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a b s t r a c t

Single crystals of type-VIII clathrate Ba8Ga16Sn30 (BGS) with p- and n-type carriers were grown from Ga
flux and Sn flux, respectively. With the increase of the initial flux amount, both the electrical resistiv-
ity � and the absolute value of the Seebeck coefficient |˛| are decreased, indicative of effective carrier
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doping. In the optimally doped samples, the dimensionless thermoelectric figure of merit ZT has the
maximum values of 1.0 and 0.9 at 450 K for p-and n-type samples, respectively. In aiming at further
increase of the ZT value, Sb was substituted for Sn in BGS. It is found that the Ga content in the crystals
unexpectedly increases with the increase of Sb content and thus the crystal composition is described as
Ba8Ga16+xSn30−x−ySby (x < 0.9, y < 0.9). The ZT value for the p-type sample with x = y = 0.7 has the maximum
hermoelectric figure of merit ZT
arrier tuning

of 1.0 at around 480 K.

. Introduction

Most waste heat from factories such as cement production,
lass manufacture, and aluminum smelting has the temperature
elow 700 K. To convert such industrial waste heat to electric-

ty, various types of thermoelectric materials have been so far
ynthesized [1,2]. For a given material, the dimensionless ther-
oelectric figure of merit ZT is defined as ZT = ˛2T/��, where ˛,

, and � are the Seebeck coefficient, electrical resistivity, and
hermal conductivity, respectively. There are a few materials
uch as AgPb18TeSb20 and Zn4Sb3 with ZT values above 1.0 in
he temperature range between 500 K and 600 K [3,4]. However,
gPb18TeSb20 contains rare and toxic elements Te and Pb, and
n4Sb3 is degraded easily by thermal hysteresis. To apply the mate-
ial into practice in the temperature range between 500 K and
00 K, developments of non-toxic and stable materials are urgently
eeded.

Intermetallic clathrates consist of three-dimensional frame-
orks of cages where guest atoms can reside. The structural
roperties as well as the potential as thermoelectrics have been

eported in review articles [5–8]. In type-I clathrates Ba8Ga16X30
X = Si, Ge, and Sn), for example, the composition is valence bal-
nced as each of 8 Ba donates two electrons and each of 16 Ga
tilizes one of the two electrons for bonding within the framework
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[8]. Therefore, it is expected that these clathrates behave as semi-
conductor and small deviation from the ideal stoichiometry causes
charge carriers in real materials. In the case of Ba8Ga16Ge30, excess
Ga or Ge results in the composition Ba8Ga16−xGe30+x with p-type
(x < 0) or n-type (x > 0) carriers, respectively. In these samples, |˛|
exceeds 100 �V/K and � is below 2 W/mK at room temperature.
The optimally doped n-type sample with x = 0.25 has the maximum
ZT = 0.86 at 950 K [9,10]. Similarly, Ba8Ga16Si30 and Sr8Ga16Ge30
exhibit ZT values 0.9 at 870 K and 0.6 at 800 K, respectively [11,12].
These compounds were regarded as examples those fulfill the
phonon glass and electron crystal concept proposed by Slack [13].

Ba8Ga16Sn30 (BGS) has two modifications of type-I and type-VIII,
both of which are composed of 46 cage atoms of Ga/Sn and 8 guest
atoms of Ba [14,15]. For the type-I, the Ba atoms are encapsulated
in two kind of cages; tetrakaidecahedra and dodecahedra, while
for the type-VIII the Ba atoms are in one kind of cage; distorted
dodecahedra [16]. Type-I BGS shows glass-like thermal conductiv-
ity whose value is smaller than that of amorphous silica [17,18].
For type-I BGS single crystals, the room temperature ZT value is
no more than 0.3 due to the high electrical resistivity exceeding
10 m� cm in spite of the very small � of 0.4 W/mK. Both Ga flux
and Sn flux have been used for the growth of type-VIII BGS single
crystals whose physical properties were reported at temperatures

below 300 K [19]. The room temperature value of � is smaller than
5 m� cm and the � is less than 1 W/mK [17,18,20]. The ZT of type-
VIII BGS above room temperature was evaluated by using sintered
samples whose carrier density was not fully optimized. Thereby,
the maximum ZT of 0.2 was observed at 500 K [11,21].
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Table 1
Starting and crystal compositions of type-VIII Ba8Ga16Sn30 crystals grown from Ga or Sn flux as determined by electron-probe microanalysis, lattice parameter a, and carrier
density n.

Sample Starting composition Crystal composition Lattice parameter Carrier density
Ba:Ga:Sn Ba:Ga:Sn a (Å) n (1019/cm3)

p-30 8:30:30 7.93:15.92:30.08 11.587 (3) 11
p-35 8:35:30 7.95:15.95:30.05 11.590 (2) 13
p-38 8:38:30 7.95:15.97:30.03 11.589 (2) 14
p-40 8:40:30 7.97:15.95:30.05 11.591 (2) 14
p-45 8:45:30 7.91:15.93:30.07 11.590 (3) 17
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As shown in Table 1, the Sn composition in the crystals sys-
tematically increases as the starting composition of Sn increases
from 40 to 60. From the view point of the valence balance, excess
Sn (Ga) composition from the ideal value of 30 (16) should give
raise to electron (hole) carriers, which in turn decreases |˛| as was
n-40 8:16:40 7.96:15.9
n-50 8:16:50 7.96:15.8
n-60 8:16:60 7.98:15.8

We have explored enhancing the ZT value of type-VIII BGS by
uning the carrier density. Furthermore, we have substituted Sb for
n to increase the electron carrier density. The measurements of ˛,
, and � and assessment of ZT at temperature between 300 K and
00 K are reported herein.

. Experimental

Single crystals of type-VIII BGS were grown by the self-flux method, the details
f which were described in previous papers [14,19,22]. The charge carrier type was
uned to be either p-type or n-type by using Ga or Sn flux [19]. The starting elements
ere placed in an evacuated quartz ampoule. The sample was heated up to 490 ◦C,

nd then slowly cooled to 390 ◦C, where the excess flux was removed in a centrifuge.
he grown crystals were characterized by wave length dispersive electron-probe
icro analysis (EPMA) by using a JEOL JXA-8200 analyzer. The crystal compositions
ere determined on the assumption that the total number of cage atoms in BGS is

qual to 46. The compositions listed in Table 1 are averages over 5 regions of each
rystal. While the amount of Sn in n-type samples increases by 0.01 with increasing
he Sn flux amount, no increase of Ga content was observed in p-type samples within
he resolution of EPMA even though the starting composition of Ga was increased
rom 30 to 45.

The single crystals were crushed into powder for the X-ray diffraction mea-
urements. The diffraction patterns recorded with a Rigaku D/Tex Ultra detector
ndicated that all samples crystallize in the type-VIII clathrate structure. The lattice
arameters determined by the Rietveld analysis are listed in Table 1. The lattice
arameter for the n-type samples systematically increases with increasing Sn con-
ent. However, no systematic change is observed for the p-type samples within the
xperimental errors.

For the growth of Sb substituted crystals, we have chosen two sets of starting
ompositions Ba:Ga:Sn:Sb = 8:38:30:Y and 8:16:50:Y, where Y was increased up to
.0 and 3.8, respectively, as shown in Table 2. The crystal composition and lattice
arameter are also listed. The maximum amount of Sb in single crystals is approxi-
ately 0.8 irrespective of the used fluxes. It should be noted that the Ga composition

ncreases from 16.0 to 16.8 with the increase of the Sb content from 0 to 0.83. Thus,
he compositions of the single crystals are described as Ba8Ga16+xSn30−x−ySby (x < 0.9,
< 0.9). The charge balance would be maintained if x equals y. The lattice parameter
ecreases by 0.3% with the Sb substitution for both p- and n-type samples, being
onsistent with the smaller atomic volume of Sb than Sn.

Seebeck coefficient was measured using the MMR Measurement System in a

acuum at temperatures from 290 K to 600 K. Electrical resistivity was measured
nder the same condition with a dc four-probe method on a homemade system. For
oth measurements, we used same sample of 3 mm in length and 0.5 mm in thick-
ess. The Hall coefficient RH was measured at room temperature by a dc method in
magnetic field of 1 T. Carrier density n was determined from the relation n = 1/eRH,

able 2
tarting and crystal compositions of type-VIII Ba8Ga16+xSn30−x−ySby crystals grown
rom Ga or Sn flux as determined by electron-probe microanalysis, and lattice
arameter a.

Sample Starting composition Crystal composition Lattice parameter
Ba:Ga:Sn:Sb Ba:Ga:Sn:Sb a (Å)

p-38 8:38:30:– 7.95:15.97:30.03:– 11.589 (2)
p-Sb#1 8:38:30:1.5 8.01:16.41:29.04:0.55 11.598 (5)
p-Sb#2 8:38:30:1.5 8.00:16.67:28.61:0.72 11.575 (5)
p-Sb#3 8:38:30:3.0 8.02:16.81:28.36:0.83 11.563 (5)

n-50 8:16:50:– 7.96:15.89:30.11:– 11.593 (2)
n-Sb#1 8:16:50:2.5 8.01:16.57:28.62:0.81 11.573 (3)
n-Sb#2 8:16:50:3.8 7.96:16.25:29.37:0.38 11.586 (8)
n-Sb#3 8:16:50:2.5 8.02:16.34:29.15:0.51 11.569 (1)
6 11.590 (3) 3.3
1 11.593 (2) 4.3
8 11.596 (2) 5.5

where e is the electron charge. Thermal diffusivity D and specific heat Cp were simul-
taneously measured in a vacuum by the laser-flash method using a disk-shaped
sample of 6 mm in diameter. The data of D and Cp were used to calculate thermal
conductivity from the relationship � = DCpd, where d is the sample density.

3. Results and discussion

3.1. Thermoelectric properties of charge carrier-tuned
Ba8Ga16Sn30

Prior to presenting the temperature-dependent thermoelectric
properties of the obtained crystals, we show in Fig. 1 the value of
˛ at 300 K as a function of the excess flux amount. The values of ˛
are positive and negative for the samples grown from Ga flux and
Sn flux, respectively. In both cases, the absolute value |˛| decreases
monotonically with increasing the excess flux amount. This relation
enables us to optimize the carrier density in both p-and n-type
samples by tuning the excess flux amount.

For the samples p-38 and n-50, carrier densities n were esti-
mated to be 1.4 × 1020 cm−3 and 4.3 × 1019 cm−3, respectively, via
n = 1/eRH. By using a relation between ˛, n, and effective mass m*,
˛ = (8�2k2

BT/3eh2)m∗(�/3n)2/3 relevant for degenerated semicon-
ductors [23], the values of m* were estimated to be 4.3me for p-38
and 1.5me for n-50, where me is the free electron mass. Further-
more, we calculated n for other samples by putting the value of ˛
at 300 K in the above relation, thereby m* was assumed to be equal
among p-type samples and n-type samples, respectively.
Fig. 1. Seebeck coefficient ˛ at 300 K versus excess flux amounts for single crystals
of Ba8Ga16Sn30. The data for crystals grown from Sn and Ga fluxes are shown in the
left and the right, respectively.
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in the sample p-30 showing the semiconducting resistivity. The
sample p-40 has the highest ZT value with the maximum of 1.0 at
around 450 K. Because the ZT value of p-45 is lower than p-40, the
carrier density might be optimized in p-40 among p-type samples.
By contrast, all the n-type sample n-40, n-50, and n-60 have com-
ig. 2. Seebeck coefficient ˛ as a function of temperature for type-VIII Ba8Ga16Sn30

ingle crystals described in Table 1.

bserved. Nevertheless, the |˛| even in heavily doped samples of p-
nd n-types maintains the value above 200 �V/K.

Fig. 2 shows the temperature dependences of ˛ for p- and n-
ype samples. For p-type samples, ˛(T) has the maximum at around
00 K, which shifts to higher temperature along with the decrease

n the maximal value in ˛(T). In analogy, a maximum in |˛(T)|
or n-50 and n-60 samples would appear at temperatures above
00 K. From these data of ˛(T) with the maximum at Tmax, the
hermal band gap Eg can be calculated according to the relation
g = 2˛maxTmax [9,10,24]. A mean value of Eg = 0.37 eV was obtained
or the five p-type samples, and Eg of 0.38 eV was estimated for n-
0 sample. These values of Eg agree with 0.32 eV obtained from a
and structure calculation [25].

The data of �(T) are presented in Fig. 3. For the sample p-
0, � decreases from 22 m� cm with increasing temperature,
eing a characteristic of a doped semiconductor in the low-carrier
egion. For other p-type samples, � increases monotonically with
ncreasing temperature and shows the maximum. The maximum
emperature of 500–550 K for �(T) is higher than that for ˛(T). The
owest values of �(T = 300 K) are 6 m� cm and 3 m� cm for the p-
nd n-type samples, respectively. For n-type samples, the decreas-
ng trend in both |˛| and � with the increase of Sn flux amount is
onsistent with the increase in the Sn composition of the crystals
s shown in Table 1. Similar trend is observed in ˛ and � for p-type
amples, although no systematic increase in the Ga composition
as detected by EPMA.

The temperature-dependent � is shown in Fig. 4 for a selected
ample n-50. For other samples, we could not obtain reliable data of
because the crystal size was smaller than 6 mm, which diameter

s required for the measurement by the laser-flash method. With

ncreasing temperature, �(T) of n-50 shows a shallow minimum at
round 450 K and gradually increases. This increase is connected
ith the excitation of minority p-type carriers over the band gap;

ipolar thermal conduction [26]. The measured data were divided
Fig. 3. Temperature dependence of electric resistivity � for type-VIII Ba8Ga16Sn30

single crystals of p-type (upper) and n-type (lower).

into lattice contribution �L and the electronic one �e on the assump-
tions as follows: (i) the bipolar thermal conduction �b contributes
to �e only above 400 K, (ii) below 400 K, �L is equal to the differ-
ence � − �WF where �WF = LT/� with L = 2.44 × 10−8 W�/K2, (iii) �L
becomes constant above 400 K. Then, �e was calculated from rela-
tion �e = � − �L. Thus estimated value of �L(T) for n-50 is presented
by the broken line in Fig. 4. In order to estimate the values of �(T) for
other samples, we assumed that �L and �b do not depend on sam-
ples. This crude assumption may be allowed because the variations
in |˛| and � are not so strong among the measured samples with n-
and p-type carriers, respectively. Then, �(T) for each sample can be
calculated as LT/� + �L (n-50) + �b (n-50).

Fig. 5 shows the ZT calculated from ˛, � and � for all BGS single
crystals. Among p-type samples, the lowest ZT value is observed
Fig. 4. Temperature dependences of total thermal conductivity �, electronic thermal
conductivity �e, and the lattice thermal conductivity �L for type-VIII Ba8Ga16Sn30

(n-50).
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Fig. 6. Seebeck coefficient ˛ (upper) and electrical resistivity � (lower) as a function
of temperature for type-VIII Ba8Ga16+xSn30−x−ySby and Ba8Ga16Sn30 (p-38).
ig. 5. Temperature dependences of the dimensionless figure of merit ZT values for

-type (upper) and n-type (lower) samples of type-VIII Ba8Ga16Sn30.

arable ZT values in the whole temperature range. The maximum
f ZT = 0.9 appears for n-40 at 450 K.

.2. Thermoelectric properties of Ba8Ga16+xSn30−x−ySby

The single crystals of Ba8Ga16+xSn30−x−ySby (BGSS) were char-
cterized by EPMA and X-ray diffraction analysis as well as
easurements of ˛(T) and �(T). All the specimens cut from crys-

als grown from Ga flux (initial composition = 38) had positive ˛.
owever, the specimens cut from crystals grown from Sn flux (ini-

ial composition = 50) displayed either negative or positive values
f ˛. This means the presence of inhomogeneity in the composition
n the crystals grown from Sn flux, although corresponding devia-
ion of the composition was not detected by our EMPA. Therefore,
e report here the thermoelectric properties only for the p-type

amples.
Fig. 6 displays ˛ and � as a function of temperature for the p-type

amples of BGSS. Both ˛ and � at 300 K decrease with the increase
f Sb amount y from 0 in p-38 to 0.83 in p-Sb#3. In the whole
emperature range, �(T) of p-Sb#3 is still lower than that of p-45
xhibiting the lowest �(T) among the non Sb-doped samples (see
ig. 3). Thus, it is proved that Sb substitution for Sn in BGS creates
-type carriers, as opposite to our initial expectation for electron
oping.

The ZT values for the BGSS samples are shown in Fig. 7 as a

unction of temperature. For the calculation of ZT, we used the �
alue estimated from the sum of �L(n-50) + �b(n-50) + LT/�. Com-
ared with ZT for the reference sample of p-38, the ZT values for
-Sb#2 and p-Sb#3 are enhanced. Especially, the maximum for
-Sb#2 reaches 0.98 at around 480 K.
Fig. 7. ZT values as a function of temperature for p-type samples of type-VIII
Ba8Ga16+xSn30−x−ySby .

4. Summary and conclusion

In order to maximize the ZT value in p- and n-type samples of
type-VIII Ba8Ga16Sn30, we have tuned the charge carrier density by
two methods. First, in the crystal growth by the self-flux method,
the initial compositions of Ga and Sn were varied in the ranges
30–45 for Ga and 40–60 for Sn. It is found that the increase in

the initial amounts of Ga and Sn results in doping of p-type and
n-type carriers, respectively. In fact, the carrier density increases
from 1.1 × 1020/cm3 to 1.7 × 1020/cm3 in p-type samples and from
3.3 × 1019/cm3 to 5.5 × 1019/cm3 in n-type samples. Thus opti-
mized samples with p- and n-type carriers have ZT values of 1.0
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