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We calculated the electronic structures and the thermoelectric properties for type-I and type-VIII
BagGa,(Sny, (BGS) clathrates. The band structures show that type-I and type-VIII BGS are indirect
semiconductors with band gaps of 0.51 eV and 0.32 eV, respectively. The calculated Seebeck
coefficient of n-type type-I BGS is higher than that of n-type type-VIII BGS because of the larger
density of states in type-I at the bottom of the conduction band. This is in good agreement with the
experimental results. We also calculated the electrical conductivity and thermal conductivity due to

charge carriers. Estimated thermoelectric figure of merit, ZT, exceeds 1.0 for both types.
© 2010 American Institute of Physics. [doi:10.1063/1.3437252]

I. INTRODUCTION

Recently, group IV based clathrate compounds are at-
tracting much attention as high performance thermoelectric
materials from the perspective of “phonon glass and electron
crystal”.l’2 This feature is brought form the unique crystal
structure of clathrates. Clathrates are composed of several
kinds of molecular cages enclosed with guest atom. These
cages are also connected each other by face sharing. There-
fore, host atoms construct a three-dimensional network of
sp® bonds. A guest atom in the host cage is loosely bound
within the framework and causes anharmonic and localized
atomic vibration. This localized atomic vibration is referred
to as rattling. In spite of crystal, this rattling mode scatters
thermal-conducting phonons effectively and causes glasslike
low thermal conductivity. In many group IV based clathrates,
the guest element is an alkali or an alkaline-earth metal. One
of the typical group IV clathrates is BagGa;¢Ges, which
shows ZT'=1.63 at 1100 K.

Tin-based clathrates crystallize in several kinds of struc-
tures: type-I, type-III, and type—VIII.4 For example,
BagGa,Sny, (BGS) has two kinds of crystal structures,
type-I5 and type-VIII.6’7 In both of those structures, the host
atom is bonded with 4 neighbor atoms by the sp® hybridizing
orbital. Their local geometries are similar but their unit cell
structures and crystal symmetries are different. Type-I struc-
ture is composed of two kinds of molecular cages surround-
ing guest atoms such as: X, and X, (X=Sn or Ga). On the
other hand, type-VIII structure is composed of only one kind
of dodecahedral cage. Small empty spaces exist between
each cage. This difference in the crystal structure is expected
to affect thermal and thermoelectric properties. The thermo-
electric properties of type-VIII BGS (BGS-VIII) have been
measured by some authors in both of polycrystalline&9 and
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single crystalline samples.lo’ll Single crystalline samples of

type-I BGS (BGS-I) were prepared and their thermal prop-
erties were measured.'? Recently, Suekuni et al.” reported
thermoelectric properties of both types of BGS at tempera-
tures below 300 K. In the present study, we theoretically
investigate the electronic structure and thermoelectric prop-
erties of both types of BGS. It should be noted that similar
calculations have been reported for BGS-VIIL'"*""7 The band
structure of BGS-VIII has been calculated by pseudopoten-
tial method and this result indicated a metallic nature. This is
inconsistent with the observed semiconducting behavior.'®®
The thermoelectric properties of BGS have been calculated
for only the BGS-VIIL" The goal in this study is to discuss
the potential of both types of BGS as high performance ther-
moelectric materials. In Sec. II we show the computational
methods of band structure and thermoelectric properties
briefly, and in Sec. III we discuss the calculated results, i.e.,
band structure and thermoelectric properties in both types of
BGS.

Il. COMPUTATIONAL DETAILS
A. Band structure calculation

We calculated the electronic structure of BGS by using
the full potential linearized augmented plane wave (FLAPW)
method based on the density-functional theory.20 The follow-
ing values were used for the muffin-tin radii and the plane
wave cutoff: R, (Ba)=3.0 a.u., R,,(Ga)=2.2 a.u., R,,(Sn)
=2.2 au., R K, .x=7. In the self-consistent field calcula-
tion, 516 k-sampling points were taken in the first Brillouin
zone. For the exchange correlation energy, Engel-Vosko’s
parametrized potential within the generalized gradient ap-
proximation (EV-GGA) was used.”’ The lattice parameters
were obtained by x-ray diffraction analysis, and then the lat-
tice constants for BGS-I and BGS-VIII were 11.69 A and
11.59 A, respectively. As for Ga configuration in the host
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(a) type-1

FIG. 1. Crystal structure of BGS, (a) type-I structure and (b) type-VIII
structure.

framework, there was some ambiguity. Blake er al. deter-
mined the atomic structure of type-I BagGa;¢Ges; and
BagGa,Si3, clathrates by minimizing the total energy using
the first principle electronic structure calculation, discovering
that Ga atoms avoid the nearest neighbor sitting each other.”
Therefore, in BGS-I, we used the unit cell model without
Ga—Ga bonds. Similarly, we adopted a Ga sitting model for
BGS-VIII which was consistent with fewer Ga—Ga bonds. As
for Ga occupancy rate at each site, we used the experimental
results done by Carrillo-Cabrera et al.” In this work we ap-
plied the supercell approximation to take into account the Ga
substitution in the host framework, and then the supercell
was a unit cell of each BGS clathrate structures. The crystal
models of each BGS are shown in Fig. 1.

B. Thermoelectric properties

We calculated transport properties by the semiclassical
transport theory. By using the linearized Boltzmann equation
with the relaxation time approximation, Seebeck coefficient
a, electric conductivity o, and electronic thermal conductiv-
ity k. are given as

e

a=_—

= ds<— %)ms)r(s)v(e)%e _ ). (1)
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FIG. 2. The band structure and DOS for BGS, (a) type-I and (b) type-VIIL
The dotted line denotes the Fermi level.
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where p(e) is the density of states (DOS), 7(¢) is the relax-
ation time, f(e) is the Fermi distribution function, w is the
chemical potential, and v(g) is the carrier velocity, respec-
tively. Then v(g) is given as
2

p(e)v(e)’ =2 &e —&,) : (4)

nk

P
(nk|— |nk)
my

Here, P is the momentum operator, m is the bare electron
mass, while |nk) and e, are the electronic state and the
energy of the nth band at the wave number k, respectively. In
the present calculation, the energy dependence of 7(g) is ne-
glected: 7(g)=r7. The relaxation time 7in Eq. (1) is canceled
out between o in the denominator and the numerator. Thus,
Seebeck coefficient « is independent of 7, and can be deter-
mined by the band structure. We assumed the rigid band
scheme, i.e., the band structure does not change with doping
carriers (electrons or holes). The dimensionless figure of
merit ZT of thermoelectric metrical is obtained as
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FIG. 3. Comparison with the DOS shape near the band edge between BGS-I
and BGS-VIIL: (a) valence band and (b) conduction band.
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Ke+KL

T, (5)

where, k; is the lattice thermal conductivity which is dealt
with a constant value in this work. The details of the com-
putational method are explained in Ref. 23.

IIl. RESULTS AND DISCUSSION
A. Electronic structure

The band structure and the DOS in BGS-I and BGS-VIII
are shown in Figs. 2(a) and 2(b), respectively. The dotted
lines denote the Fermi energy. The results show that BGS-I
and BGS-VIII are indirect semiconductors with the energy
gaps of 0.51 eV and 0.32 eV, respectively. The top of the
valence band is relatively flat (near the I') and the bottom of
the conduction band is positioned at the M point in BGS-I. In
BGS-VIII, on the other hand, the top of the valence band is
positioned at the M point and the bottom of the conduction
band is positioned on the A axis. For both types, the valence
band consists mainly of atomic orbitals of Ga and Sn, while
the conduction band consists of the atomic orbitals of Ba as
well as those of Ga and Sn. Figure 3 shows the shape of the
band edge near the Fermi energy for the valence band and
the conduction band. In each figure, the origin of the energy
is at the top of the valence band and the bottom of the con-
duction band, respectively. In Fig. 3(a), the slope of the DOS
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FIG. 4. Calculated Seebeck coefficient with n-type carriers: (a) BGS-I and
(b) BGS-VIIL Solid lines denote calculated results. Open triangles and open
squires are experimental results (Ref. 13).

near the valence-band edges are similar for both types,
whereas in Fig. 3(b) the slope near the conduction-band edge
for BGS-I is steeper than that of BGS-VIII. Therefore, it is
expected that in p-type samples, Seebeck coefficient has
similar magnitudes for both BGS-I and BGS-VIII, whereas
in n-type Seebeck coefficient magnitude is larger BGS-I than
BGS-VIII. We confirm this point in Sec. III B.

B. Thermoelectric properties

Suekuni et al."? reported that the Seebeck coefficient of
n-type BGS-I is higher than that of n-type BGS-VIII, and
that n-type samples of BGS have similar carrier concentra-
tions for both BGS-I and BGS-VIII. From only the experi-
mental data this result is difficult to understand, because See-
beck coefficient depends strongly on the carrier
concentration and the band structure.

The calculated Seebeck coefficient using Eq. (1) is pre-
sented in Fig. 4. The solid lines denote the calculations for
n-type BGS-I (a) and BGS-VIII (b). Our calculation repro-
duces the temperature dependence of the Seebeck coeffi-
cients in the range of 100-300 K well, then the carrier con-
centrations used in the calculations have been determined to
fit the experimental results. The estimated electron concen-
trations are shown in Table 1. These results are comparable
with those of the experimental values. These estimated car-
rier concentrations of Nos. 1 and 3 are smaller than those of
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FIG. 5. Temperature dependence of calculated Seebeck coefficient at n=1
X 10"/cm?: (a) n-type BGS, (b) p-type BGS.

Nos. 2 and 4, respectively. This trend is opposite in the ex-
perimental results. The reasons for this disagreement are not
understood.

Figure 5 shows the calculated Seebeck coefficients of
BGS-I and BGS-VIII as a function of temperature in a wide
temperature range from 100 to 700 K. The carrier concentra-
tion was fixed at 1X10'/cm®. The decrease in absolute
value of Seebeck coefficient at high temperatures is a feature
of intrinsic semiconductors that is caused by the competition
between opposite charged carriers: electrons and holes. Since
the band gap for BGS-I (0.51 eV) is wider than that for
BGS-VIII (0.32 eV), the maximum in the absolute value of
Seebeck coefficient appears at a higher temperature for
BGS-I than that of BGS-VIIIL

n-type BGS-I has a higher Seebeck coefficient than
n-type BGS-VIII, as shown in Fig. 5(a). The maximum ab-
solute value of Seebeck coefficient is approximately

TABLE 1. Estimated carrier concentrations in n-type BGS-I and BGS-VIIIL.
The sample labels correspond to that in Fig. 4.

This work Expt.
(ecm™) (em™) *
BGS-I No. 1 2.0x 10" 3.8%x 10"
BGS-I No. 2 6.4x10" 3.4% 10"
BGS-VIII No. 3 1.0Xx 10" 3.2x10"
BGS-VIII No. 4 4.0x10" 1.0x 10"

“Reference 13.
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FIG. 6. Calculated electrical conductivity: (a) n-type and p-type BGS-1, (b)
n-type and p-type BGS-VIIL Solid lines and dotted lines denote calculated
results. Open circles and closed circles are experimental results (Ref. 13).

400 wV/K at 600 K for BGS-I and 300 uV/K at 460 K for
BGS-VIIL. In the present calculation, Seebeck coefficient de-
pends only on the carrier concentration n and the electronic
structure. As n was assumed to be 1.0X 10'/cm? for both
BGS-I and BGS-VIII, the crystal structure dependence of
Seebeck coefficient in Fig. 5 reflect the difference of the
electronic structure. That is, the DOS near the band edge of
the conduction band for BGS-I is steeper than that of BGS-
VIIL In Fig. 5(b), the Seebeck coefficients of both types are
similar in value until 350 K, above 350 K, Seebeck coeffi-
cient of BGS-VIII is strongly reduced. This behavior is rea-
sonably understood from the DOS of the valence bands
shown in Fig. 3(a).

The electrical conductivity o was calculated using Eq.
(2). The results are compared to the experimental results in
Fig. 6. We fixed calculated electrical conductivity with the
experimental result at 200 K. We obtained relaxation times
as 1.2X 107!1% s (n-type BGS-I), 6.9 1077 s (p-type BGS-
I), 42X107'® s (n-type BGS-VII) and 54X107"7 s
(p-type BGS-VIII). The relaxation time of n-type BGS-VIII
was longer than the others. This may be a result of the small
mass of n-type carriers in BGS-VIIL

Figure 7 shows the estimated thermal conductivities «
=k.+x; in the case of the carrier concentration n=1
% 10?°/cm?. The electronic thermal conductivity «, was cal-
culated by using Eq. (3). The lattice thermal conductivity «;
was assumed to be independent of temperature. The values
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FIG. 7. Temperature dependence of thermal conductivities for n-type and
p-type of BGS-I and BGS-VIII with the carrier concentration n=1
X 10%/cm?.

of 0.38 W/mK and 0.66 W/mK were estimated for BGS-I
and BGS-VIII, respectively, from our measurements at 300
K.

By using the values we calculated for Seebeck coeffi-
cient, electrical conductivity, and thermal conductivity, the
figure of merit ZT can be calculated from Eq. (5). Figure 8
shows the calculated ZT for n-type BGS-VIII with three dif-
ferent values of carrier concentration. The calculated result is
compared with the experimental ZT of the single crystalline
sample with a carrier concentration of 2.1 X 10'/cm?® at 300
K. The experimental data agrees with the calculation for n
=2.0X 10'%/cm?. At this carrier concentration, the maximum
ZT is 0.8 and it does not exceed unity. It must be mentioned
that the carrier concentration has not been optimized for high
ZT yet. The figure of merit as a function of the carrier con-
centration for BGS-I and BGS-VIII at 700 K is shown in Fig.
9. For BGS-I, the maximum figure of merit reaches ZT
=1.1 for both p-type and n-type at the carrier concentration
of 1.9 10%/cm? (p-type) and 9.1 X 10"/cm? (n-type). For
BGS-VIII, on the other hand, the maximum ZT of p-type is
0.7 at n=2.0X10*/cm?, and that of n-type is 1.1 at n=9.1

Figure gf merit:ZT
in

n=1x10""/cm’

0
300 400 500 600 700
Temperature (K)

FIG. 8. Temperature dependence of figure of merit (Z7T) for n-type BGS-
VIIIL. Dotted line and open circles denote the experimental result. The cal-
culated results are at three different carrier concentrations: 1 X 10'%/cm?, 2
X 10"/cm?, and 1 X 1029/cm?.
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FIG. 9. Calculated figure of merit (Z7) as a function of carrier concentration
for BGS-I (solid line) and BGS-VIII (dotted line) at 700 K.

X 10'"/cm?. The present calculations demonstrate that both
p-type and n-type of BGS-I and p-type BGS-VIII have the
potential of ZT>1 if the carrier concentration is optimized.

IV. CONCLUSION

We calculated the electronic structure of clathrate com-
pounds BGS-I and BGS-VIII by using first principle
FLAPW method with EV-GGA. BGS-I and BGS-VIII were
indirect semiconductors with the energy gaps of 0.51 eV and
0.32 eV, respectively. For BGS-I, the top of the valence band
was relatively flat and the bottom of the conduction band
was positioned at the M point. For BGS-VIII, the top of the
valence band was positioned at the M point and the bottom
of the conduction band was positioned at the A axis.

By using the calculated electronic structure, we calcu-
lated Seebeck coefficients, electrical conductivities, thermal
conductivities, and figure of merits: ZT. The calculated See-
beck coefficients agreed well with experimental values. The
absolute value of Seebeck coefficient of n-type BGS-I was
larger than that of n-type BGS-VIII reflecting the band struc-
ture. However, the electrical conductivity of n-type BGS-I
was lower than that of n-type BGS-VIIIL. As a consequence,
both BGS-I and BGS-VIII with n-type carrier concentrations
of 9.1x10"/cm? showed almost the same figure of merit,
ZT=1.1 at 700 K. p-type BGS-I had higher figure of merit
than p-type BGS-VIII because the former had lower thermal
conductivity than the latter.
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