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Abstract

Experimentally synthesized Zn-doped SrzAlSbs exhibited a smaller carrier concentration than
Zn-doped CagAlSbs, which induces a lower thermoelectric figure of merit (Z7') than Zn-doped
CazAlSbs. We used first-principles methods and the semiclassical Boltzmann theory to study the
reason for this differing thermoelectric behavior and explored the optimal carrier concentration for
high ZT values via p-type and n-type doping. The covalent AlShy tetrahedral arrangement exhib-
ited an important effect on the electronic structure and thermoelectric properties. p-type CagAlSbs
may exhibit good thermoelectric properties along its covalent AlSby chain due to its double band
degeneracy at the valence band edge and small effective mass along its one-dimensional chain direc-
tion. Zn doping the Al site exhibited higher formation energy for Sr3AlSbs than CagAlSbs, which
explains the lower carrier concentration for Zn-doped SrgAlSbsg than Zn-doped CagAlSbsg. The
double band degeneracy at the valence band edge for CagAlSbs may also help to increase the car-
rier concentration. SrgAlSbs containing isolated AlySbg dimers can exhibit a high thermoelectric
performance via heavy p-type doping with a carrier concentration above 1 x 10%° holes per cm?.
Moreover, the ZT maxima for the n-type Sr3AlSbs can reach 0.76 with a carrier concentration of

4.5 x 10?° electrons per cm?®.
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I. INTRODUCTION

Thermoelectric materials can convert energy between heat and electricity and have at-
tracted significant attention. The conversion efficiency for thermoelectric materials is defined
by the dimensionless figure of merit, ZT = S%0T /K, where S, o, T, and k are the Seebeck
coefficient, electrical conductivity, absolute temperature, and thermal conductivity, respec-
tively. Therefore, a promising thermoelectric material should have a large Seebeck coefficient,
high electrical conductivity, and low thermal conductivity. However, S, o, and x are always
coupled, which makes it difficult for a material to simultaneously have high S, high o, and
low k. The concept of a “phonon glass electron crystal“ (PGEC) is a good approach for
achieving good thermoelectric performance. Materials with complex structures often have
low intrinsic lattice thermal conductivities and may have good thermoelectric properties
[3, 4]. Zintl compounds have emerged as a promising class of materials for thermoelectric
applications due to their complex crystal structures|5, 6] and low intrinsic lattice thermal
conductivity. For example, the lattice thermal conductivities of CazAlSbs, SrzAlSbs, and
Sr3GaSbs are below 0.6 W/mK at 1000 K[4, 7, g].

Finding cheap, nontoxic thermoelectric materials with high conversion efficiencies is im-
portant. [9] CazgAlSbs and Sr3AlSbs are promising compounds for thermoelectric applica-
tions due to their earth abundant, nontoxic elemental composition. The transport properties
for CagAlSbs and Zn-doped CaszAlSbs were experimentally investigated|[4, [10], and the ther-
moelectric properties of CazAlSbs were improved via p-type doping to obtain a maximum
ZT = 0.8 at 1050 K[10]. Sr3AlSbs exhibits a maximum Z7 value of 0.1 at 1000 K. Zinc
doping has little effect on the carrier concentration in SrsAlSbs and does not improve the
ZT. [7] Comparing the properties for CagAlSbs and Sr3AlShs[4, [7, [10] reveals an interest-
ing phenomenon: Zn-doped Sr3AlSbs exhibits a lower carrier concentration than Zn-doped
CagAlSbs with a maximum Z7T value of approximately 0.15 at 800 K|7]. Such a low carrier
concentration could cause the low ZT for SrgAlSbs. Hence, improving the low Sr3AlSbs
carrier concentration is important to improve its thermoelectric performance. Carrier con-
centrations always exhibit opposing effects on S, o, and k.. Thus, optimizing the carrier
concentration can increase the ZT values for CagAlSbs and SrgAlSbs. To explain these phe-
nomenon and improve the thermoelectric properties, we calculated the electronic structures

and thermoelectric properties for A3AlSbs (A = Ca, Sr) using a first-principles method and
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the semiclassical Boltzmann theory. We found that p-type CazAlSbs is a promising thermo-
electric compounds along the chain direction. Meanwhile, n-type and p-type Sr3AlSbs may

also have good thermoelectric properties via heavy doping.

II. COMPUTATIONAL DETAIL

Experimental AzAlSbs (A = Ca, Sr) structures are used as the initial bulk model and re-
laxed to obtain the minimum energy structure|11,12]. The structure was optimized using the
projector-augmented-wave (PAW) method based on density functional theory (DFT) as im-
plemented in Vienna ab initio simulation package (VASP) [13-15]. The exchange-correlation
function was treated with the Perdew-Burke-Ernzerhof (PBE) generalized-gradient approx-
imation (GGA)[L6-118]. A plane wave cutoff energy of 500 eV was used throughout. For the
Brillouin zone integration, 4 x 11 x 3 and 2 x 7 x 4 Monkhorst-Pack special k-point grids
were used for CagAlSbs and Sr3AlSbs, respectively.

We calculated the electronic structure via the full-potential linearized augmented plane
waves (FLAPW) method[19] implemented in WIEN2k [20-22]. The exchange-correlation
potential was below the generalized gradient approximation (GGA) as parameterized by
Perdew, Burke, and Ernzerhof (PBE)|L6]. A plane wave basis cutoff of R,,;; K = 8 was
used. The Muffin tin radius was 2.5 a.u. for Ca, Sr, Al, and Sb. Self-consistent calculations
were performed using 500 k£ points in the irreducible Brillouin zone for both CagAlSbs and
Sr3AlSbs. We obtained accurate band gaps using the modified Becke-Johnson (TB-mBJ)[23]
semilocal exchange potential, and the TB-mBJ method reliably predicted the band gap for
sp-bonded semiconductors [24]. We included the scalar-relativistic and spin-orbit coupling
effects (RSO) to account for Sr due to its large atomic mass.

The thermoelectric properties were evaluated via the semiclassical Boltzmann theory[25-
27] as implemented in the Boltz-Trap code[28]. The constant scattering time approximation
was used, assuming that the scattering time determining the electrical conductivity does not

vary significantly with energy on the scale of kT
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III. RESULTS AND DISCUSSIONS
A. Crystal structure and properties

Two structure types were formed in the A3AlSbs compounds (A = alkaline earth metals):
CagInP3 (No. 62 Pnma) and BagAlSbs (No. 64 C'mca). The tetrahedral AzAlSbhs (A = Ca,
Sr) structures determined by our simulations are shown in Fig. [l The figure does not show
the A site atoms to better show the tetrahedral AlSb, arrangement. The CazAlSbs had an
anisotropic one-dimensional structure that formed a CazInPj3 structure from infinite chains
of corner-sharing tetrahedral AlSby linked by Ca ions|29]. Sr3AlSbs formed a BazAlSbs
structure type. The Al;Sbg*™ dimer in Sr3AlSbs are shown in Fig. [ and formed from two
tetrahedral sharing a common edge as for Al,Clg. Meanwhile, Sr and Sb formed a distorted
NaCl-type arrangement with Al in tetrahedral holes.

The optimized structure parameters and bond lengths are listed in Table [l and Table
Ml The lattice constants and atomic positions of the optimized structures are close to the
experimental values [11, 12]. The bond lengths between Al and the neighboring Sb atoms
in AsAlSbs (A = Ca, Sr) were 2.73 A, and 2.71 A, respectively. That is, Sr3AlSbs may have
stronger Al-Sb interactions than CagAlSbs. In addition, Table [[] indicates each CazAlSbs
primitive cell contained seven inequivalent atoms, and each Sr3AlSbs one contained five
inequivalent atoms. However, each Sr3AlSbs primitive cell had 56 atoms in common with
Sr3GaSbs, while each CazAlSbs cell had only 28 atoms in common. This complex structure
suggests Srz3AlSbs should have a lower lattice thermal conductivity (approximately 0.55
W/mK at 1000 K) than CazAlSbs (approximately 0.60 W/mK at 1000 K). The large cell
and complex structure always induce short mean-path-lengths of heat carrying phonons [30].

Previous experimental work by Zevalkink et al. found Zn-doped SrzAlSbs possessed a
lower carrier concentration than Zn-doped CasAlSbs [4, 7, [10]. To explain the low carrier
concentration in Sr3AlSbs, we calculated the formation energies (E;) for A3AlSbs (A = Ca,
Sr) using a Y atom to replace X (X = Ca, Sr, Al, Sb, Si, Ge, or Sn) in the 1 x 4 x 1 and 1

x 2 x 1 supercell. The formation energy was calculated using
Er = Faoped — Evur — Ex + By, (1)

where, Egopeq and Ey, i are the total energies for the supercell containing the substitutional

dopant Y and the same bulk A3AISbs supercell, respectively. Ey and Ey are the doping

4
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and host atom energies in the bulk phase. The calculated formation energies are shown in
Table [IIl First, Zn more easily replaces Al than Sb. Second, Zn more easily dopes in the
Al site in CagAlSbs than Sr3AlSbs, possibly due to the stronger bond between Al and Sb in
Sr3AlSbs. Therefore, Zn-doped Sr3AlSbs has a lower carrier concentration than Zn-doped
CagAlShs, as reported in Ref. [4, 7, [10]. Third, the formation energy for doping the A site
is lower for K than Na, which was probably due to K exhibiting a stronger activity than
Na. Lastly, the A (A = Ca, Sr) site atom is easier to replace in CagAlSbs than SrzAlSbs.
n-type doping for CagAlSbs and SrzAlSbs has never been performed experimentally. It is
interesting to explore the possibility of n-type doping in these two compounds. Thus, we
also calculated the formation energies of Si, Ge, and Sn on Al sites. As shown in Table
ITI, doping of Sn on Al sites is most easily performed in CagAlSbs, and doping of Ge in Al
site is most easily performed in Sr3AlSbs among Si, Ge, and Sn elements. The calculated
formation energies shows that doping of Si, Ge, and Sn on Al site are more difficult than

that of Zn on Al site.

B. Transport properties

To optimize the carrier concentration and increase the thermoelectric performance for
A3AlIShbs (A = Ca, Sr), we calculated the A3AlSbs (A = Ca, Sr) transport coefficients for

3 using the semiclassical Boltzmann

carrier concentrations from 1 x 108 to 1 x 10?2 cm™
theory without considering the special dopant type. Fig. shows calculated transport
coefficient results for n-type and p-type A3AlSbs (A = Ca, Sr) at 850 K. Fig. 2la) shows
that the Seebeck coefficients increase and then decrease with increasing carrier concentration.
This phenomenon for the Seebeck coefficient at high carrier concentrations can be explained

using Eq. 2l For degenerate semiconductors, the Seebeck coefficient is given by

_ 8n’kg

O BB x (23
- 3€h2 mDOST(Bn) ’ (2)

where kp is the Boltzmann constant, mj,,g is the density of states effective mass, 7" is the
temperature, and n is the carrier concentration. The Seebeck coefficients for SrgAlSbs are
larger at low doping concentrations than for CagAlSbs mainly due to the larger band gap
(Smaz = Eg/(2€T}42)). The Seebeck coefficients for p-doped A3AlSbs are slightly larger than
when n-doped due to the slightly larger density of states effective mass. Fig. 2(b) shows the
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electrical conductivities of A3AISbs (A = Ca, Sr) as a function of carrier concentration. This
figure shows that the electrical conductivities increase with increasing carrier concentration
regardless the doping type, which is indicative of thermal carrier activation across the band
gap and supports the electrical conductivity being proportional to the carrier concentration
(0 = nen). The electrical conductivity for n-type CagAlSbhs first increased and then de-
creased. The o is much larger for CagAlShs than Sr3AlSbs due to its smaller band mass m;
and one-dimensional chain structure. The o of A3AlISbjs is larger for n-doping than p-doping
mainly due to the smaller band mass at the bottom of conduction bands than that at the top
of valence bands. Fig. [J(c) shows the ZT as a function of carrier concentration. We find the
Z'T of SrgAlSbs was larger for n-type doping than p-type doping due to the higher electrical
conductivity. The maximum Z7T for n-type SrgAlSbs reached 0.76, which corresponds to a
carrier concentration of 4.5 x 10%° e cm ™2 and is almost equal to the maximum experimental
ZT for p-type CazAlShs (0.8 at 1050 K).

It is well known that materials with good thermoelectric properties often have a high
anisotropy in their crystal structures|31]. We determined the best transport direction for
A3AlSbs (A = Ca and Sr) using the calculated anisotropic transport coefficients for p-type
and n-type A3AlSbs (A = Ca, Sr) as a function of the carrier concentration from 1 x 10'® to
1 x 10*! cm™2 along the x, y, and z directions at 850 K, without considering special dopants
as shown in Fig. [Bl This figure shows the anisotropy of the thermoelectric properties was
stronger for CazAlSbs than SrsAlSbs due to its band mass anisotropy in different directions
and one-dimensional chain in CagAlSbs. For CazAlSbs, both the Seebeck coefficient and
o/T were higher along the y direction than the x and z directions. This phenomenon is

consistent with a one-dimensional chain feature along the y direction in CazAlSbs

C. Electronic structure

The basic bonding features are reflected in the calculated density of states (DOS) for
A3AlISb;s (A = Ca, Sr) for energies ranging from -2 eV to 2 eV, as shown in Fig. @l The Ca
or Sr cations mainly contribute to the A3AlSbs conduction bands, the top valence bands are
dominated by the Sb states, and the Al states appear in both the valence and conduction
band edges. The valence band maxima (VBM) is dominated by Sb p states, likely due to

non-bonding Sb lone-pairs. The conduction band minimum (CBM) is dominated by the s
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and d orbitals. As shown in Fig. l(c) and (h), the Al s states are dominant at the bottom
of conduction band. Fig. Hl(d) and (i) show the Sb p states contributions exceed the A p
states and Al p states. For CagAlSbs, the Sb p states differ along the x, y, and z directions.
In contrast, the Sb p states for Sr3 AlSbs were almost identical in the three directions, which
indicates a strong hybridization between the Sb p,, p, and p..

The calculated band structures for A3AlSby (A = Ca, Sr) are depicted in the high sym-
metry directions in Fig. Bl and the corresponding special k points are shown in Fig. S1,
ESI. The direct band gap is located at the I' point for both compounds. There are two
bands at the band edge for the upper valence bands. For CagAlSbs, the two bands at I’
and X are degenerate with a large dispersion. However, the two bands for Sr3AlSbsz are not
strictly degenerate and have a relative small dispersion. Moreover, the two bands at X split
in Sr3AlSbs. The difference in the band structures for these two compounds arises from
their different polyanionic tetrahedral arrangements. For CagAlSbs, the edge-sharing an-
ionic tetrahedra form one-dimensional chains. However, for Sr3AlSbs, the two edge-sharing
tetrahedral form isolated AlySbg dimers. The one-dimensional covalent chain feature en-
hance the covalency degree in the chain direction with a small induced band effective mass
in CagAlSbs. Consequently, CazAlSbs exhibits a larger band dispersion in the upper valence
bands and lower conduction bands than Sr3AlSbs. The carrier mobility determined by A.
Zevalkink [4, [7] confirmed this prediction.

The carrier effective mass always exhibits opposing effect on the Seebeck coefficient and
carrier mobility. A heavy density-of-states effective mass (mjog) yields a high Seebeck
coefficient, and a high mobility always requires a light inertial effective mass (m7) in the
transport direction. The my,qq, which is determined by the band mass and band degeneracy
(N,), can be defined as

Mios = (mimim) VAN, 3)
where mj, m;, and m} are the band mass components along the three perpendicular di-
rections x, y, and z, respectively. Fig. [ and Table [V] show that A3AlSbs band gaps are
0.71 eV and 0.89 eV, which are close to the experimental values of 0.65 eV and 0.70 eV,
respectively. The mj_y, m{_y, and m{_, for the p-type CazgAlSbs are lower than for the
p-type SrzAlSbs, which corresponds to the higher carrier mobility in the p-type CagAlSbs.
However, the mj,qg for the p-type CazAlSbs were almost equal to those for p-type SrsAlShs
due to the double band degeneracy (N, = 2) at the valence band edge for CazAlSbz. These

7
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results are consistent with the experimental Seebeck coefficient being slightly smaller for
p-type CagAlSbs than p-type Sr3AlSbs. For thermoelectric materials with carriers scattered
mainly by acoustic phonons, a light band mass induces a high carrier mobility and improves
the thermoelectric performance, which exceeds the detrimental effects on Seebeck coefficient
due to the low effective mass [33]. Thus, CazAlSbs is a promising thermoelectric material.

The optimal electronic performance for a thermoelectric semiconductor depends on its
weighted mobility|[2, 34, 35], u(mios/ me)?, where i and m, are the carrier mobility and
electron mass, respectively. Charge carriers predominantly scattered by acoustic phonons
(as occurs in most good thermoelectric materials) are expected to have p oc 1/ m;‘%. There-
fore, increasing the band mass should decrease the mobility. However, multiply degenerate
valleys produce large mj,og without explicitly reducing p. A large valley degeneracy of N,
can increase my)og to yield a large Seebeck coefficient. Thus, a large valley degeneracy is
helpful for thermoelectric materials|36, [37]. A thermoelectric material with a large NV, may
simultaneously have light bands (small m;) and large mj,og. The N, for CazAlSbs and
Sr3AlSbs are 2 and 1, respectively. The contribution from other bands in heavily doped
Sr3AlSbs with maxima at approximately -0.1 eV could potentially lead to an N, of 2, which
3

corresponds to a carrier concentration of 1 x 10% em™2. Thus, a heavily p-type doped

Sr3AlSbs may exhibit better thermoelectric properties at carrier concentrations above 1 X

1020 ¢m—3

IV. CONCLUSION

In summary, the structural, thermoelectric, and electronic properties for A3AlShs (A
= Ca, Sr) were studied using the first-principles calculations and semiclassical Boltzmann
theory. We found the different thermoelectric properties for CagAlSbs and Sr3AlSbs were
mainly derived from their different AlSb, tetrahedral arrangement. The one-dimensional
AlSh, chain in CagzAlSbs yields a stronger anisotropy in the thermoelectric properties than
for SrzAlSbs with isolated Al3Sbg dimers. On the one hand, the one-dimensional chain
structure for CagAlSbs exhibited high electrical conductivities along the chain direction.
On the other hand, the double band degeneracy at the valence band edge creates a large
Seebeck coefficient for p-type CagAlSbs. Consequently, CagAlSbs may exhibit good ther-

moelectric properties along the chain direction, which requires further research experiment.
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The formation energies calculated for Zn doped at Al sites revealed the origin of lower carrier
concentrations of Zn-doped SrzAlSbs than Zn-doped CazAlShs as reported by experimen-
tal workers. The transport properties for Sr3AlSbs indicate the highest achievable ZT' for

n-type SrsAlSbs was 0.76, which corresponds to a carrier concentration of 4.5 x 10%° cm=3.
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TABLE I: Calculated lattice parameters and fractional atomic coordinated for Wyckoff sites of
optimized A3AlSbs (A = Ca, Sr)

Lattice parameter Atomic type Wyckoff Symbol X y z
Orthorhombic Cay 4c 0.27240 0.25000 0.27952
No. 62 Pnma Cag 4c 0.55863 0.25000 0.38798

a=12.9637A Cas 4c 0.35002 0.25000 0.99673
b=4.5191A Al 4c 0.56762 0.25000 0.79666
c=14.3421A Sby 4c 0.61368 0.25000 0.60928
Sba 4c 0.75644 0.25000 0.88129

Sbs 4c 0.04036 0.25000 0.35077

Orthorhombic Sry 8f 0.17600 0.30314 0.12913
No. 64 Cmca Sro 16g 0.00000 0.19028 0.35367
a=20.6293A Al 8d 0.08617 0.00000 0.00000
b=6.9666A Sby 8f 0.33948 0.28833 0.12283
c=13.6355A Sba 16g 0.00000 0.21262 0.10750

FIGURE CAPTIONS

Fig. [l The tetrahedral structure of A3AlSbhs (A = Ca, Sr) with space group Pnma,
and Cmca, respectively. The blue and brown spheres represent Al and Sb atoms,

respectively.

Fig. @ Calculated transport properties of A3AlSbhs (A = Ca, Sr): (a) Seebeck coefficients;
(b) electrical conductivities; (c¢) Z.T.

Fig. Bl Calculated anisotropy of thermoelectric properties of CagAlSbs (left) and Sr3AlSbs
(right) as a function of carrier concentration from 1 x 10" to 1 x 10*! cm™ along

the x, y, and z directions at 850 K.

Fig. [ Calculated total and partial DOS for A3AlSbs (A = Ca, Sr). The Fermi level is at

Z€ero.

Fig. Bl Calculated band structures of CagAlSbs (left panel) and Sr3AlSb, (right panel).
The high symmetry k points I'; X, Y, Z, S, U, and R represent the points (0, 0, 0), (0.5,

11
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TABLE II: Calculated bond distances (in A) of optimized A3AlSbs (A = Ca, Sr)

Atomic type Nearest neighbor table
Cay Sby 3.14  Sbs 3.18 Sha 3.25 Al 3.26
Cag Sby 3.18  Sby 3.25 Sba 3.30
Cag Sby 3.17  Sbs 3.30 Shs 3.39 Shy 3.42
Al Sby 2.73  Sby 2.75 Shs 2.77 Ca; 3.26
Sbq Al2.75  Ca; 3.14 Cay 3.18 Cag 3.25
Sba Al2.73  Cag 3.17 Ca; 3.25 Cag 3.30
Sbs Al2.77  Ca; 3.18 Caz 3.30 Caz 3.39
Sty Al3.32 Sby 3.38 Shi 3.40 Sby 3.561  Sb; 3.60 Sby 3.70
Sra Sby 3.36  Sby 3.37 Sb; 3.40 Sb; 3.40  Al3.43 Al 3.43
Al Sby 2.71  Sby 2.71 Sbe 2.74 Sbg 2.74  Sr; 3.32  Sry 3.72
Sby Al 2.71 Sry 3.38 Sry 3.40 Sry 3.40  Sry 3.40
Sba Al274  Al2.74 Sra 3.36 Sra 3.37

TABLE III: Calculated formation energies (in eV) of A3AlSbsg (A = Ca, Sr) by using Y atoms to

replace X atoms.

X=A,Y=Na X=A,Y=K X=ALY=Zn X=SbY=7Zn

CagAlSbs 1.23 0.77 0.06 2.1
Sr3AlShs 1.67 1.63 0.24 2.3

X=ALY=Si X=ALY=Ce X=ALY=5n

Sr3AlShs 1.05 0.8 0.9

0, 0), (0, 0.5, 0), (0, 0, 0.5), (0, 0.5, 0.5), (0.5, 0.5, 0), and ( 0.5, 0.5, 0.5), respectively.

12
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TABLE IV: Calculated electronic properties of A3AlSbs: Band gap (E, in eV); Band degeneracy

*

(Ny); The band mass along three perpendicular directions (m* in m.); and Density of states

: .
effective mass (mj)ng in me)

Eg(eV) Ny Mr_x mr_y mr_z Mpos
n-type CagAlSbs 0.71 1 0.67 0.12 0.91 0.42
p-type CazAlSbs 0.71 2 0.67 0.57 0.62 0.98
n-type SrgAlSbs 0.85 1 0.51 0.36 0.78 0.52
p-type Sr3AlSbs 0.85 1 0.87 0.85 1.31 0.99

Le

FIG. 1: (Color online) The tetrahedral structure of A3AlSbs (A = Ca, Sr) with space group Pnma,

and Cmeca, respectively. The blue and brown spheres represent Al and Sb atoms, respectively.
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FIG. 2: (Color online) Calculated transport properties of AzAlSbs (A = Ca, Sr): (a) Seebeck

coefficients; (b) electrical conductivities; (c) Z.T.
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FIG. 3: (Color online) Calculated anisotropy of thermoelectric properties of CazAlSbs (left) and
Sr3AlSbs (right) as a function of carrier concentration from 1 x 1018 to 1 x 10*! cm™3 along the

x, y, and z directions at 850 K.
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FIG. 4: (Color online) Calculated total and partial DOS for A3AlSbs (A = Ca, Sr). The Fermi

level is at zero.
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FIG. 5: (Color online) Calculated band structures of CagAlSbs (left panel) and SrzAlSbs (right
panel). The high symmetry k points I', X, Y, Z, S, U, and R represent the points (0, 0, 0), (0.5,
0, 0), (0, 0.5, 0), (0, 0, 0.5), (0, 0.5, 0.5), (0.5, 0.5, 0), and (0.5, 0.5, 0.5), respectively.
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