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Abstract

The thermoelectric properties and the electronic structure of Sr5SnyAsg were studied according
to the first principles and semi-classical Boltzmann theory. To elucidate the thermoelectric per-
formance of Sr5SnsAsg, we simulated its carrier concentration, Seebeck coefficient, and electrical
conductivity, and provided an estimated value for the thermoelectric figure of merit Z7T'. For pure
Sr5SnaAsg, the largest Seebeck coefficient (S) is 248 (uV/K) at 500 K, and the minimum S is
202 (uV/K) at 1200 K. The large Seebeck coefficient over a wide temperature range most likely
results from the appropriate band gap (0.55 eV) of Sr5SngAsg. By studying the carrier concen-
tration dependence of the transport properties, the ZT value for p-type doping was found to be
~ 1.4 times that of n-type doping, which is mainly due to the larger effective mass of the valence
band. Moreover, for n-type doping, both the Seebeck coefficient and the electrical conductivity
along the z-direction are much larger than those along the other directions, due to the large band
degeneracy and light band, which results in the highest ZT" value of 3.0 along the z-direction, with
a carrier concentration of 9.4 x 10! electrons per cm® at 950 K. The highest ZT value for p-type
along the z-direction is 1.7, with a carrier concentration of 1.2 x 10%° holes per cm? at 950 K.
Meanwhile, the minimum lattice thermal conductivity of Sr5SnaAsg is small (0.47 W/mI), and
is comparable to those of CasMaSbg (M = Al, Ga, In). Hence, good thermoelectric performance

along the z-direction for n-type SrsSnsAsg was predicted.
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I. INTRODUCTION

Mutual energy transformation between electricity and heat can be achieved via the ther-
moelectric effect [1]. The thermoelectric effect has attracted great attention due to its
cleanliness and convenience as an energy source. The thermoelectric performance of a given
material is quantified by a non-dimensional thermoelectric figure of merit ZT = S?0T/k,
where S, o, T, and k are the Seebeck coefficient, electrical conductivity, absolute temper-
ature, and thermal conductivity, respectively [2]. The thermal conductivity  is a sum of
the electronic (k.) and lattice (k;) contributions. To achieve a high ZT value, a material
simultaneously requires a large Seebeck coefficient, a high electrical conductivity, and a low
thermal conductivity. However, the transport properties (S, o, and k.) cannot be indepen-
dently tuned for increasing ZT" due to the strong interdependency of each property via the
carrier concentration. Consequently, there are two ways to enhance the ZT value: the first
way is to increase the thermoelectric power factor (S?¢), which is important for thermo-
electric performance; the second way is to decrease the lattice thermal conductivity, which
is independent of the electronic structure. Thus, an ideal thermoelectric material should
exhibit “phonon glass and electron crystal” behavior [3-6].

As promising thermoelectric materials, Zintl phase compounds always exhibit complex
structures and narrow band gaps [7]. In such compounds, the elements with greatly dif-
ferent electronegativity form ionic bonds. The degree of the ionic bonding depends on the
difference in electronegativity between the cations and the polyanions. Covalent bonding is
produced between polyanions. Thus, the combination of covalent bonding and ionic bonding
is a typical feature of Zintl phases. The covalent substructures affect the carrier transport,
and the cations strongly scatter phonons. Moreover, the cations donate electrons to the
anions, which determines the location of the Fermi level, with little impact on the elec-
tronic structure near the Fermi level. Consequently, the carrier concentration can be finely
adjusted by doping on the cation site. A small band gap is beneficial for thermoelectric
transport properties [8]. Previous study of Zintl compounds, for example Ca;GagAsg 9],
CasAlySbg [10], CasGagSbg [11], and Ybg2CosSbia-AgSbTesy [12], indicated that they are
good thermoelectric materials. A high ZT value requires a large Seebeck coefficient that

s

can be explained by the formula ZT = (r = Ke/k and L is the Lorentz constant)

[13]. Hence, a large Seebeck coefficient over a wide temperature range in a material is ben-
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eficial to its thermoelectric application over a wide temperature range. In addition, good
thermoelectric performance is generally found in heavily-doped semiconductors with carrier
concentrations on the order of 10 to 10*! cm™
CazAlSb; [14] exhibited a high ZT value of 0.8, with a carrier concentration 2.5 x 10 A"

em™ at 1050 K.

. For example, the sample of Na-doping

Sr5SnsAsg has been experimentally synthesized and was found to be a charge-balanced
Zintl phase [15]. The charge-balanced feature may lead to a semiconducting property. More-
over, the structural combination of covalent bonding and ionic bonding, large mass contrast
between Sn and As (Sr), and the large number of atoms in its primitive unit cell suggest
that SrsSnsAsg may have unique electronic structure and a low lattice thermal conductiv-
ity. In addition, the one-dimensional covalent chains along the c-direction may induce a high
electrical conductivity along this direction. SrsSnyAsg and CazMaSbg (M = Al Ga, In) com-
pounds [11] have similar one-dimensional chain structures and topology along c-direction.
In CasMsSbg compounds, the adjacent two chains were connected by Sb-Sb dimers. How-
ever, the chains in SrsSnyAsg are discrete, and no As-As bonding exists in this structure.
These features motivate our current study of thermoelectric properties of Sr5SnyAsg and
comparison with those of CazMySbg. In thermoelectric materials, the transport properties
(S, o0, and k) can not be independently tuned for increasing ZT due to the strong interde-
pendency of each property via the carrier concentration. Thus, it is valuable to explore an
optimal carrier concentration to realize a high ZT of SrsSnyAsg. In this work, we calculated
the electronic structure and thermoelectric properties of SrsSnsAsg. From the temperature
dependent transport properties, the large Seebeck coefficient over a wide temperature range
suggests that good thermoelectric properties may be realized in Sr5SnyAsg over a wider tem-
perature range compared to those of CasMsShg (M = Al, Ga, In). In addition, the minimum
lattice thermal conductivity (Kmin) of SrsSnaAsg is comparable to those of CazMySbg. The
Z'T value for p-type doping is ~ 1.4 times that of n-type doping, which is due to the heavier
valence band. Moreover, for n-type doping, both the Seebeck coefficient and the electrical
conductivity along the z-direction are larger than those along other directions, which results
in the highest ZT' (3.0 at 950 K), with a carrier concentration of 9.4 x 10 e em™3. For
p-type doping, the highest ZT is 1.7 at 950 K along the z-direction, corresponding to a
carrier concentration of 1.2 x 10%° At em™3. In addition, an effective doping method is to

adjust the content of As and Sn atoms in Sr5SnsAsg, which can be seen from the spatial
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distribution of the electrons and the calculated density of states.

II. COMPUTATIONAL DETAIL

The Vienna Ab-initio Simulation Package (VASP) [16] based on the Projector augmented
wave (PAW) method [17] was used to optimize the geometry. We used the generalized-
gradient approximation (GGA), as parameterized by Perdew, Burke, and Emzerhof to de-
scribe the exchange-correlation function [18]. The plane-wave cutoff energy was 450 eV,
and the energy convergence criterion was chosen to be 107¢ eV. The Hellmann-Feynman
forces on each ion were less than 0.02 eV /A, and the Brillouin zones of the unit cells were
represented by the Monkhorst-Pack special k-point scheme using 3 x 3 x 9 grid meshes.

The electronic structures of SrsSnyAsg were calculated by the full potential-linearized
augmented plane wave (FP-LAPW) methods [19] based on the density functional theory
(DFT) |20, 21]. The modified Becke-Johnson (MBJ) [22, 23] semi-local exchange potential
was used to improve the accuracy of the band gap, as implemented in the WIEN2k [24-26].
The muffin-tin radii were 2.50 a.u. for Sr, Sn, and As. The cutoff parameter is R,,; X
Kiar = 7 (Kinae 18 the magnitude of the largest k vector), and the number of & points of
the self-consistent calculations was 1000 in the Brillouin zone. The thermoelectric transport
properties were calculated through the semi-classical Boltzmann theory and the rigid-band
approach, which is implemented in the BoltzTrap code [27]. With the Boltzmann theory, the
constant scattering time approximation was used. This approximation, which is commonly
applied for metals and degenerately doped semiconductors, is based on the assumption
that the scattering time determining the electrical conductivity does not vary strongly with
energy on the scale of kgT'. This approximation does not involve any assumption about the
possibly strong doping and temperature dependence of 7. In this way, the Seebeck coefficient
S is independent of the relaxation time (7), while the electrical conductivity o and k. can

only be evaluated with respect to the parameter 7.
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III. RESULTS AND DISCUSSION
A. Structure and stability

The Sr5SnsAsg compound belongs to the Sr5SnsPg type, and it is orthorhombic with the
space group of Pbam. The primitive cell of SrsSnyAsg contains 26 atoms. For Sr5SnsAsg,
the calculated lattice constants are a = 12.6847 A, b= 14.1802 A, and ¢ = 4.3121 A, which
are close to the reported experimentally measured value [15]. Fig. 1(a) shows the optimized
crystal structure of SrsSngsAsg, which exhibits high symmetry and large anisotropy. The
right panel is the corresponding first Brillouin zone shape (from the primitive unit cell).
The As atoms have three non-equivalent positions, labeled as Asl, As2, and As3. The
Sr atoms also have three non-equivalent positions, labeled as Srl, Sr2, and Sr3. As seen
from Fig. 1, Sr5SnyAsg is composed of infinite chains of corner-shared SnAs, tetrahedra
along the c-axis, and these chains are separated by Sr atoms. The structure along the
c-axis is different from that along the a- and b-axes, which may induce the anisotropy of
thermoelectric properties. The high anisotropy of the lattice structure for Sr5SnyAsg is likely
to exhibit a large difference in the thermoelectric properties along the different directions.
For example, for SnSe, which has a layered structure, the high ZT value of 2.6 along the
b-direction and 2.3 along the c-direction are ~ 3 times that of ZT value of 0.8 along the
a-direction |28§].

To verify the stability of orthorhombic Sr5SnsAsg, we calculated the phonon frequency and
the formation energy. The phonon dispersion curves in the orthorhombic Brillouin zone were
calculated and are shown in Fig. 2. As seen from this figure, there is no imaginary phonon
frequency at any of the wave vectors, indicating the dynamical stability of orthorhombic
Sr5SnsAsg. The formation energy is a more direct evidence of the stability of a material,

which can be estimated from the following:
AE = E(srssnsass) — 9E(sr) — 2E(sn) — 6E(as), (1)

where E(gr;5n,4s6) 18 the total energy of Sr5SnyAsg at its most stable phase. Eg,), E(sy), and
E4s) are the total energy per atom of Sr (space group: F'm3m), Sn (space group: Cmmm),
and As (space group: R3m) in their bulk phases, respectively. The calculated formation
energy is -11.9 eV, which means that Sr5SnyAsg is stable. As seen from Fig. 2, the soft

acoustic and optic vibration modes in Sr5SnyAsg reflect its low lattice thermal conductivity.
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B. Elastic and thermal properties

To further check the mechanical stability of orthorhombic SrsSnyAsg, we also calculated
the elastic constants. The strain-stress method was used to obtain their elastic constants. A
small finite strain was applied on the optimized structure, and then the atomic positions were
optimized. Next, the elastic constants were obtained from the stress of the strained structure

and the strains. Below is the matrix of the elastic constants (in GPa) of orthorhombic

SI5SI12A86,

68 27 16 0 0 O
2768 24 0 0 O
16 248 0 0 O
Cij = (2)
0 0 019 0 0O
0 0 0 0 14 0

00 0 0 0 30
We calculated the eigenvalues of the elastic constant matrix and found that all eigenvalues
are positive, which indicates that the orthorhombic Sr;SnsAsg is elastically stable. Addi-
tionally, we acquired its bulk modulus K = 39 GPa and shear modulus G = 23 GPa from
the calculated elastic constants, which can further generate the minimum lattice thermal
conductivity (Kmn) through the discussion below.

As mentioned above, the total thermal conductivity (k) in a typical thermoelectric ma-
terial is the sum of electronic (k.) and lattice (k;) contributions. The lattice thermal con-
ductivity follows the 1/7T dependence when the phonon transport is dominated by Umklapp
scattering above the Debye temperature (Op). However, this process continues until the
minimum lattice thermal conductivity (Km:n) is reached. K, can be approximated at high
temperature (7" > ©p = 312 K) by

_17r

Rmin — 5(6)1/3]{33‘/_2/3(21/5 + Vl), (3)
|G
Vs = E? (4)
4
K+ §G
=\ — o)

where V' is the average volume of per atom, v, and v; are the longitudinal and shear sound

velocities, respectively, and d is the theoretical density [29]. As shown in Fig. 1, the primitive

6
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unit cell of Sr5SnyAsg contains 26 atoms. Such a large number of atoms in the primitive unit
cell can result in a low lattice thermal conductivity due to the low velocity of the optical
modes. Moreover, the high mass contrast between Sn and As (Sr) is also helpful to decrease
the lattice thermal conductivity of SrsSnyAsg, which is associated with the flattening of
the optical modes for higher mass contrast [30]. As shown in Table I, the relatively high
density and the low stiffness of SrsSnyAsg decreases the sound velocity and hence decreases
its lattice thermal conductivity. Further decreasing the lattice thermal conductivity can be
achieved by increasing disorder, nanostructure, doping with heavy elements, etc. Because x;
is larger than k,,;,, the improvements in Sr5SnyAsg can be achieved by reducing &, which
can be achieved by reducing the speed of sound from Eq. (3). As can be seen from Table I,
the order of shear moduli (G), bulk moduli (K'), longitudinal velocity (vs), and shear sound
velocity (1) are CazAl,Sbg > CasGagSbg > SrsSngAsg > CaslngShg, and the minimum
lattice thermal conductivities (Ki,) of these compounds are in reverse order. The K,
of Sr5SnyAsg (0.47 W/mK) is comparable to that of CazAlyShg (0.53 W/mK), CasGagSbg
(0.50 W/mK), and CazInySbg (0.46 W/mK). As CasMsSbg (M = Al, Ga, Sb) exhibit low
thermal conductivities, SrsSnsAsg is expected to exhibit a low thermal conductivity. The
order of the general atomic masses is CazAl,Shg < CazGagSbg < SrsSnsAsg < CaszlngShg,
which confirms that the cause of the lattice stiffness reduction is that heavier atoms possess
orbitals that are more diffuse, leading to a lower degree of electron density overlap with the
neighboring atoms [11]. Hence, doping with heavier elements in SrsSnsAsg may lead to a

lower lattice thermal conductivity.

C. Electrical transport properties

As previously mentioned, a good thermoelectric material requires a large Seebeck coeffi-
cient and a high electrical conductivity. For metals or degenerate semiconductors (parabolic
band, energy-independent scattering approximation), the Seebeck coefficient is defined as
Eq. (6) [31]. The electrical conductivity is given by Eq. (7). The carriers mobility is strongly

affected by the band mass of a single valley, as can be seen from Eq. (8).

82k, 7
_ *p( 2/3 6
3eh? <3n) ’ (6)
1
o =nen = —, 7
) (7)
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1

mb* ’

(8)

here, kg is the Boltzmann constant, h is the Planck constant, m* is the density-of-states

n

effective mass, m,* is the band mass of a single valley, T is the absolute temperature, and
n is carrier concentration. From Eq. (6), we can see that S is proportional to temperature
and to the density-of-states effective mass, and it is inversely proportional to the carrier
concentration. The value of ¢ is proportional to the carrier concentration and varies inversely
with the density-of-states effective mass. Hence, we studied the thermoelectric performance
as a function of temperature and carrier concentration to achieve a good balance between
S and 0. The temperature and carrier concentration dependence of n, S, ;, and %
were calculated using the semi-classical Boltzmann theory and the rigid-band approach. To
estimate a rough value of ZT of SrsSnsAsg, we used the relaxation time of CasAlyShg to
simulate its transport properties because they have similar crystal structures.

Fig. 3(a) shows that the carrier concentration of Sr;SnyAsg increases with the increase of
temperature, which indicates that the thermal excitation becomes strong, which causes the
increase of the intrinsic carrier concentration. As seen in Fig. 3(b), the S value is positive
over the entire studied temperature range, indicating a p-type transport for SrsSnsAsg.
S increases with the increase in temperature, which results in the largest value at 500
K, followed by a decrease. The maximum S is 248 (uV/K) at 500 K, which is much
larger than that of CasGagAsg (200 pV /K at 850 K) [9]. In addition, the minimum S is
202 (uV/K) at 1200 K. The large S value over a wide temperature range is beneficial for
thermoelectric applications, as explained by the formula Z7T = TTSQ (r = ke/k and L is the
Lorentz constant), which indicates that it is impossible to have a high and stable ZT value
without a high and stable S [13]. Hence, good thermoelectric performance may be realized
in Sr5SnyAsg over a wide temperature range. Thus, Sr5SnyAsg is a promising thermoelectric

material because the S value is large over a wide temperature range compared with the

experimental S value of other known good thermoelectric materials of CasMoSbg (M = Al,

1.5
Ga, In), with a similar structure to that shown in Fig. 4(a). From Eq. (6), S = a x (—)?/3,
n
8m2k?
where a = ;T hQB m*T (%)2/ 3. The amount of change of S value is related to n at the same
e

temperature. As a result, the high S over a wide range temperature for Sr;SnsAsg is due to
the smaller amount of change in n compared with that of CasMySbg (M = Al, Ga, In) at

the same temperature. Moreover, the large S over the wide temperature range may result
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from the larger band gap (0.55 eV) than that of CazMsSbg (M = Al, Ga, In) [11]. From Fig.
3(c), o decreases with the increasing temperature, which means that the mobility of carriers

decreases due to the increased phonon scattering. Further, we can calculate an estimated
2.2 .7

thermoelectric figure of merit ZT = ,z—.’ where 7 = 8.68 x 1077 'n~1/3 is the

relaxation time of CasAlaShg [32]; because Z;nis usually much smaller than x;, it is ignored

here. The figure of merit can assess the thermoelectric properties of SrsSn,Asg to some

extent. From Fig. 3(d), the maximum Z7 value is 1.0 at 800 K, which is comparable to the

known good thermoelectric materials, such as PbTe [33].

As seen in Fig. 3, pure Sr5SnyAsg was expected to be a promising thermoelectric material
at high temperature. However, the carrier concentration of pure Sr5SnsAsg is relatively low,
and its potential as a good thermoelectric material is not fully realized. The transport prop-
erties (S, o, and k.) can not be independently tuned for increasing ZT' due to the strong
correlation of each property via the carrier concentration. Therefore, the primary conven-
tional effort for maximizing ZT of SrsSnsAsg is to find an optimal carrier concentration.
For example, Zn and Na doping can improve the thermoelectric performance of CasAlySbg
[34,135]. As shown in Fig. 4(b), the Seebeck coefficient of Sr5SnyAsg, with p-type doping, is
larger than that of CazMySbg (M = Al, Ga, In) in the experimental part at 700 K, which

indicates that Sr5SnyAsg may achieve a better thermoelectric performance by p-type doping

[33]. The combined Seebeck coefficient is given [36] by

S _ Seae + ShO'h

(9)

O¢ + Op,
N,
Sy, = %B[m(;) +2.5— 1), (10)
_ kB Ne _
Se = —~2[n(=*) +2.5 - 7 (11)

where v is the scattering mechanism parameter, S, (S.) is the Seebeck coefficient of holes
(electrons), o, (0},) is the electrical conductivity of electrons (holes), N, (N.) is the effective
density of states in the valence band (conduction band), n is the number of electrons, and p is
the number of holes. The carrier concentration dependences of the thermoelectric transport
properties were calculated and plotted in Fig. 5. As can be seen from Fig. 5(a), the Seebeck
coefficient of p-type SrsSngAsg is positive, while that of n-type is negative, which are in

agreement with Eq. (10) and Eq. (11), respectively. The absolute value of the Seebeck
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coefficient for p-type is larger than that for n-type, due to its larger effective mass of the
valence band shown in the calculated band structure. Meanwhile, bipolar reduction in the
thermopower can be seen for p-type from 950 K to 1100 K. There is also a bipolar effect for
n-type SrsSnpAsg, when the carrier concentration is below 4.8 x 10 em™3. As is known,
the bipolar effect is a consequence of a small band gap that gives rise to two types of
carriers participating in transportation corresponding to Eq. (12), which is unfavorable for
thermoelectric performance. Hence, to obtain a large Seebeck coefficient, it is worth seeking
for ways to reduce the bipolar effect. From Fig. 5(b), the electrical conductivity increases
with the increase of the carrier concentration, which is consistent with Eq. (7). However,
the electrical conductivity decreases from 500 K to 950 K, and eventually to 1100 K, which
is mainly caused by the increased phonon scattering with the increase of temperature. The
electrical conductivity of the n-type Sr5SnyAsg is larger than that of the p-type one, due
to its smaller conduction-band effective mass. As can be seen in Fig. 5(c), the calculated
Z'T value of the p-type SrsSnyAsg is larger than that of n-type SrsSnsAsg because the value
of n is below 1 x 102! em™3. Above this carrier concentration, the calculated Z7T value of
the p-type Sr5SnsAsg is smaller than that of the n-type one. Moreover, the high ZT' over
the entire studied carrier concentration range appears for p-type doping of Sr5SnsAsg at the
same temperature, due to the large Seebeck coefficient of the p-type SrsSnsAsg shown in
Fig. 5(a).

To investigate the most favorable direction for thermoelectric application in SrsSnyAsg,
we also calculated the transport properties as a function of carrier concentration from 1 X
10 em™2 to 1 x 10?' em ™2 along the z-, y-, and z-directions at 950 K. For the p-type
Sr;SnpAsg shown in Figs. 6(a) and 6(b), the Seebeck coefficient along the z-direction is
larger than those along other two directions, due to its larger band effective mass along the
x-direction shown in the calculated band structure. The electrical conductivity along the
z-direction is larger than those along other two directions, due to the smaller band effective
mass along the z-direction. However, for n-type SrsSnysAsg, both the Seebeck coefficient
and the electrical conductivity along the z-direction are larger than those along the other
two directions. This difference is most likely due to the larger degeneracy and lighter band
along I' — Z than those along ' — X and I' — Y, as shown in Fig. 8, which may induce
a larger Seebeck coefficient and a higher electrical conductivity along the z-direction than

those along the other directions. From Fig. 6(c), ZT along the z-direction for p-type and

10



Page 11 of 24

Journal of Materials Chemistry A

n-type doping are both larger than that along the z- and y-directions. Moreover, ZT of
the n-type Sr5SnsAsg along the z-direction is larger than that of p-type doping in the three
orthogonal directions. The maximum Z7T of n-type Sr5SnyAsg is 3.0 along the z-direction at
950 K, corresponding to a carrier concentration of 9.4 x 10 e em ™2, which is mainly due to
the lack of conflict between S and o. For p-type doping, the maximum Z7 is 1.7 along the
z-direction at the same temperature, with a carrier concentration of 1.2 x 102 At em=3.

Therefore, good thermoelectric performance along the z-direction for n-type SrzSnyAsg is

predicted.

D. Electronic structure

The electronic structure is crucial for the interpretation of the transport properties. The
electronic distribution, band dispersion, valley degeneracy, and band gap play important
roles in the transport properties. Hence, we calculated the electron localization function
(ELF), band structure, band decomposed charge density, and density of states (DOS). The
electronegativity values are similar for the atoms of covalent bonding, but an ionic bonding
regularly arises due to the different electronegativity values for the AsMsPng compounds.
For SrsSnyAsg, the electronegativity values are 0.95, 1.96, and 2.18 for Sr, Sn, and As,
respectively. The Sn and As atoms tend to form covalent bonds, and the Sr atom tends to
form ionic bonds. To clearly demonstrate the bonding character, we calculated the electron
localization function (ELF), which can describe the characterization of the localized electron
distribution [37]. According to the definition of ELF, the value of ELF ranges from 0 to
1. ELF = 1 indicates completely localized electrons, and ELF = 0 indicates completely
delocalized electrons, and ELF = 0.5 indicates that the electrons form electron-gas-like
pairs that can transfer electrons easily. From Fig. 7, we can clearly see the chemical
bonding character in SrsSnsAsg. The right panel is the ELF isosurface that shows the
region of charge accumulation, which can identify covalent bonding in the entire cellular
space. A certain degree of charge accumulation occurs midway between Sn and As atoms,
suggesting that these bonds have significant covalent character. The more diffuse regions
of charge between As and Sr atoms indicate ionic bonding character. To investigate the
infinite, one-dimensional, ladder-like moieties qualitatively, we plotted the two-dimensional

charge density in a supercell along the z-direction. For the left pattern, high ELF value

11
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(0.92) of the blue area indicates the highly localized electrons. The red area is close to 0,
indicating that the electrons of this area are highly delocalized. The ELF value of the area
between Sn and As is approximately 0.78, which indicates a strong covalent bonding between
them. It is known that the electron density of ionic bonding is localized around the atoms.
The ELF value of the area around the As atom close to the Sr atom is approximately 0.89,
and the ELF value of the area around the Sr atom is approximately 0.90, indicating an ionic
bonding feature. From the chains of the corner-shared SnAs, tetrahedron along the z-axis,
we found that there exists an electronic channel along the As-Sn-As covalent chains, which
can easily transport electrons. SrsSnyAsg is composed of infinite chains of corner-shared
SnAs, tetrahedron along the z-axis, so that larger electronic conductivity along the z-axis
compared to that along the x- and y-axes can be understood.

We know that the transport properties are closely related to the electronic states near
the conduction band minimum (CBM) and the valence band maximum (VBM). Hence, we
focus our discussions on the electronic states near the Fermi level [38]. As seen from the
calculated band structure shown in Fig. 8 Sr5SnyAsg is a semiconductor with an indirect
gap of 0.55 eV. The CBM and the VBM are located at the I' and Y points, respectively.
Moreover, the dispersion along the I' — Z direction is greater than that along the I' — X
direction, which induces the larger electrical conductivity of the n-type Sr5SnsAsg than that

of the p-type SrsSnsAsg. For a qualitative description, the band effective mass is given by

PE(K)._
W]Eb@):]ﬂf‘ (12)

m* = h?[
The calculated band effective masses are m; = 0.34 m, (along I' — X), m; = 0.27 m, (along
['-Y), and m? = 0.08 m, (along I' — Z) for the conduction band. For the valence band, m?,
my, and m} are -1.64 m,, -0.78 m,, and, -0.11 m,, respectively. As is well known, light bands
are beneficial for large electrical conductivity, while bands of heavy and large degeneracy
can produce high Seebeck coefficients. Therefore, it is easy to understand the anisotropy of
the transport properties shown in Fig. 6. The mixture of light and heavy bands near the

Fermi level is conducive to obtaining good thermoelectric properties, similar to CazMsSbg

(M = Al, Ga, In) [11] and Caz;GagAss [9]. The mj},,¢ was calculated by
Mpos = (mymym3)' PNJ/?, (13)

where mj, m3, mj are the effective mass components along three perpendicular directions,

and N, is the band degeneracy. The calculated m},g of electrons (0.31 m,) is much smaller
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than the absolute value of the effective mass of holes (-0.83 m,), which further proves that
the Seebeck coefficient of p-type doping is higher than that of n-type doping, but the p-type
doping electrical conductivity is smaller than that of n-type doping, which is consistent with
Fig. 5. The calculated band decomposed charge density for conduction band valleys near
the Fermi level at the I' point and the valence band valleys near the Fermi level at the YV
point were plotted in Fig. 9. Fig. 9(a) shows that CBM mainly consists of the electrons
around the Asl-Sn-Asl chains. However, for the VBM shown in Fig. 9(b), it is composed
of electrons around As atoms in the following order: As2 > As3 > Asl. This calculation
proved that the transport properties are mainly affected by Asl and Sn atoms for n-type
doping, while they are mainly affected by As2, As3, and Asl atoms for p-type doping; these
observations can provide guidance for further investigating the doping effect on Sr5SnyAsg
with the appropriate atoms.

To clearly observe the states near the Fermi level, we calculated the DOS, as shown in
Fig. 10. In principle, a broad DOS means a strong electronic delocalization; a sharp DOS
corresponds to a strong electronic localization. Fig. 10(b) confirms that the valence band
edge is mainly composed of As2, As3, and Asl atoms, and the conduction band edge mainly
consists of Sn and Asl atoms, which agrees well with the results in Fig. 9. The hybridized
DOS of the Sn and Asl atoms indicates a covalent bonding character, which is beneficial
to electrical transport. Fig. 10(c) shows our calculated partial density of states (PDOS) of
the Srl, Asl, and Sn atoms. The bonding feature for the Sn s- and the Asl p-orbit can be
seen the states from -5.5 eV to -6.8 eV, and the anti-bonding feature can be seen from -0.5
eV to 2 eV, which is consistent with the covalent bonding feature between the Sn and As
atoms shown in Fig. 7. The valence band near the Fermi level is composed primarily of the
Asl p-orbit. The Sn p-orbit and the Asl p-orbit are strongly hybridized from -2 eV to -3.5
eV. Hence, an effective doping approach involves replacing As and Sn sites for accurately

adjusting the carrier concentrations.

IV. CONCLUSION

In summary, first-principle calculations and the semi-classical Boltzmann theory were
used to study the electronic and thermoelectric properties of Sr5SnyAsg. It is found that the

transport properties of p-type Sr5SnyAsg are most likely better than those of n-type doping,
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which is mainly due to the heavier valence band. The light band mass along the I' — Z
direction induced a high conductivity of n-type Sr5SnsAsg along the z-direction. Moreover,
n-type SrsSnsAsg along the z-direction has a large Seebeck coefficient simultaneously at
950 K, which is most likely due to the large band degeneracy along the z-direction. The
highest ZT' value is 3.0 for n-type doping along the z-direction at 950 K, corresponding to a
carrier concentration of 9.4 x 10! e em™3. For p-type doping, the highest ZT is 1.7 along
the z-direction at 950 K, with a carrier concentration of 1.2 x 10%** AT em™=3. The spatial
distribution of the electrons and the DOS calculations can provide guidance for doping in
Sr5SnyAsg. In addition, the minimum lattice thermal conductivity of Sr5SnsAsg is expected
to be small (0.47 W/mK) due to its complex structure. Hence, it is clearly possible to

obtain good thermoelectric performance along the z-direction for n-type Sr5SnyAsg.
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FIGURE CAPTIONS

[ (a) The optimized crystal structure of SrsSnyAsg. Magenta, red, and green spheres
represent Sr, As, and Sn atoms, respectively; (b) The first Brillouin zone (from the

primitive unit cell) of Sr5SnsAsg.
2l Phonon dispersion curves of SrzSnyAsg.
Bl Calculated thermoelectric properties of SrsSnysAsg as a function of temperature.

Ml Seebeck coefficient of CazMyShg (M = Al, Ga, In) in experimental part and
Sr5SnyAsg in theory as a function of (a) temperature and (b) carrier concentration at

700 K, respectively. S (unit in (uV/K)).

The calculated thermoelectric properties of p-type and n-type SrsSnsAsg as a
function of carrier concentration from 1 x 10 to 6 x 10%' em =2 at 500 K, 950 K, and

1100 K.

[6l The thermoelectric anisotropy of SrsSnsAsg as a function of carrier concentration

from 1 x 10 to 1 x 10%! em™2 at 950 K.

[[ Calculated electron localization function of Sr5SnyAsg for the (100) plane (left) and

the whole unit cell (right) with the isosurface value of 0.78.
Rl Calculated band structure of Sr5SnyAsg.

@ Band decomposed charge density of (a) conductive bands near the Fermi level at
I" point and (b) valence bands near the Fermi level at Y point for Sr5SnsAsg with the

isosurface value of 0.0035.

M0 Calculated projected density-of-states for (a) Sr5SnaAsg; (b) per atoms in the unit
cell; (c) partial orbits of Srl, Asl, and Sn atoms.
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TABLE I: Physical properties of SrsSnyAsg and CazMaSbg (M = Al, Ga, In) compounds: p,

theoretical density; K, bulk modulus; G, shear modulus; Y, Young’s modulus.

p G K Y Vg 1% Kmin
M (g/cm?) (GPa) (GPa) (GPa) (m/s) (m/s) (W/mK)
Sr5SnsAsg 4.99 23 39 58 2147 3749 0.47
CasAlyShg 4.31 25 40 62 2400 4100 0.53
CasGagShg 4.52 24 40 60 2280 3970 0.50
CasInyShg 4.90 22 38 55 3710 3710 0.46
kz
1 Z
(b) 1/ T
: R
|
|
L |re--l Al ¥
| o Y
X S
i

FIG. 1: (a) The optimized crystal structure of SrsSnyAsg. Magenta, red, and green spheres
represent Sr, As, and Sn atoms, respectively; (b) The first Brillouin zone (from the primitive unit

cell) of SI‘5 SHQASG.
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Frequency (THz)

FIG. 2: Phonon dispersion curves of Sr5SnsAsg.
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FIG. 3: Calculated thermoelectric properties of SrsSnyAsg as a function of temperature.
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FIG. 4: Seebeck coefficient of CazMaSbhg (M = Al, Ga, In) in experimental part and SrsSnaAsg
in theory as a function of (a) temperature and (b) carrier concentration at 700 K, respectively. S

(unit in pV/K).
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FIG. 5: The calculated thermoelectric properties of p-type and n-type Sr5SnsAsg as a function of

carrier concentration from 1 x 10™ to 6 x 10%! em™3 at 500 K, 950 K, and 1100 K.
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FIG. 6: The thermoelectric anisotropy of SrsSngAsg as a function of carrier concentration from 1

x 1012 to 1 x 102! em ™2 at 950 K.
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FIG. 7: Calculated electron localization function of Sr5SnaAsg for the (100) plane (left) and the

whole unit cell (right) with the isosurface value of 0.78.
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FIG. 8: Calculated band structure of Sr5SnoAsg.

22



Page 23 of 24 Journal of Materials Chemistry A

FIG. 9: Band decomposed charge density of (a) conductive bands near the Fermi level at I" point
and (b) valence bands near the Fermi level at Y point for Sr5SngAsg with the isosurface value of

0.0035.
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FIG. 10: Calculated projected density-of-states for (a) SrsSnaAsg; (b) per atoms in the unit cell;

(c) partial orbits of Srl, Asl, and Sn atoms.
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The highest ZT value of n-type SrsSnzAss at 950 K appears at a carrier
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concentration 0f 9.4 x 19 e cm=3.
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