuming equilibrium with ZnSb, the relevant reaction
for the formation of a cation defect is given by Equation (2).

(1—x) AZn,Sb, + (2x) ZnSb — A, _Zn,Sb, + x AH,, )

The bottom panel of Figure3 compares AH, for A
vacancies in each AZn,Sb, phase (A =Ca, Sr, Eu, Yb). We
find that YbZn,Sb,, the compound with the highest exper-
imental hole concentration, has the smallest energy barrier
for cation vacancy formation. A negative value of AH)
indicates that vacancies will form spontaneously. In general,
vacancy formation is more energetically costly when the
bonding is strong. The relationship between AHp and
electronegativity might be explained by the relative energy
cost of transferring electrons from the cation to the anions,
which in turn influences bond strength and vacancy formation
energies. It may be impossible to construct an exact analytical
model for AHp based on electronegativity because of the
complex interactions involved. Nevertheless, since DFT
calculations include all interactions, we can exploit them to
directly probe the influence of the cation bonding character in
determining AHp, and perhaps learn something about the
influence of electronegativity on defects in the process.

The concentration of free charge carriers in AZn,Sb,
compounds is intimately tied to the thermodynamics of
defect formation. The formation of negatively charged
vacancies will shift the Fermi level downwards to maintain
charge balance of free charge carriers (n, and n.), and charged
defects (xp4) according to:

ny, —n + ZD,'] qXpg = 0 (3)

The concentration of free holes and electrons, », and 7.,
are also functions of Erand the density of states, g(E) through
the following Fermi integrations:(*)

= / m ¢(E)[1 — f(E; Ex, T)|dE (4)

n, = / " G(E)f(E:Ey.T)dE (5)

JEc

From Figure 3, it is clear that decreasing the Fermi level
increases the formation enthalpy of the charged cation
vacancies, thus reducing the concentration of vacancy defects.
Thus, a delicate balance is struck between the equilibrium
Fermi level and the concentration of defects and charge
carriers. Contrary to expectations, each cation vacancy is
found to lead to fewer than two free carriers on average, due
to the different possible charge states (0, —1, —2) near Ex=0.

An important consequence of these results is that n-type
behavior in AZn,Sb, compounds is thermodynamically unat-
tainable. The low cation vacancy formation enthalpies
effectively pin the Fermi level close to the valence band
maximum. Any attempt to increase the Fermi level through n-
type chemical doping would only encourage the formation of
additional cation vacancies, preventing an increase of the
Fermi level. This explains the persistent p-type character
found in AZn,Sb, compounds. The most dramatic case is
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YbZn,Sb,, in which the Fermi level is pinned just above the
valence band maximum. As temperature increases, the
barrier to vacancy formation is more easily overcome and
a higher vacancy concentration becomes stable—further
shifting the Fermi level into the valence band.

The pseudo-binary phase diagram in Figure 4 illustrates
the allowed concentration of cation vacancies in AZn,Sb, as
a function of temperature. The composition at the edge of
each shaded region corresponds to the maximum concen-
tration of vacancies at a given temperature, assuming
equilibrium with ZnSb and free charge carriers. Any compo-
sition or temperature outside of the respective shaded regions
results in the formation of A,_,Zn,Sb, at the highest allowed
vacancy concentration (highest x) along with ZnSb precip-
itates.
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Figure 4. The pseudo-binary phase diagram shows the range of phase
widths predicted for A,_,Zn,Sb,. The boundary line for each phase
corresponds to the maximum vacancy concentration for A,_,Zn,Sb,
compounds in thermodynamic equilibrium with ZnSb.

Frequently, upon cooling a sample below a certain
material-dependent temperature, diffusion kinetics become
too slow to fully equilibrate the system. Below this threshold
temperature, the concentration of ZnSb precipitates and the
vacancy concentration in AZn,Sb, may become effectively
“frozen”. The vacancy concentration and corresponding
carrier concentration thus becomes temperature-independent
below the threshold temperature, giving rise to the temper-
ature-independent carrier concentration observed experi-
mentally. If high enough vacancy concentrations (e.g. greater
than 3 at% in YbZn,Sb,) are maintained at room temper-
ature, these may be detectable experimentally by high quality
X-ray diffraction, warranting further investigation.

The estimated defect and hole carrier concentrations for
AZn,Sb, compounds are listed in Table 1, assuming that the
defect concentration becomes kinetically limited (“frozen”)
at 800 K. Our results show striking qualitative and quantita-
tive agreement with the experimental Hall carrier concen-
trations reported in these compounds (7, ., in Table 1). These
results suggest that the experimental trend shown in Figure 1
between the cation electronegativity and n in AZn,Sb,
compounds relates to the intrinsically formed cation vacan-
cies. This mechanism may be generally applicable, perhaps
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Table 1: The calculated cation vacancy concentrations, [V,], carrier
concentrations, n, and predicted Hall carrier concentrations, ny, at 800 K
are consistent with experimental Hall carrier concentrations, n, ., at
room temperature. All concentrations are reported as 10'°cm™.

[Va] n ny Ny exp
(800 K) (800 K) (800 K) (300 K)
SrZn,Sb, 0.36 0.52 1.0 1.5
EuZn,Sb, 2.0 2.5 2.9 2.5
CaZn,Sb, 6.3 6.0 6.2 4.0
YbZn,Sb, 22 16 16 12

explaining similar trends seen in A;,MnSby;, and AyZn,s_,Sb,
(A =YD or Ca) based materials.!*!!

AZn,Sb, samples (A =Ca, Sr, Eu, Yb) are consistently
found to have large carrier concentrations that increase with
increasing electronegativity of the A cation, despite DFT
results placing the Fermi level in the middle of the band gap in
each case. Here, we have demonstrated that large concen-
trations of thermodynamically stable cation vacancies are
possible in AZn,Sb, phases, and can explain the trend in
experimental carrier concentrations.

Electronegativity influences the degree of electron trans-
fer between the anion and cation in a bond, but it does not
directly affect the total number of electrons in the valence
band or the concentration of free carriers (assuming the
valence state of the cation is unaltered). However, the
bonding character does appear to influence the bond strength
and lattice energy, and, in turn, affect the thermodynamically
stable concentration of lattice defects. In this way, the
electronegativity of the cation may indirectly affect the
electronic carrier concentration.

Our computational results confirm that the defect ener-
gies of A-site cation vacancies follow the same trend observed
experimentally. These results suggest that cation vacancies
are the primary mechanism responsible for varying the carrier
concentration in nominally valence-precise AZn,Sb, com-
pounds. These results may shed light on similar trends seen in
other Zintl systems, leading to new strategies for designing
functional, complex semiconductors.
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