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This letter communicates thermoelectric properties of antiperovskites SbNSr3 and BiNSr3, using ab-initio
calculations. These compounds are identified as good transport materials for their narrow band gaps
and dense electronic states near their Fermi levels. The peak values of Seebeck coefficient of 1590 and
1540 pV/K are observed for SbNSr3 and BiNSr3, respectively in the p-type regions, at room temperature.
The figure of merit approaches unity for both materials, while their thermal conductivities increase

and electrical conductivities decrease with temperature. These theoretical studies predict that these
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antiperovskites could be efficient materials for thermoelectric generators and need further experimental
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1. Introduction

The demand of energy is growing with the quality of life, in-
crease in human population and depletion of fossil fuels. The solu-
tion to the problem is not possible by a single source; therefore,
different means of renewable energy are investigated to resolve
the energy crisis of the world. Extensive experimental and theoret-
ical studies are in progress in fossil fuel alternatives, one of which
is thermoelectricity. Conventionally, thermoelectricity is considered
as the most suitable source for waste heat recovery where materi-
als with high figure of merit (ZT) are commonly used in thermo-
electric generators for large-scale power generation [1-4].

In the present letter, we explore thermoelectric (TE) proper-
ties of antiperovskites SbNSr3 and BiNSr3 because of their narrow
band gaps and dense electronic states near Fermi level in both
valance and conduction bands. This identifies them to be poten-
tial materials for thermoelectric devices and hence good sources
of green energy in thermoelectric power generators, devices which
directly convert thermal energy into electrical energy. The synthe-
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sis of SbNSr3 and BiNSr3 is reported by Gdbler et al. [5] for the
first time in 2004. They investigated some of their physical prop-
erties, including band gaps using diffuse reflectivity method and
obtained optical gaps of 1.15 eV for SbNSr3 and 0.89 eV for BiNSrs.
They also calculated the electronic band gaps for these materials
within Local Density Approximation (LDA) and obtained very small
band gap values arguing that LDA severely underestimates band
gaps of crystalline materials. In another theoretical study, Haddadi
et al. [6] worked on the electronic properties of these materials
using the Generalized Gradient Approximation (GGA). The authors
obtained band gaps of 0.31 eV for SbNSr3 and 0.26 eV for BiNSrs,
which were later on improved by Hichour et al. [7] using modified
version of GGA, i.e. Engel and Vosko GGA (EV-GGA) and achieved
band gaps of 0.55 and 0.36 eV for SbNSr3 and BiNSrs, respectively
but still severely underestimated results.

Thermoelectric properties are highly sensitive to band gaps, and
therefore accurate calculated band gaps are required in the theo-
retical studies of the thermoelectric materials for their logical and
rational results for practical applications. Realizing this important
aspect of the thermoelectric compounds, we use a recently devel-
oped DFT based theoretical technique, improved modified Becke-
Johnson (I-mBJ) potential [8] for high accuracy of the band gaps,
while using these electronic structures, the thermoelectric proper-
ties of the compounds are explored.
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2. Theory and computational details

The full potential linearized augmented plane waves (FP-LAPW)
method, based on density functional approach [9,10] as imple-
mented in the WIEN2k [11] is used to calculate the electronic
properties of SbNSr; and BiNSrs;. The experimental lattice con-
stants of SbNSr3 and BiNSrs, ie. 51725 A and 5.2069 A respec-
tively [5], are used as input variables to calculate theoretical lat-
tice constants for both materials. The calculated relaxed lattice
parameters are used to calculate the electronic properties of the
compounds. For achieving accurate band gaps we used improved
modified Becke-Johnson (I-mB]J) [8] potential. The modified Becke-
Johnson (mBJ) potential [12] is:

vie ™ () = cvBR(r) + 3¢ — 2) %,/5/12‘/2t(r)/p(r) 1)
where c is defined as

c=A+Bg 2)
and

4
Vo (r)|>cl3r 3)

_ 1 1/|Vpt ()
Ry V(LN

Veell 2 pT ) p¥(r)
cell

where g is the average of g = |Vpl|/p, while p is the elec-
tronic density. The values of A and B in Eq. (2) are taken as
—0.012 and 1.023 (Bohr)!/?, respectively in the mBJ potential [12].
Koller et al. [8] introduced new values of A =0.488 and B =
0.500 (Bohr)'/? for large band gap materials and A = 0.267 and
B = 0.656 (Bohr)!/? for small band gap materials, by minimizing
mean-absolute relative error (MARE) of few solids, and hence mod-
ified Eq. (2) as follows:

c=A+Bg* (4)

where e =1 for simplicity. In the present work, we use A =0.267
and B = 0.656 (Bohr)”2 as both SbNSr3 and BiNSr3 are small band
gap materials. For SbNSr3 the calculated values of ¢ =1.2016 and
g =1.4247, while for BiNSr3 ¢ =1.1913 and g = 1.4067. Between
the core and valence states, the separation energy in this work is
kept at —6.0 Ry. In the full potential scheme the wave functions
inside the atomic spheres for both materials are expanded in terms
of spherical harmonics up to Inax = 10. The convergence parameter
Ryt Kmax, i set to 7 and Ry's are fixed as 2.5 (Sb), 2.22 (N) and
2.33 (Sr) Bohr for SbNSr3 and 2.5 (Bi), 2.41 (N) and 2.5 (Sr) Bohr
for BiNSrs3. The plane wave cut off value for the charge density and
potential is selected to be Gyax = 12 (Ry)!/2. 500 k-points are used
for electronic properties calculations.

The calculated electronic structures are further used to calcu-
late thermoelectric properties of SbNSr3 and BiNSr3 materials, like
Seebeck coefficients, thermal conductivities and electrical conduc-
tivities, using BoltzTraP [13] code. The transport coefficients based
on the rigid band approach to conductivity are explained by using
Eq. (1) as given below:
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where, N is the number of k-points. Eq. (6) explains k-dependent
transport tensors, where 7 is the relaxation time, and v (i, k) is
a component of group velocity. The transport coefficients, which
are the function of temperature (T) and chemical potential (),
i.e. electrical conductivity and Seebeck coefficient tensors can be
found by integrating the transport distribution [13,14]:

1 dfo(T, e,
Oap (T, 1) = o5 f oaﬂw)[—W]da (7)
1
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where, o and g are the tensor indices, e is the electron charge,
£2 is the volume of the unit cell, w is the carrier concentration and
fo is the Fermi-Dirac distribution function. The relaxation time, t,
is taken constant in this study. The Seebeck coefficient is calcu-
lated by the band structure calculation as it does not depend on
relaxation time but electrical conductivity needs to be calculated
with respect to the relaxation time.

3. Results and discussion

Thermoelectric properties are sensitive to electronic properties
and therefore accurate band gap value of a material is required for
its reliable thermoelectric nature. The band structures of SbNSr3
and BiNSr3; are calculated by the I-mBJ [8] potential and are pre-
sented in Fig. 1. The overall band profiles of these compounds
are in good agreement with the previous theoretical works [6,7],
where the top of the valance bands and bottom of the conduc-
tion bands lie at I point for both materials, resulting in direct
band gap semiconductors. Unlike the other theoretical works the
band gaps obtained by the I-mBJ for SbNSr; and BiNSr3 are con-
sistent with the experimental values. Table 1 clearly indicates that
[-mB] is very effective in the prediction of band gaps of these
compounds and also confirms the superiority of this theoretical
method over LDA [5], GGA [6], and EV-GGA [7]. The accurate I-
mB]J electronic structures of SbNSr3 and BiNSrs3, as shown in Fig. 1,
are further used to calculate the thermoelectric properties of these
compounds.

The greatest challenge in thermoelectric power generators is to
find highly efficient TE materials. The efficiency of a TE material
depends on its stringent physical properties [15,16]. One of the
main requirements for a good TE material is its figure of merit,
ZT = 0 S?T /k, where it is directly related to Seebeck coefficient (S)
of that material. Therefore, compounds with high S are considered
to be good TE materials [17,18]. In Seebeck effect, the tempera-
ture difference across the ends of a thermoelectric material causes
potential difference, which pushes electrons from one end to the
other.

In Fig. 2(a)-(b), Seebeck coefficients for SbNSr3 and BiNSr3 are
presented at different temperatures, 300, 600 and 900 K. It is clear
from the plots that the response of the materials is the same
in both p-type and n-type regions. In the p-type region, SbNSr3
shows the peak value of 1590 pV/K, while BiNSr; shows the peak
value of 1540 pV/K at room temperature, which predict that these
are good TE materials. Similarly, both materials show good re-
sponse in n-type region too. The plots show that the Seebeck co-
efficient decreases exponentially with temperature. Furthermore, it
can be seen that the Seebeck coefficient exists between —0.3 p(eV)
and 0.3 p(eV) of the chemical potential and becomes zero beyond
these points. Hence, materials are strongly responsive in this re-
gion. The comprehensive study of the plots reveals that both of
the materials show approximately the same behavior with small
differences in details.

Thermal conductivity is the flow of heat in a material for which
electrons and lattice vibrations are responsible. In TE devices, ma-
terials having small thermal conductivity are used so that the tem-
perature difference may not be disturbed. Fig. 3(a)-(b) presents
the electronic thermal conductivities for SbNSr3 and BiNSr3 at 300,
600 and 900 K. It is clear from the figure that thermal conductivi-
ties increase with the increase in temperature; which is obvious as
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Fig. 1. Band structures for SbNSr3 and BiNSr; by improved modified Becke-Johnson potential (I-mBJ).

Table 1
Calculated band gaps (in eV) for SbNSr3 and BiNSrs; are compared with the experi-
mental and other theoretical results.

Present work Exp. work Other work

I-mBJ EV-GGA GGA LDA
SbNSr3 0.92 115% 0.55¢ 0.31° 0.15°
BiNSr3 0.81 0.89% 0.36° 0.26" 0.15°
2 Exp. [5].
b 6]
¢ (71

the energy of free electrons increase with temperature. The figure
shows that both materials have approximately the same behavior.
Thermal conductivities remain zero at room temperature between
—0.3 p(eV) and 0.3 p(eV) of the chemical potential, so high figure
of merit can be attained in this region. The plots reveal that the
thermal conductivities are smaller in the p-type region as com-
pared to the n-type region for both materials.

The flow of free electrons in a material is termed as electri-
cal conductivity. Electrons gain energy with temperature and move
from high temperature regions to the low temperature regions.
This movement of electrons in a TE material causes electric cur-
rent. For good TE properties, materials should have high values
of electrical conductivity. The electrical conductivities for SbNSr3
and BiNSr3 at different temperatures, i.e. 300, 600 and 900 K,
are presented in Fig. 4(a) and (b), respectively. The response of
electrical conductivities for both materials is approximately the
same at a given temperature. The threshold points for the electri-
cal conductivities of these materials in p-type and n-type regions
are —0.25 p(eV) and 0.25 p(eV) chemical potentials, respectively.
Electrical conductivities remain zero between these points while
beyond these points materials have good electrical conductivities
and at the 1.4 p(eV) chemical potential we get the peak values
of 5.7 x 102°/Qms and 5.6 x 1029/Qms for n-type SbNSr3 and
BiNSr3, respectively. Chemical potential is regarded as carrier den-
sity [19] therefore, in the vicinity of zero chemical potential, carrier
density will be small. Due to this small carrier density, there will
be minimum conduction charges available, resulting in low values
of electrical conductivities near zero chemical potential. As con-
duction charges are responsible for electronic thermal conductivity,
the unavailability of carriers in this region is also the cause of min-
imum electronic thermal conductivity.

The performance of any device is important issue, while in a
thermoelectric device the efficiency can be measured by the figure
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Fig. 2. Seebeck coefficients for (a) SbNSr3 and (b) BiNSr3 as a function of chemical
potential at 300, 600 and 900 K.

of merit of the TE material. The figure of merit of a TE material is
represented by ZT, which mathematically is given by:

ZT=0S%T/k (9)
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Fig. 3. Electronic thermal conductivities for (a) SbNSr3 and (b) BiNSr3 as a function
of chemical Potential at 300, 600 and 900 K.

where S represents the Seebeck coefficient, o represents the elec-
trical conductivity and k represents thermal conductivity. It is clear
from the equation that the figure of merit is directly proportional
to S? and electrical conductivity, whereas it is inversely propor-
tional to the thermal conductivity. Therefore, if S? and electri-
cal conductivity are larger and thermal conductivity is smaller,
then the figure of merit will be larger. The Seebeck coefficient,
as presented in Fig. 2, gives maximum values between —0.3 and
0.3 p(eV) chemical potential whereas, is zero at Fermi level (mid-
dle of band gap) because there are no electrons and holes in the
Fermi level. Therefore, S is zero at Fermi level. The thermoelec-
tric values are positive when the Fermi level shifts down towards
the valence band indicating p-type conduction and the Seebeck
coefficients are negative when the Fermi level shifts upward to
the conduction band indicating n-type conduction. Consequently,
for bottom and top of Fermi level there are two maximum and
minimum for the Seebeck coefficients. This is true that between
—0.3 and 0.3 p(eV) chemical potential, the electrical conductivity
is almost zero and has nonzero values only at the border of this
interval, but we should notice that the electronic thermal conduc-
tivity is also very small inside this interval. Therefore, due to high
values of Seebeck coefficient and low values of electronic thermal
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Fig. 4. Electrical conductivities for (a) SbNSr3 and (b) BiNSr3 as a function of chem-
ical potential at 300, 600 and 900 K.

conductivity in this region, we expect maximum thermoelectric
response. This expectation is in excellent agreement with our cal-
culated ZT, as shown in Fig. 5.

Materials having ZT around unity exhibit good thermoelectric
properties [20,21] and can be used for electric power generation
in TE devices. Fig. 5(a)-(b) shows the graphs of the figure of merit
against chemical potential for SbNSr3 and BiNSrs, at temperatures
300, 600 and 900 K, respectively. It is clear from the figures that
both materials show approximately the same behavior with the
figure of merit approaching unity. At room temperature the figures
of merit for both materials are about 0.99, which identifies them
as good candidates for TE devices. For SbNSr3, ZT sharply rises as
chemical potential increases from zero in both n-type and p-type
regions and we get the peaks at 0.2 p(eV) and —0.2 p(eV). Then
it drops to zero at 0.6 p(eV) and —0.6 p(eV). We get maximum
output around 0.2 and —0.2 p(eV) because Seebeck coefficient is
maximum and thermal conductivity is minimum in these regions.
Furthermore, ZT approach zero beyond 0.6 and —0.6 p(eV) because
Seebeck coefficient is zero and thermal conductivity is larger be-
yond these points. We see small values of ZT in this region for the
reason that electrical conductivity gives peak values beyond —0.3
and 0.3 p(eV).
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Fig. 5. Graphs of ZT vs. chemical potential for (a) SbNSr; and (b) BiNSr3 at 300, 600
and 900 K.

4. Conclusions

In conclusion, we studied band structures of SbNSr3 and BiNSr3
using improved modified Becke-Johnson potential and got closer

band gap values to the experimental than the previous theoreti-
cal results. The thermoelectric properties of these compounds are
calculated and very interesting and promising results are obtained
for these materials at room temperature. The figure of merit for
these materials approaches unity which reveals that these materi-
als can be useful in thermoelectric power generators. High values
of Seebeck coefficients are obtained between —0.3 and 0.3 p(eV)
chemical potential, while their thermal conductivities are zero in
this region. Therefore, peak values for the figure of merit are ob-
tained in this region. Maximum values for electrical conductivities
are obtained beyond —0.5 and 0.5 p(eV) of the chemical poten-
tial in the p-type and n-type region, respectively. For this reason,
small values of the figure of merit beyond these points are ob-
served. The overall patterns of the figure of merit clearly show that
SbNSr3 and BiNSr3 are good thermoelectric materials and can be
efficiently used in thermoelectric power generators as an alterna-
tive green energy sources.
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