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Sn-based type-VIII single-crystal clathrates
with a large figure of merit*
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Single-crystal samples of type-VIII BagGaie—sCugSnzg (z = 0, 0.03, 0.06, 0.15) clathrates were prepared using

the Sn-flux method. At room temperature the carrier density, n, is 3.5-5 x 1019 cm™3 for all the samples, the carrier

mobility, p, increases to more than twice that of BagGajgSn3p for all the Cu doping samples, and consequently the

electrical conductivity is enhanced distinctly from 1.90 x 10* S/m to 4.40 x 10* S/m, with the Cu composition increasing

from z = 0 to x = 0.15. The Seebeck coefficient, «, decreases slightly with the increases in Cu composition. The &

values are about 0.72 W/mK at 300 K and are almost invariant with temperature up to 500 K for the samples with
z = 0 and z = 0.03. The lattice thermal conductivity, kr,, decreases from 0.59 W/mK for z = 0 to 0.50 W/mK for
x = 0.03 at 300 K. The figure of merit for z = 0.03 reaches 1.35 at 540 K.

Keywords: thermoelectric material, type-VIII clathrate, thermoelectric properties

PACS: 74.25.F—, 72.15.Jf, 72.15.Eb
1. Introduction

In recent years, thermoelectric materials have
been studied intensively for the harvesting of renew-
able energy from waste heat and sunlight.'=7 The
efficiency of a given thermoelectric material is deter-
mined by the dimensionless figure of merit Z7T =
a?To/k, where a is the Seebeck coefficient, T is the
temperature, o is the electrical conductivity and
is the thermal conductivity. The compounds with
(filling) cage structures, such as skutterudite!®* and
clathrate,>5=7) are considered promising materials in
the moderate temperature region due to the con-
cept of phonon-glass electron-crystal, proposed by
Slack.®) For the former research on the cage-like
compounds, more attention was paid to the inves-
tigation of Ge-based clathrates, and high ZT val-

7,9—12] Among the clathrate com-

ues were obtained.!
pounds, the Sn-based type-VIII clathrate is a com-
petitive moderate-temperature thermoelectric mate-
rial due to its large Seebeck coefficient and low ther-
mal conductivity.!*3:1]

The type-VIII clathrate (space group: I43m)
has the same chemical formula as that of the type-

I clathrate (space group: pm3n), but the guest atoms
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are encapsulated in only one kind of polyhedral cage
composed of 23 framework atoms of group IV and
III elements.['8] The cage atoms occupy four sites,
which are 2a, 12d, 8c and 24g. While for the type-
I clathrate, in one unit cell there are two dodeca-
hedra and six tetrakaidecahedra formed by group IV
and IIT elements for the guest atoms to occupy. Up
to now, as for the type-VIII clathrates, only four
compounds are known, SrgGaig_,Al,Gezg for 6 <
z < 10,17 SrgGaqg_,Al,Sizy for 8 < z < 10,18
BagGai6Snsg, 13719 and EugGaqGesq.19~21

In type-VIII BagGaigSngg, the atomic displace-
ment parameters (ADP) of the framework atoms are
approximately twice as large as those of the type-
I clathrate SrgGai5Gesg, eight Ba atoms show rela-
tively large ADP!®! and a small value of thermal con-
ductivity has been reported at room temperature./?2
Moreover, for a single-crystal type-VIII BagGajgSnag,
the carrier type can be tuned by slightly deviat-
ing the ratio of Ga/Sn from the ideal value of
16/30.

duction, while an excess in Sn leads to the n-type
(14,15]

An excess in Ga leads to the p-type con-
conduction. However, compared with state-of-
the-art materials, the figure of merit, ZT', for the
single-crystal type-VIII BagGajgSnsg is relatively low
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due to its lower electrical conductivity, which results
from the low carrier mobility. The results show that
in SI‘gGal(;,zAlmGego,[lﬂ SI‘gGalc‘,,mAlmSigo,[ls] and
BagGaig_Al,Snso2% systems, the substitution of Al
with the framework atom Ga can enhance the car-
rier mobility without changing the carrier density. In
the present work, we address the properties of single-
crystal samples of BagGajg_,Cu,Snsg (z = 0, 0.03,
0.06, 0.15) at a temperature range from 300 to 600 K.
It is expected that the substitution of Cu for Ga may
enhance the carrier mobility and consequently opti-
mize the figure of merit.

2. Experiment

Single-crystal samples of BagGaig_,Cu,Snsg
(x = 0, 0.3, 0.06, 0.15) were prepared by the Sn-
flux method. High purity elements were mixed in an
atomic ratio of Ba:Ga:Cu:Sn = 8:16-X:X:50 (X =0,
1 1.5, 2) in an argon atmosphere glovebox. The mix-
ture, sealed in an evacuated quartz tube 11 mm in
diameter, was heated slowly to 763 K and soaked for
10 h, and then slowly cooled to 663 K over 50 h.
The constituent phase was characterized by powder
X-ray diffraction (XRD, Rigaku Ultima IV), and the
elemental compositions were determined by electron-
probe microanalysis (EPMA, JEOL JXA-8200). The
electrical resistivity and the Seebeck coefficient were
measured from 300 to 600 K in the vacuum. The Hall
coefficient was measured at room temperature by a
direct-current method in a magnetic field of 1 T. The
temperature dependent thermal conductivity, x, was
calculated via equation k£ = DdC},, where D is the
thermal diffusivity measured by the laser-flash method
in the vacuum, d is the density, and C}, is the heat ca-
pacity measured with a differential scanning calorime-
ter.

3. Results and discussion

3.1. Compositions and lattice parame-
ters

For X = 0 and X = 1, the single-crystal sam-
ples obtained are approximately 8 mm in diameter.
The as-grown crystal with X = 1 has a shiny metal-
lic luster, as shown in Fig. 1. For X = 1.5 and
X = 2, the maximum crystal size obtained is only
about 3 mm in diameter, and some plate-like crys-
tals with the BaNiSns-type structure coexist with the
type-VIII clathrates.

Fig. 1. (colour online) An as-grown single crystal with
X =1.

XRD patterns for
BagGaig_,Cu,Sngg. The patterns of all the samples

Figure 2 displays the
are indexed by the type-VIII clathrate structure with
the space group I43m. However, for the X = 2 sam-
ple, there are additional peaks at 20 = 32.0° and
44.3°, which are attributed to the Sn impurity exist-
ing in the boundary of the crystal. For the samples
used to measure electrical properties, the Sn impurity
was excluded by choosing a homogeneous area to cut.

Intensity
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Fig. 2. (colour online) Powder XRD patterns for the pre-

pared samples taken with Cu Ka radiation at room tem-
perature.

Table 1 shows the crystal compositions, lattice
parameter a, electrical conductivity o, Hall coefficient
Ry, carrier density n and carrier mobility pp at room
temperature for the BagGag_,Cu,Sngg samples. The
compositions of Ba:Ga:Cu:Sn are roughly in agree-
ment with the ratios of 8:16—z:x:30, and the Cu com-
position in the crystal is relatively lower compared
with the starting composition. The total composi-
tions of the framework element are about 46 for all
samples, and that of Sn is a little more than its ideal
composition of 30. The lattice parameter for X = 0 is
11.602 A, and it almost keeps invariable for the other
samples.
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Table 1. Crystal compositions, lattice parameters, a, electrical conductivity, o, Hall coefficient, Ry, carrier density,

n, and carrier mobility, uy, at room temperature for the BagGajg—,CuzSngg samples.

Crystal composition a o n Ry LH
Ba Ga Cu(z) Sn /A /10%S-m~—1 /10%cm3 Jem? . C~1 Jem? . V—1.g—1
7.96 15.90 0 30.10 11.603 1.90 4.2 —0.146 27.8
7.99 15.80 0.03 30.17 11.588 3.08 3.5 -0.178 57.2
7.98 15.81 0.06 30.18 11.598 3.58 3.9 —0.158 57.4
7.98 15.64 0.15 30.24 11.601 4.40 4.5 -0.137 60.4

3.2. Electrical transport properties

Figure 3 shows the temperature dependence of
electrical conductivity o for BagGajg_,Cu,Sngg. For
all samples, o decreases monotonically as the temper-
ature is increased from 300 to 600 K, and o increases
distinctly with the increase in the Cu composition.
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Fig. 3. (colour online) The temperature dependence

of electrical conductivity, o, for the BagGajg—;CuzSnszg
clathrates.

To understand the composition dependence of o,
the Hall coefficients are measured at room tempera-
ture. As shown in Table 1, all samples have nega-
tive Hall coefficients. The n-type nature of the dom-
inant carriers is related to the composition ratio of
(Ga+Cu)/Sn that is smaller than the ideal value of
16/30. The carrier density is essentially a constant at
3.5-5 x 10'? /em? for all samples, indicating that the
conduction band structure is kept intact during the
substitution.

Using the values of o and Ry at 300 K, carrier mo-
bility is calculated by ug = || o. The carrier mobility
increases more than two times for all Cu doping sam-
ples compared with that of the type-VIII BagGaigSnsg
clathrate obtained in this and other works.[!*

Figure 4 shows the Seebeck coefficient o« of
BagGai6_,Cu,Snsg as a function of temperature over
the range 300 to 600 K. For all samples, « is negative,
which is consistent with the negative sign of Ry. At
the measured temperature range, |«| decreases with
the increase in Cu composition. The decrease in |«|

with the increasing Cu composition can be attributed
to the reduction in the carrier effective mass, which is
consistent with the higher mobility of the carriers in
all Cu doping samples.
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Fig. 4. (colour online) Temperature dependence of the
Seebeck coefficient o for BagGajg—.Cu,Sngg clathrates.

Figure 5 displays the power factor P = a?0. For
the sample with Cu doping, the power factor is en-
hanced obviously compared with that of z = 0 due to
the increased value of o, and the largest power factor is
1.87x107% W/mK?2 for z = 0.15 at 518 K, which is en-
hanced by 46% compared with that of the sample with
x = 0. The studies of type-VIII BagGajgSnsg single
crystals reveal that the electrical transport properties
strongly depend on the composition,!'324 and the Sn
atoms preferentially occupy the 12d and 2a sites of the
cage, while the Ga atoms occupy the 8c site with rel-
atively short bond distances to the neighbours. Both
Ga and Sn occupy the 24g site randomly. It is further
found that a slight change in the occupation probabil-
ities results in a rather large change in the transport
properties.?*! Therefore, the Cu substitution for Ga
at a very low concentration may induce the rearrange-
ment of Ga and Sn atoms on the cage, which results
in the increase in carrier mobility and consequently in
the distinct enhancement of the electrical conductivity
and the relatively large power factor.
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Fig. 5. (colour online) The temperature dependence of

power factor P for the BagGaig—,CuzSnszg clathrates.

3.3. Thermal properties

The temperature dependence of thermal diffusiv-
ity for samples z = 0 and « = 0.03 was measured by
the laser-flash method. The data for the other samples
could not be obtained because the sizes of the single
crystals were smaller than the required size of 6 mm
in diameter. Figure 6 shows the data of thermal con-
ductivity & and lattice thermal conductivity kr, from
300 to 600 K. The values of x are about 0.72 W/mK
at 300 K, and are almost invariant with temperature
up to 500 K. The marked increase in x at higher tem-
peratures can be attributed to the so-called bipolar
effect? due to the excitation of the p-type carriers
coexisting with the n-type carriers.
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Fig. 6.
(a) thermal conductivity x and (b) lattice thermal con-

(colour online) The temperature dependence of

ductivity k1, for the BagGajg—»Cu,Snsg clathrates.

Lattice thermal conductivity, k1, can be esti-
mated by k1, = kK — k¢, and carrier thermal conductiv-
ity, k., can be calculated using the Wiedenann—Franz
law, ko = LoT, where L is the Lorenz number, o
is the electrical conductivity and T is the absolute
temperature. L can be calculated by using the Fermi

level. In this study, L = 2.4 x 1078V?/K? is used.[”]

As shown in Fig. 6, at 300 K the lattice thermal con-
ductivity, ki, decreases from 0.59 W/mK for z = 0 to
0.50 W/mK for z = 0.03.

4. Figure of merit

Using the lattice thermal conductivity, ki, of x =
0, the k values of z = 0.06 and = = 0.15 are esti-
mated, and then the ZT values are calculated using
the estimated k. As shown in Fig. 7, the maximum
value of ZT for x = 0 reaches 1.35 at 540 K. The large
ZT is attributed to the distinct enhancement of elec-
trical conductivity, and at the same time the Seebeck
coefficient does not decrease too much at the higher
temperature range.
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Fig. 7. (colour online) The temperature dependence of

ZT for the BagGajg—.Cu,Snsg clathrates.

5. Conclusion

Single-crystal samples of type-VIII BagGajg_,Cu,Sngg

(z = 0, 0.03, 0.06, 0.15) clathrates are prepared by
the Sn-flux method with a starting composition of
Ba:Ga:Cu:Sn = 8:16-X:X:50 (X = 0, 1, 1.5, 2).
The patterns of all samples are indexed by the type-
VIII clathrate structure with space group I43m. The
lattice parameter is 11.602 A for the sample with
x = 0, and almost keeps invariable for the other sam-
ples. At room temperature, the carrier density is
3.5-5x 101 /em? for all samples. The carrier mobility
increases obviously from 27.8 ¢cm?/Vs for x = 0 to
60.4 cm?/Vs for x = 0.15. Consequently, the electri-
cal conductivity is enhanced from 1.90 x 10* S/m to
4.40x10* S/m. The Seebeck coefficient « is negative
from 300 to 600 K, and decreases slightly with the in-
crease in Cu composition. The values of k are about
0.72 W/mK at 300 K and are almost invariant with
temperature up to 500 K for the samples with x = 0
and z = 0.03. The lattice thermal conductivity, xr,,
decreases from 0.59 W/mK for z = 0 to 0.50 W/mK
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for z = 0.03 at 300 K. The ZT value for x = 0.03
reaches 1.35 at 540 K.
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