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Previous experimental work showed that Zn-doping only slightly increased the carrier concen-

tration of Sr5 Al2 Sb6 and the electrical conductivity improved weakly, which is very diﬀerent from

Zn-doping in Ca5 Al2 Sb6 . To understand their diﬀerent thermoelectric behavior, we investigated
their stability, electronic structure, and thermoelectric properties by using ﬁrst-principles calcu-

lations and the semiclassical Boltzmann theory. We found that the low carrier concentration of
Zn-doped Sr5 Al2 Sb6 mainly come from its high positive formation energy. Moreover, we predict
that the high hole concentration can be possibly realized in Sr5 Al2 Sb6 by Na or Mn doping, due to

the negative and low formation energies of Na- and Mn-doped Sr5 Al2 Sb6 , especially for Mn doping
(-6.58 eV). For p-type Sr5 Al2 Sb6 , the large eﬀective mass along Γ-Y induces a large Seebeck coeﬃ-

cient along the y direction, which leads to the good thermoelectric properties along the y direction.

For p-type Ca5 Al2 Sb6 , the eﬀective mass along Γ-Z is always smaller than those along other two
directions with increasing of doping degree, which induces its good thermoelectric properties along

the z direction. The analysis of the weight mobility of the two compounds conﬁrms this idea.

The calculated band structure shows that Sr5 Al2 Sb6 has a larger band gap than Ca5 Al2 Sb6 . The

relative small band gap of Ca5 Al2 Sb6 mainly results from the appearing of a high density-of-states
peak around the conduction band bottom, which is originated from the Sb-Sb antibonding states
in it.
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The thermoelectric energy conversion technology has attracted great attention in the

past few years, due to its great potential in averting a global energy crisis. However, the
widespread application of the conversion technology is limited by the relative low eﬃciency
of current thermoelectric materials, which is characterized by its ﬁgure of merit, ZT =

S 2 σT /κ, where S is the thermopower or Seebeck coeﬃcient, T is the absolute temperature,

σ is the electrical conductivity, and κ is the thermal conductivity.[1] Obviously, an ideal ther-

moelectric material requires a large Seebeck coeﬃcient, a high electrical conductivity, and a
low thermal conductivity. However, S and σ oppositely depend on carrier concentration.[2]
Thus, it is diﬃcult to obtain large S and σ simultaneously. With the increasing of carrier
concentration, the Seebeck coeﬃcient decreases, while the electrical conductivity increases.

Zintl compounds, characterized by covalently bonded anionic substructures which sur-

rounded by cations, have been suggested to be promising thermoelectric materials and at-

tracted great attention. In Zintl compounds, cations donate their electrons to electronegative anions. As a result of the combination of ionic bonding and covalent bonding, Zintl

compounds have complex crystal structure with large unit cell, and exhibit ‘electron crystalphonon glass‘ behavior.[3–5] Good thermoelectric performance is often found in doped semiconductors with carrier concentrations from 1019 cm−3 to 1021 cm−3 .[2] Because the Seebeck
coeﬃcient and the electrical conductivity oppositely depend on the carrier concentration, it

is necessary to ﬁnd an optimal carrier concentration to increase the thermoelectric power
factor.

Sr5 Al2 Sb6 has been experimentally synthesized and was found to be a valence-precise
Zintl phase compound.[6] It has a similar crystal structure with Ca5 Al2 Sb6 which has been
proved to be a promising thermoelectric material.[7–9] Ca5 Al2 Sb6 is composed of inﬁnite

corner-sharing MSb4 tetrahedra chains, and the chains connect to adjacent ones via covalent
Sb-Sb bonds forming a ladders-like structure. Sr5 Al2 Sb6 is also composed of corner- and

edge-sharing MSb4 tetrahedra chains, but the chains are non-linear and oscillate. Moreover,

previous experimental work shows that Sr5 Al2 Sb6 has a lower thermal conductivity (0.53
W/mK) [6] than Ca5 Al2 Sb6 (0.70 W/mK[7]) at 800K. The experimental ZT value of undoped

Sr5 Al2 Sb6 is only 0.05 at 800 K, due to its low carrier concentration and intrinsic electronic
properties.[6] The similarity and diﬀerence between Sr5 Al2 Sb6 and Ca5 Al2 Sb6 motivate the
2
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Previous studies have shown that doping may improve the ﬁgure of merit of thermoelectric
materials by optimizing their carrier concentration.[7, 8, 10–12] To ﬁnd an optimal carrier

concentration for Sr5 Al2 Sb6 , we studied its electronic structure and thermoelectric properties

in this work. The dependence of the Seebeck coeﬃcient, the electrical conductivity, and ZT

values on carrier concentration was investigated by the semiclassical Boltzmann theory.
Moreover, previous experimental works show that the electrical conductivity of Zn-doped

Sr5 Al2 Sb6 is much smaller than that of Zn-doped Ca5 Al2 Sb6 , which mainly come from the
relative low carrier concentration of Zn-doped Sr5 Al2 Sb6 . Therefore, it is valuable to explore
the reason for the low carrier concentration of Zn-doped Sr5 Al2 Sb6 . We studied the eﬀect

of diﬀerent elements doping on stability of Sr5 Al2 Sb6 by calculating their formation energy.

It is found that the formation energy of Zn-doped Sr5 Al2 Sb6 is very high, indicating the low
solubility of Zn doping in Sr5 Al2 Sb6 . Na and Mn doping are suggested as good candidates
for p-type doping to improve the thermoelectric performance of Sr5 Al2 Sb6 . It is found that
the ZT value of Sr5 Al2 Sb6 can be largely increased by tuning its carrier concentration.

II.

COMPUTATIONAL DETAIL

The structure of Sr5 Al2 Sb6 was optimized with the Vienna ab initio simulation package

(VASP) which based on density functional theory (DFT).[13, 14] The exchange-correlation

potential was in the form of Perdew-Burke-Ernzerhof (PBE) generalized-gradient approximation (GGA). The plane-wave cutoﬀ energy was set to be 500 eV, and for the Brillouin-Zone
integration, a 4×5×4 Monkhorst-Pack special k-points grid was used. The energy conver-

gence criterion was chosen to be 10−6 eV. The Hellmann-Feynman forces on each ion were
less than 0.02 eV/Å.

The electronic structure of Sr5 Al2 Sb6 was calculated with the full-potential linearized

augmented plane waves method[15] which implemented in WIEN2k.[16–18] We also calcu-

lated the forces on each atom by using WIEN2k and found that the forces on each atom
are smaller than 0.02 eV/Å, and the calculated forces are listed in Table S1, ESI. Here,
the PBE-GGA was used as the exchange-correlation potentials, and the cutoﬀ parameter,

Rmt Kmax = 7 (Kmax is the magnitude of the largest k vector and Rmt is the smallest muﬃn-

tin radius), controls the basis-set convergence. The muﬃn-tin radii were 2.5 a.u. for Sr,
3
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Al, and Sb atoms. Self-consistent calculations were performed with 120 k-points in the irreducible Brillouin zone, and the total energy was converged when the energy diﬀerence was
less than 0.0001 Ry.

The transport properties of Sr5 Al2 Sb6 were evaluated by the semiclassical Boltzmann
theory, with the constant scattering time approximation implemented in the Boltz-Trap
code.[19] This approximation is based on a smoothed Fourier interpolation of the bands,

and is often applied for metals and degenerately doped semiconductors. In this method,
it is supposed that the scattering time determining electrical conductivity does not vary

strongly with energy on the scale of kT . It also assumes that the band structure near band

gap does not change with the diﬀerent doping level, that is to say the carrier concentration
just changes the situation of the chemical potential. In this work, the calculated band gap

of Sr5 Al2 Sb6 was approximately 0.78 eV, which is agreement with the previous experimental
value.[6]

III.

A.

RESULTS AND DISCUSSIONS

Crystal structure and formation energy

Sr5 Al2 Sb6 is orthorhombic with space group of P nma. Each primitive cell contains 52

atoms, and there are two, ﬁve, and two crystallographically unique Sr, Sb, and Al atoms, as
shown in Table I. The optimized Sr5 Al2 Sb6 lattice constants are a = 11.9270 Å, b = 10.2246
Å, and c = 13.1086 Å. Fig. 1 shows the optimized crystal structure of Sr5 Al2 Sb6 . For comparison, the crystal structure of Ca5 Al2 Sb6 is shown in Fig. 2. As seen in Fig. 1, Sr5 Al2 Sb6

is composed of inﬁnite chains, which are formed from corner and edge sharing AlSb4 tetrahedra and extend along the a-axis, and the chains oscillate back and forth along c-axis. The
Sr atoms are situated between tetrahedral chains to provide overall charge balance. A prim-

itive cell of Ca5 Al2 Sb6 contains 26 atoms, and the simple ladder-like chains are composed of

corner sharing AlSb4 tetrahedra. The diﬀerent structures of Ca5 Al2 Sb6 and Sr5 Al2 Sb6 may
result from the combination of relatively large cation (Sr) and a small triel element (Al) in
Sr5 Al2 Sb6 .[6] Within the Zintl formalism, the valence balance of Sr5 Al2 Sb6 can be understood
as follows: each tetrahedrally coordinated aluminium atom has a formal valence of -1, due

to being bound to four antimony atoms; the two edge sharing Sb1 atoms, one corner sharing
4
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-1; Sb4 and Sb5 are singly-bonded to Al and Sb2 atoms respectively, thus their valence can
be considered as -1. The anionic unit can thus be written as [(Al−1 )2 (Sb−2 )2 (Sb−1 )4 ]. Sr+2

ions situate between the chains and provide overall charge balance. Therefore, Sr5 Al2 Sb6
−1
−2
−1
can be expressed as Sr+2
5 Al2 Sb2 Sb4 .

Previous experimental work has shown that the relative low carrier concentration of
Sr5 Al2 Sb6 leads to its low electrical conductivity, which induced its low thermoelectric

performance.[6] Zevalkink et al. tried to increase the hole concentration of Sr5 Al2 Sb6 by
Zn2+ doping on Al3+ site. [6] However, the measured carrier concentration of the Zn-doped

sample is only slightly higher than that of the undoped sample, suggesting that the attempt

to substitute Zn2+ on the Al3+ site is unsuccessful. This phenomenon can be explained
by the formation energy of Zn-doped Sr5 Al2 Sb6 . Inspired by previously studies[7, 20] of

Ca5 Al2 Sb6 doped with Na1+ at Sr2+ site and Mn2+ at Al3+ site, it is believed that diﬀerent
elements doping should be tried to increasing the hole carrier concentration of Sr5 Al2 Sb6 .

In the current work, we calculated the formation energy of Sr5 Al2 Sb6 with diﬀerent dopant.
The formation energy was estimated from the following:
Ef = Edoped − Eundoped − EA + EB ,

(1)

where Edoped and Eundoped are the total energies of Sr5 Al2 Sb6 with and without doping at

their most stable states, respectively. EA and EB are energies of dopant atom and host atom.

Here, only one host atom is substituted by a dopant atom, thus the doping level for Na1+ or
K1+ at Sr2+ site is 0.125, and Zn2+ or Mn2+ at Al3+ site is 0.05. The calculated formation

energies are listed in Table III. It is important to point out that the formation energy of the

Zn-doped Sr5 Al2 Sb6 is 15.80 eV, suggesting that Zn-doping is diﬃcult to increase the hole
carrier concentration and the low solubility of Zn in Sr5 Al2 Sb6 . This is in agreement with

the experimental result perfectly.[6] The calculated formation energies of the K-doped and

Na-doped in the Sr site are 5.20 eV and -3.32 eV, respectively, meaning that the stability of
Na-doped Sr5 Al2 Sb6 is stronger than that of K-doped. Thus, Na-doped Sr5 Al2 Sb6 may be
easer to be realized and have higher hole concentrations. The possible reason is the smaller
atomic radius of Na than that of K. The calculated formation energy of Mn-doped on the

Al site are negative: -6.58 eV, which suggests that Mn doping may be easer to be realized

and have higher hole concentrations in Sr5 Al2 Sb6 . Thus, we can predict that the doped
5
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have high hole carrier concentrations, and they correspond to p-type doping.

B.

Electronic structure
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Sr5 Al2 Sb6 with Na1+ at the Sr2+ site and Mn2+ at the Al3+ site may be synthesized and

Sr5 Al2 Sb6 has the diﬀerent crystal structure from Ca5 Al2 Sb6 , which leads to their diﬀer-

ent electronic structures. Because the transport properties of materials are predominantly

aﬀected by the electronic structure near the Fermi level, it is reasonable to focus discussion
on the feature of the valence band maximum (VBM) and the conduction band minimum
(CBM). Fig. 3 shows the calculated band structure of Sr5 Al2 Sb6 and Ca5 Al2 Sb6 . As seen in

this ﬁgure, Sr5 Al2 Sb6 is a semiconductor with an indirect band gap of 0.78 eV. The VBM of
Sr5 Al2 Sb6 is located at Γ point, and the CBM is located between Z and Γ points. Ca5 Al2 Sb6

is a direct band gap semiconductor with a band gap of 0.53 eV. The VBM and CBM of
Ca5 Al2 Sb6 are both located at Γ point. Comparing the band structures of Sr5 Al2 Sb6 and
Ca5 Al2 Sb6 , it is obviously found that the dispersion of the VBM and CBM of Sr5 Al2 Sb6

is less than that of Ca5 Al2 Sb6 , indicating the larger Seebeck coeﬃcient and the lower con-

ductivity of Sr5 Al2 Sb6 . To understand the anisotropy of valence bands of Sr5 Al2 Sb6 , we
calculated the eﬀective band mass along diﬀerent directions by:
m∗ = [

d2 E(K) −1
]
.
dk 2 E(k)=Ef

(2)

The calculated eﬀective mass are m∗xx = -0.43 me (along Γ − X), m∗yy = -1.04 me (along

Γ − Y ), and m∗zz = -0.39 me (along Γ − Z). Thus, the absolute values of the eﬀective
mass along the y-direction is much larger than those along the x- and z-directions, which

will induce a larger Seebeck coeﬃcient along the y-direction. The further discussion about
Seebeck coeﬃcient will be shown in section C.

The distribution of the density of states (DOS) plays an important role in the study of

electronic structure. The calculated partial DOS, total DOS, and the DOS of each type
atom of Sr5 Al2 Sb6 and Ca5 Al2 Sb6 are shown in Fig. 4, Fig. 5, and Fig. 6, respectively. As
seen in Fig. 4 and Fig. 5, the VBM and CBM of Ca5 Al2 Sb6 are all dominated primarily by

Sb atoms. For Sr5 Al2 Sb6 , the VBM is also mainly composed of Sb atoms, but the CBM is
mainly composed of Sb and Al atoms. According to the DOS of Sr5 Al2 Sb6 shown in Fig. 5

and Fig. 6, the bonding feature between the Al and Sb atoms appears from -4.5 eV to -4
6
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eV and from -3.5 eV to 0 eV, and the corresponding anti-bonding feature does from 0.8 eV
to 4.5 eV. For Ca5 Al2 Sb6 , Sb-Sb antibonding interaction induces a high DOS peak around

-1 eV, as shown in Fig. 6 (b). To understand the diﬀerence in Al-Sb bonding between
the two compounds, we list the bond distances between Al and Sb atoms in Sr5 Al2 Sb6 and
Ca5 Al2 Sb6 in Table II. From this table we can see that the bond distances between the Al

and Sb atoms in Sr5 Al2 Sb6 are shorter than that in Ca5 Al2 Sb6 , suggesting that the Al-Sb
covalent bonding in Sr5 Al2 Sb6 are stronger than that in Ca5 Al2 Sb6 . For Sr5 Al2 Sb6 , Sb2

atom not only covalently bonds with Al atom, but also with Sb5 atom, and the Sb3 atom in
Ca5 Al2 Sb6 also covalently bonds with Al atom and another Sb3 atom. The bond distances
between Sb5 and Sb2 in Sr5 Al2 Sb6 is 2.88 Å, while the bond distances between two adjacent

Sb3 atoms in Ca5 Al2 Sb6 is 2.84 Å. Hence, the Sb-Sb bonding in Ca5 Al2 Sb6 may be stronger
than that in Sr5 Al2 Sb6 . The reason for their diﬀerent band gaps can be also analyzed from

their DOS near their CBM. As seen from Fig. 6, for Sr5 Al2 Sb6 , all the Sb atoms make
contribution to the VBM and CBM. But for the CBM of Ca5 Al2 Sb6 , there is a DOS peak
of Sb3 atom. Such DOS peak arises from the Sb3-Sb3 antibonding states and leads to a
smaller band gap of Ca5 Al2 Sb6 than that of Sr5 Al2 Sb6 .

To deeply understand the DOS properties, the band decomposed charge density for the
CBM for Sr5 Al2 Sb6 and Ca5 Al2 Sb6 was calculated, and is shown in Fig. 7. From Fig. 7(b),

we can see that, for Ca5 Al2 Sb6 , the charge density is mainly distributed around the ’rung of

ladder’, which is composed of the two covalent bonded Sb3. However, there is little charge

density around the Sb1 and Sb2 atoms. This is consistent with the DOS peak of the Sb3
atom in Ca5 Al2 Sb6 (Fig. 6). For Sr5 Al2 Sb6 , the charge density is mainly distributed near

the Sb5 and Sb2 atoms, corresponding to the high DOS of the Sb5 and Sb2 atoms in the

conduction band minimum shown in Fig. 6(a). The Sb5 and Sb2 atoms are covalently
bonded, as well as the Sb3-Sb3 bonds in Ca5 Al2 Sb6 . However, the DOS of the Sb5 and Sb2

atoms in Sr5 Al2 Sb6 are much lower than the DOS of Sb3 atom in Ca5 Al2 Sb6 . The possible
reason is that the stronger Al-Sb covalent bond in Sr5 Al2 Sb6 attracts more electrons and
thus decreases the electrons of the Sb-Sb covalent bonds in Sr5 Al2 Sb6 . The bond distances
between Sb5 and Sb2 in Sr5 Al2 Sb6 and that between adjacent Sb3 atoms in Ca5 Al2 Sb6
demonstrate this idea.
7
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A promising thermoelectric material must have a large Seebeck coeﬃcient, a high electrical conductivity, and a low thermal conductivity. As previously mentioned, Sr5 Al2 Sb6 has
a low thermal conductivity.[6] Thus, to enhance thermoelectric properties of Sr5 Al2 Sb6 , it

is an eﬀective method to increase its thermoelectric power factor (S2 σ). However, Seebeck
coeﬃcient and electrical conductivity have strongly coupled nature via carrier concentration. Therefore, it is valuable to ﬁnd an optimal carrier concentration for maximizing ZT

of Sr5 Al2 Sb6 . In this work, we simulated the doping eﬀects and calculated the transport
properties of Sr5 Al2 Sb6 as a function of carrier concentration from 1 × 1019 cm−3 to 5 ×

1021 cm−3 at 500 K and 800 K with the semiclassical Boltzmann theory without considering
special dopant type, as shown Fig. 8. For comparison, the transport properties of Ca5 Al2 Sb6

at 800 K were also calculated with the same method, and is also shown in Fig. 8. From Fig.

8, we can see that Sr5 Al2 Sb6 has larger Seebeck coeﬃcient and lower electrical conductivity
than that of Ca5 Al2 Sb6 , corresponding to the previously mentioned in section B.

From Fig. 8(d), we can see that the Seebeck coeﬃcient of Sr5 Al2 Sb6 is inversely proportional to carrier concentration. For n-type Sr5 Al2 Sb6 at 800 K, there is an obvious bipolar
eﬀect when the carrier concentration is below 7.4 × 1019 cm−3 . It is known that the bipolar

eﬀect is unfavorable to thermoelectric performance and is the consequence of the combined
action of two types of carriers which participate in transportation. Thus, to obtain large

Seebeck coeﬃcient, it is necessary to ﬁnd ways to reduce the bipolar eﬀect. As 500 K, the
bipolar eﬀect almost disappears. It is also found that n-type Sr5 Al2 Sb6 has larger Seebeck

coeﬃcients than those of p-type one at the same carrier concentration, and the anisotropy

of the p-type one is stronger. This can be explained by the DOS eﬀective mass. For a given

Fermi energy, the Seebeck coeﬃcient is proportional to the DOS eﬀective mass.[21] The DOS
eﬀective mass can be written as:
m∗DOS = (m∗xx m∗yy m∗zz )1/3 Nv2/3 ,

(3)

where Nv is the band degeneracy, m∗xx , m∗yy , and m∗zz are the band eﬀective mass components
along the three perpendicular directions xx, yy, and zz, respectively. From the calculated

band structure, shown in Fig. 3, we can see that the dispersion of the CBM along diﬀerent
directions are small, indicating the large DOS eﬀective mass and corresponding to larger

Seebeck coeﬃcients for n-type Sr5 Al2 Sb6 . In contrast, the VBM has a stronger dispersion.
8
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Thus, due to the relatively small dispersion of the CBM, the Seebeck coeﬃcient of n-type

Sr5 Al2 Sb6 should be larger than that of p-type one. The anisotropy of the Seebeck coeﬃcient
in p-type Sr5 Al2 Sb6 can be explained by the diﬀerent eﬀective mass along diﬀerent directions.

Our calculated eﬀective mass along the y-direction is much larger than those along other
two directions. Consequently, its Seebeck coeﬃcient along the y direction should be larger
than those along other two directions.

The electrical conductivity of Sr5 Al2 Sb6 as a function of carrier concentration was calculated and plotted in Fig. 8(e). The relationship between electrical conductivity and carrier
concentration is shown as:[22]
1
σ = neμ = ,
ρ
μ∝

1
m∗ 5/2

,

(4)

(5)

here, m∗ is the band eﬀective mass of a single valley. From Eq. 4, we can see that the
electrical conductivity is proportional to carrier concentration, and this explains the change
σ
of σ with the increasing of n in Fig. 8(e). However, the calculated
includes scattering
τ
rate τ −1 . Here we used semi-empirical method to take oﬀ the τ and get the value of σ.
σ
at same temperature and carrier
By comparing the experimental σ and our calculated
τ
concentration, we can obtain τ . The experimental data of electrical conductivity and carrier
concentration are taken from Ref. [6]. As shown in Ref. [6], for Sr5 Al2 Sb6 , at 800 K, σ
σ
at the same carrier
= 943 Ω −1 m−1 and n = 1.2 × 1019 cm−3 . Our calculated value
τ
concentration and temperature is 7.6 × 1016 Ω −1 m−1 s−1 . Thus, we can get τ = 1.24 ×

10−14 s for Sr5 Al2 Sb6 at 800 K. For doping dependence, there is a standard electron-phonon
form, τ ∝ n−1/3 , and within certain regime, there is an approximate electron-phonon T
dependence, σ ∝ T −1 .[23] Thus, for Sr5 Al2 Sb6 , this yields
τ = 2.5 × 10−5 T −1 n−1/3

(6)

with τ in s, T in K, and n in cm−3 . For T = 800 K, Eq. 5 can be written as τ = 2.8 × 10−8

n−1/3 . As shown in Fig. 8(e), the electrical conductivities of p-type Sr5 Al2 Sb6 are higher

than that of n-type one, apparently. This may be explained by the relatively large band

eﬀective mass of its CBM. According to Eq. 4 and Eq. 5, the σ is inversely proportional to
m∗ , the stronger dispersion, the smaller eﬀective mass of a band. From the calculated band

structure shown in Fig. 3, we can see that the dispersion of the valence band is stronger than
9
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that of conduction band obviously, therefore the electrical conductivity of p-type Sr5 Al2 Sb6

should be higher. For p-type Sr5 Al2 Sb6 , the electrical conductivity along the y direction

decreases at ﬁrst and then increases, due to the change of band eﬀective mass with the
change of doping degree. As known that the Fermi level will shift down with the increasing
of p-type doping degree. From the band structures shown in Fig. 3 we can see that, for

Sr5 Al2 Sb6 , the band eﬀective mass along Γ-Y is larger than those along other two directions
at VBM, as previously mentioned. Thus, the electrical conductivity of lightly doped p-type
Sr5 Al2 Sb6 along the y direction is lower than other two directions. However, when the carrier
concentration is 1.26 × 1021 cm

−3

, the doping degree is heavy, and the Fermi level shifts

down. When the Fermi level shifts around -0.25 eV, the calculated band eﬀective mass are:
m∗xx = -3.67 me , m∗yy = -0.14 me , and m∗zz = 10.36 me . Thus, the electrical conductivity
of p-type Sr5 Al2 Sb6 along the y direction becomes highest. For Ca5 Al2 Sb6 , the calculated

band eﬀective mass at VBM are: m∗xx = -2.17 me , m∗yy = -0.28 me , and m∗zz = -0.22 me ,

leading to the high electrical conductivity along the z direction. With the shift down of the
Fermi level, the dispersion of the bands along Γ-Z is always the strongest, corresponding to
the high electrical conductivity of p-type Ca5 Al2 Sb6 along the z direction.

The optimal electronic performance of a thermoelectric semiconductor depends primarily
on the weighted mobility μw ,[22, 24, 25]
μw = μ(m∗DOS /me ),
here me is the electron mass. Combining Eq. 2, Eq. 5, and Eq. 7, we can get:
μw ∝

Nv
m∗ 5/2 me

.

(7)

(8)

Thus, the weighted mobility is proportional to the band degeneracy and inversely propor-

tional to the band eﬀective mass. Therefore, the band eﬀective mass and band degeneracy
should determine the thermoelectric performance. From the band structures shown in Fig.

3 we can see that, for Sr5 Al2 Sb6 , the band degeneracy of the VBM along diﬀerent directions

are all 1, but it is diﬀerent near -0.25 eV. The band degeneracy along Γ-Y is 2, and along Γ-X

and Γ-Z directions are still 1 near -0.25 eV. Considering the band eﬀective mass as discussed
above, we can conclude that p-type Sr5 Al2 Sb6 has promising thermoelectric properties along

the y direction. For Ca5 Al2 Sb6 , the band degeneracy along diﬀerent directions are same

with the shift of the Fermi level from VBM to -0.25 eV. Moreover, the band eﬀective mass
10
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along Γ-Z is always smaller than those along other two directions. Thus, p-type Ca5 Al2 Sb6

To ﬁnd an optimal carrier concentration for achieving a high ZT value, we need to study
the dependence of ZT on carrier concentration. However, there is no experimental results
about the anisotropy of lattice thermal conductivity and the anisotropy of relaxation time

for carriers. Thus, in the current study, we do not consider the anisotropy on thermal con-

ductivity and relaxation time, and we used the experimental thermal conductivity to roughly
estimate the ZT values along diﬀerent directions as a function of carrier concentration. For
this reason, our predicted ZT value may have a slight diﬀerence from the experimental ones.
Moreover, previous experimentally synthesized samples of Sr5 Al2 Sb6 and Ca5 Al2 Sb6 are not
crystal and are isotropic. Our predicted ZT values are anisotropic along diﬀerent directions.

Our predicted ZT results may be helpful to understand well the ZT properties of crystalline

samples and ﬁnd the direction with highest thermoelectric performance. Fig. 8(f) shows
the ZT value of Sr5 Al2 Sb6 , here the thermal conductivity κ was used as experimental value
0.53 W/mK.[6] From Fig. 8 we can see that p-type Sr5 Al2 Sb6 along the y direction has
larger Seebeck coeﬃcients and higher conductivities than those along the x and z directions.

Consequently, at 800 K, the highest ZT value of p-type Sr5 Al2 Sb6 appears in the y direction

and is 1.01 with a carrier concentration of 1.26 × 1021 cm−3 . For Ca5 Al2 Sb6 at 800 K, the
highest ZT value of Ca5 Al2 Sb6 is 1.37 and appears in p-type doping along the z direction
with the carrier concentration of 6.07 × 1019 cm−3 . The reason is that the eﬀective mass

of top of valence bands along Γ-Z in Ca5 Al2 Sb6 (-0.22 me ) is very small, which leads to the
high electrical conductivity of Ca5 Al2 Sb6 along this direction. For n-type Sr5 Al2 Sb6 , their
ZT values proﬁt from their relatively high Seebeck coeﬃcient, leading to the highest ZT

value of 0.70 along the y direction, corresponding to the carrier concentration of 1.31 × 1021

cm−3 . From Fig. 8(f), we can see that p-type Sr5 Al2 Sb6 may have larger ZT values than

n-type one. Considering the inﬂuence of Seebeck coeﬃcient and electrical conductivity on
ZT value, we can see that the high Seebeck coeﬃcient induces the high ZT value of the
p-type Sr5 Al2 Sb6 .
11
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Summary, the stability, electronic structure, and transport properties of Sr5 Al2 Sb6 and
Ca5 Al2 Sb6 were studied by the ﬁrst-principles calculations and the semiclassical Boltzmann

theory. The formation energies of several doped Sr5 Al2 Sb6 were calculated. The result
shows that the formation energies of Na-doped at the Sr site and Mn-doped at the Al site
are negative. Thus, we propose that the doped Sr5 Al2 Sb6 with Na1+ and Mn2+ are easer

to be realized and have higher hole concentrations, corresponding to p-type Sr5 Al2 Sb6 . The

high positive formation energy of Zn-doped Sr5 Al2 Sb6 means that it is diﬃcult to achieve

high carrier concentration by Zn-doping, which agrees well the the low carrier concentration of Zn-doped Sr5 Al2 Sb6 determined by experiment work. The simulated doping eﬀect
on Sr5 Al2 Sb6 shows that Sr5 Al2 Sb6 has a higher Seebeck coeﬃcient and a lower electrical
conductivity than that of Ca5 Al2 Sb6 . For Sr5 Al2 Sb6 , the high Seebeck coeﬃcient along

the y direction mainly come from the large hole eﬀective mass along Γ-Y. For Ca5 Al2 Sb6 ,
the always small hole eﬀective mass along the z direction with increasing doping degree

induces a high electrical conductivity along the z direction, which is helpful for achieving
high thermoelectric performance along this direction. The diﬀerent band gaps between the
two compounds result from their diﬀerent Sb-Sb interactions.
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TABLE I. The number of the crystallographically unique Sr, Al, and Sb atoms per primitive cell
of Sr5 Al2 Sb6 .
Atom

Sr1

Sr2

Sr3

Sb1

Sb2

Number

8

8

4

8

4

Atom

Sb3

Sb4

Sb5

Al1

Al2

Number

4

4

4

4

4

TABLE II. The bond distances (Å) between Al and Sb in Ca5 Al2 Sb6 and Sr5 Al2 Sb6 .
Material

Bond type and length

Ca5 Al2 Sb6

Sr5 Al2 Sb6

Al-Sb1

Al-Sb2

Al-Sb3

2.74

2.70

2.83

Al1-Sb1

Al1-Sb2

Al1-Sb3

2.66

2.73

2.66

Al2-Sb1

Al2-Sb3

Al2-Sb4

2.69

2.76

2.65

TABLE III. The calculated formation energies of Sr5 Al2 Sb6 by using B atoms to replace A atoms.
Doping type

A = Sr, B = Na

A = Sr, B = K

A = Al, B = Zn

A = Al, B = Mn

Sr5 Al2 Sb6

-3.32

5.20

15.80

-6.58
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: Fig. 1. The optimized orthorhombic structure of Sr5 Al2 Sb6 with space group of P nma,
forming by non-linear and oscillating chains extend inﬁnitely along the a axis. Sr,

Al, and Sb atoms are shown in small green, red, and blue spheres, respectively. The
edge sharing Sb1 and corner sharing Sb3 are all covalently bonded with two Al atoms,

and the Sb2 atom is covalently bonded with Al and Sb5 atoms, and Sb5 and Sb4 are
covalently bonded with Sb2 and Al atoms, respectively.

: Fig. 2. The orthorhombic structure of Ca5 Al2 Sb6 with space group of P bam, formed by
ladder-like chains extend inﬁnitely along the c axis. Ca, Al, and Sb atoms are shown
in big blue sphere, small red, and small blue spheres, respectively. The corner sharing

Sb1 atom is covalently bonded with two Al atoms, and the Sb3 atom is covalently
bonded with another Sb3 atom, and the Sb1 atom is covalently bonded with Al atom.
: Fig. 3. Band structure of Sr5 Al2 Sb6 and Ca5 Al2 Sb6 , the high symmetry k points Γ, X, S,

R, U, Z, Y, and T in the ﬁgure represent the points (0, 0, 0), (0.5, 0, 0), (0.5, 0.5, 0),
(0.5, 0.5, 0.5), (0.5, 0, 0.5), (0, 0, 0.5), (0, 0.5, 0), and (0, 0.5, 0.5), respectively.
: Fig. 4. Partial DOS for Sr5 Al2 Sb6 and Ca5 Al2 Sb6 . The Fermi level is set at zero.
: Fig. 5. Total DOS for Sr5 Al2 Sb6 and Ca5 Al2 Sb6 . The Fermi level is set at zero

: Fig. 6. DOS of Al and Sb atoms for Sr5 Al2 Sb6 and Ca5 Al2 Sb6 . The Fermi level is set at
zero.

: Fig. 7. Band decomposed charge density of conduction band minimum for Sr5 Al2 Sb6 (a)
and Ca5 Al2 Sb6 (b). The isosurface value is set as 0.001.

: Fig. 8. Calculated transport properties of Sr5 Al2 Sb6 and Ca5 Al2 Sb6 as a function of carrier
concentration from 1 × 1019 cm−3 to 5 × 1021 cm−3 .
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FIG. 1. The optimized orthorhombic structure of Sr5 Al2 Sb6 with space group of P nma, forming
by non-linear and oscillating chains extend inﬁnitely along the a axis. Sr, Al, and Sb atoms are

shown in small green, red, and blue spheres, respectively. The edge sharing Sb1 and corner sharing
Sb3 are all covalently bonded with two Al atoms, and the Sb2 atom is covalently bonded with Al
and Sb5 atoms, and Sb5 and Sb4 are covalently bonded with Sb2 and Al atoms, respectively.
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FIG. 2. The orthorhombic structure of Ca5 Al2 Sb6 with space group of P bam, forming by ladderlike chains extend inﬁnitely along the c-axis. Ca, Al and Sb atoms are shown in big blue sphere,

small red, and small blue spheres, respectively. The corner sharing Sb1 atom is covalently bonded

with two Al atoms, and the Sb3 atom is covalently bonded with another Sb3 atom, and the Sb1
atom is covalently bonded with Al atom.
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FIG. 3. Band structure of Sr5 Al2 Sb6 and Ca5 Al2 Sb6 , the high symmetry k points Γ, X, S, R, U,

Z, Y, and T in the ﬁgure represent the points (0, 0, 0), (0.5, 0, 0), (0.5, 0.5, 0), (0.5, 0.5, 0.5), (0.5,
0, 0.5), (0, 0, 0.5), (0, 0.5, 0), and (0, 0.5, 0.5), respectively.
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FIG. 4. Partial DOS for Sr5 Al2 Sb6 and Ca5 Al2 Sb6 . The Fermi level is set at zero.
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FIG. 6. DOS of Al and Sb atoms for Sr5 Al2 Sb6 and Ca5 Al2 Sb6 . The Fermi level is set at zero.
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FIG. 7. Band decomposed charge density of conduction band minimum for Sr5 Al2 Sb6 (a) and
Ca5 Al2 Sb6 (b). The isosurface value is set as 0.001.

Sr5Al2Sb6

Sr5Al2Sb6

σ(1/mΩ cm)

S(μV/K)

T=500K
600
400
200
0
-200
-400
-600

T=800K
600
400
200
0
-200
-400
-600

(a)

(b)

0.6

T=800K
600
400
200
0
200
-400
-600

(d)

(e)

0.6

(g)

(h)

0.6

p-type xx

0.4

n-type xx
p-type yy

0.4

0.4

0.2

0.2

n-type yy

0.2

p-type zz
n-type zz

0

0

(c)

0.3

ZT

Ca5Al2Sb6

0

(f)

1.2

0.2

0.8

0.8

0.1

0.4

0.4

0
19
10

10

20

10

21

0
19
10

10

20

10
-3

-3

n(cm )

n(cm )

(i)

1.2

21

0
19
10

10

20

10
-3

n(cm )

21

FIG. 8. Calculated transport properties of Sr5 Al2 Sb6 and Ca5 Al2 Sb6 as a function of carrier
concentration from 1 × 1019 cm−3 to 5 × 1021 cm−3 .
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