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Our group has focused attention on GasTes as a natural nanostructured
thermoelectric material. Ga;Tes has basically a zincblende structure, but one-
third of the Ga sites are structural vacancies due to the valence mismatch
between Ga and Te. It has been confirmed that (1) vacancies in GasTes exist as
two-dimensional (2D) vacancy planes, and (2) GasTes exhibits an unexpect-
edly low thermal conductivity (x), most likely due to highly effective phonon
scattering by the 2D vacancy planes. However, the effect of the size and
periodicity of the 2D vacancy planes on x has been unclear. In addition, it has
also been unclear whether only the 2D vacancy planes reduce « or if point-type
vacancies can also reduce k. In the present study, we tried to prepare GasTes
and GagSes with various vacancy distributions by controlling annealing con-
ditions. The atomic structures of the samples were characterized by means
of transmission electron microscopy, and x was evaluated from the ther-
mal diffusivity measured by the laser flash method. The effects of vacancy

distributions on k of GasTes and GasSes are discussed.

Key words: Thermoelectric, thermal conductivity, structural vacancy,
gallium telluride, gallium selenide

INTRODUCTION

Thermoelectric (TE) energy is utilized in power-
generation devices that are designed to convert
waste heat into electrical energy.’ The efficiency of
such devices is linked to the TE properties of the
generator materials and the temperature gradient
across the device. The effectiveness of a TE material
is determined by the dimensionless figure of merit,
ZT = S?¢T/x, where S is the Seebeck coefficient, o is
the electrical conductivity, T' is the absolute tem-
perature, and x is the total thermal conductivity.
The most important issue in TE research is identi-
fying materials with high ZT, namely with low « as
well as large S with moderate ¢. The best TE
materials currently used in cooling devices are
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Bi,Tes-based alloys, with a maximum ZT of around
1. ZT = 1, which translates to a device efficiency of
several percent, was a practical upper limit for bulk
materials established in the 1960s.

Since S, ¢, and x in bulk materials are interre-
lated, it is very difficult to control them indepen-
dently to increase ZT. However, the assumption is
that, if numerous nanoscale interfaces can be
introduced, they would scatter phonons more effi-
ciently than electrons, leading to a significant
reduction of x without prejudice to S and ¢.>~* There
have been a few previous studies aimed at estab-
lishing proof of principle of this concept; for exam-
ple, Venkatasubramanian et al.” performed TE
characterizations of BiyTes/SbsTe; superlattices.
They demonstrated that the scattering of phonons
by the interfaces reduced x more than ¢, leading to
the achievement of ZT > 2. While ZT has reached
high values in such superlattice structures, these
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materials are unlikely candidates for practical use.
The goal is to achieve similarly high ZT in bulk
materials that can be developed in large quantities
with lower manufacturing complexity and cost.
Kanatzidis et al.® reported the exceptionally high
ZT (>1.5) of PbTe-based bulk materials due to the
very low «k, possibly arising from the compositional
modulations on the single nanometer scale, simi-
lar to that found in superlattices. However, this
is just one way to realize high ZT with bulk-
nanostructured materials.

Against this background, we focused attention on
GayTes; and GasSes as examples of bulk-nanostruc-
tured materials. It is well known that GasTes and
GasSes have the same crystal structure: a defect
zincblende cubic crystal (space group F-43m). Due
to the valence mismatch between the cation and
anion, one-third of the cation sites are structural
vacancies in both GasTes and GasSes; i.e., the
chemical formula of GasMs (M = Te or Se) can be
written as GapVA M3, where VA denotes a vacancy.
Recently, by forming such vacancies in the crystal, a
significant reduction in the lattice thermal conduc-
tivity due to strong phonon—vacancy scattering was
observed in InSb-In,Te; solid solutions.” It has been
expected that GasTes and GasSes have a mesoscopic
superstructured phase, having vacancy planes.®? In
our previous studies,'®!! the existence of regularly
arranged two-dimensional (2D) vacancy planes with
approximately 10 lattice (equivalent to 3.5 nm)
intervals was confirmed in GagTes.'!° Furthermore,
in solid solutions of (Ga,In);Tes, such vacancy
planes also existed, but the periodicity of the inter-
vals was random.'’ We hypothesized that, if we
could create such vacancy planes in bulk GasTes
and GasSes and control their size and periodicity,
we could achieve low x, due to the effective phonon
scattering by the vacancy planes.
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In the present study, we tried to control the
vacancy distribution in GasTes and GasSes by
changing the annealing conditions. We succeeded in
preparing the following four bulk materials:

1. GayTes with randomly arranged vacancy planes

2. GagTes with regularly arranged vacancy planes
(approximately 3.5 nm interval)

3. GasSes with ordered vacancies as a point defect

4. GagSes with randomly arranged vacancy planes

By characterizing these four materials, the effects of
vacancy distribution on x of GasTe; and GaySes
were studied.

EXPERIMENTAL PROCEDURES

GasTes and GasSes pieces were sealed in silica
tubes and melted at 1273 K overnight. The melted
and cooled samples were crushed to fine powders,
followed by hot-pressing at 873 K for 3 h under a
pressure of 62 MPa in an argon flow atmosphere.
After hot-pressing, the obtained pellets were
annealed under appropriate conditions to obtain the
samples with various vacancy distributions. The
annealing conditions are summarized in Tables I
and II for GasTes and GasSes, respectively. To
characterize the crystallographic properties of the
samples, we collected powder x-ray diffraction
(XRD) data using a diffractometer (RINT2000,
RIGAKU) with Cu K, radiation in air at room
temperature.

x was evaluated using the expression x = «C,d,
where o is the thermal diffusivity, C, is the specific
heat capacity, and d is the density. o« was measured
under vacuum using a laser flash apparatus in the
temperature range from room temperature to 700 K
to 750 K. C, was estimated from the Dulong—Petit
model, C, = 3nR, where n is the number of atoms

Table I. Annealing conditions and vacancy distributions of the Ga;Te; samples

GT-LT (GasTes; Annealed
at Low Temperature)

Sample Name

GT-HT (GasTe3 Annealed
at High Temperature)

Annealing temperature (K) 673
Annealing period (days) 14
Cooling method

Vacancy distribution

Furnace cool
In-plane type with random periodicity

973
14
Quench
In-plane type with regular periodicity
(approximately 3.5 nm interval)

Table II. Annealing conditions and vacancy distributions of the Ga;Se; samples

GS-LT (GasSe; Annealed
at Low Temperature)

Sample Name

GS-HT (GasSe; Annealed
at High Temperature)

Annealing temperature (K) 873
Annealing period (days) 30
Cooling method Quench
Vacancy distribution Point type

1173
7
Quench
In-plane type with random periodicity
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per formula unit and R is the gas constant. Note
that the Dulong—Petit model is not a sufficiently
accurate measure of C,. In fact, the value of the
Dulong—Pet1t l1m1t for C, for GasTes is 15R =
124.7 J K~ mol ! Whereas the literature value of
C, (298.15 K) for Ga2Te3 measured by using an
ad1abat1c calorimeter is 119.21 J K ! mol *.'* The
densities of the hot-pressed samples calculated
based on the measured weights and dimensions
were above 96% of the theoretical densities.

Transmission electron microscopy (TEM) obser-
vations were performed using a JEOL JEM-3000F
with an incident electron energy of 300 kV. Flakes
of single crystals, obtained by crushing the pellets,
were used for TEM samples. High-resolution TEM
images and diffraction patterns were recorded on
imaging plates.

RESULTS AND DISCUSSION

Effect of Periodicity of the Two-Dimensional
Vacancy Planes on the Thermal Conductivity
of Ga,Te;!'?

As summarized in Table I, two kinds of GayTes
samples were prepared: the sample annealed at
673 K for 14 days and then furnace cooled (GT-LT:
GaysTe; annealed at low temperature), and the
sample annealed at 973 K for 14 days and then
water quenched (GT-HT: GayTes annealed at high
temperature). Figure 1 shows powder XRD patterns
of the GT-LT and the GT-HT samples. Basically,
all the peaks for both samples could be indexed to
the zincblende structure. In the XRD pattern of the
GT-HT sample, a few peaks were observed before
and after the (111) peak, suggesting that the
vacancy may concentrate on the (111) plane. On the
other hand, in the XRD pattern of the GT-LT
sample, such satellite peaks exist but broaden.
This peak broadening is closely related with the
periodicity of the vacancy planes.
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Fig. 1. (Color online) Powder XRD patterns of the Ga,Tez samples:
(a) GT-LT: GayTez annealed at low temperature, and (b) GT-HT:
Ga,Te; annealed at high temperature.

Figure 2 shows high-resolution TEM images and
electron diffraction patterns taken from a single
grain of a sintered pellet of GasTe3 annealed under
different conditions. These micrographs were
obtained with the electron beam aligned along the
[110] direction. In the high-resolution TEM image of
the GT-HT sample (Fig. 2b), plane defects due to
the vacancy-rich plane are two-dimensionally
arranged throughout the whole area of the sample.
These plane defects appear at the (111) plane with
approximately 10 lattice (equivalent to 3.5 nm)
intervals. Similar two-dimensional (2D) vacancy
planes are also observed in the GT-LT sample, but
their periodicity is random (Fig. 2a). These high-
resolution TEM results are well consistent with
both the electron diffraction and the XRD patterns;
that is, in the electron diffraction pattern of the
GT-HT sample, superlattice spots exist at the ~1/10
positions between two neighboring fundamental
spots along the [111] direction, in addition to the
fundamental Bragg reflections due to the zincblende
structure. Meanwhile, in the electron diffraction
pattern of the GT-LT sample, the superlattice
reflections are diffuse and a streak can be seen.
Also, a broadening of the satellite peaks can be seen
in the XRD pattern of the GT-LT sample (Fig. 1),
which is most likely due to the random periodicity of
the 2D vacancy planes.

Figure 3 shows the temperature dependence of «
of the samples of Ga;Tes annealed under different
conditions. Generally, x is given by the sum of the
electronic and lattice thermal contributions, i.e.,
K = Ko + Kiat, Where ko and xj,; are the electronic
and lattice contributions, respectively. x, can be
roughly calculated using the Wiedemann—Franz
relation with the Lorenz number (L), i.e., k¢ = LoT.
In the present study, we assumed that the mea-
sured x corresponds to Kia, because GagTes exhibits
qu1te low ¢ values, e.g., 0.42 Q™ m*1 at 338 K 10 By
using the value of L = 2.45 x 1078 W Q K2 k. at
338 K was calculated to be 3.5 x 100 *Wm 1 K},
which can be considered to be zero. As shown in
Fig. 3, the x values of both samples are exception-
ally low, i.e., around 0.5 W m 'K, indicating the
possible presence of highly effective phonon scat-
tering due to the 2D vacancy plane structures. On
the other hand, there is little difference between the
k values of the GT-LT and GT-HT samples. This
means that the presence of the 2D vacancy planes is
predominant in achieving the significant reduction
of «, while the periodicity of the vacancy planes has
little effect on «.

Effect of Vacancy Distribution
on the Thermal Conductivity of GasSe;

As summarized in Table II, two kinds of GagSes
samples were prepared: the sample annealed at
873 K for 30 days and then water quenched (GS—
LT: GasSes annealed at low temperature), and the
sample annealed at 1173 K for 7 days and then
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Fig. 2. High-resolution TEM images and electron diffraction patterns of the Ga,Tes samples: (a) GT-LT: GaTez annealed at low temperature,

and (b) GT-HT: GayTes annealed at high temperature.
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Fig. 3. (Color online) Temperature dependence of the thermal con-
ductivity («) of the Ga,Tez samples. Solid squares represent GT—-LT:
GayTes annealed at low temperature (in-plane-type vacancies with
random periodicity); open circles represent GT-HT: Ga,Tez annealed
at high temperature (in-plane-type vacancies with regular periodicity).

water quenched (GS—-HT: GaySes; annealed at high
temperature). Figure 4 shows powder XRD patterns
of the GS-LT and GS-HT samples. Basically, all the
peaks for both samples could be indexed to the
zincblende structure, as observed for GasTes
(Fig. 1). In the XRD pattern of the GS-LT sample,
very sharp peaks are observed. On the other hand,
in the XRD pattern of the GS-HT sample, the peaks
broaden and the intensity of the (111) peak signifi-
cantly weakens, suggesting that the 2D vacancy
planes exist along the [111] direction.

Figure 5 shows high-resolution TEM images and
electron diffraction patterns taken from a single
grain of a sintered pellet of GasSe; annealed under
different conditions. The diffraction pattern of
Fig. 5a is consistent with the (001) reciprocal lattice
plane of GaySes [space group: Cc (no. 9), a =
0.6608 nm, b = 1.16516 nm, c = 0.66491 nm, o =
90°, f=108.84°, y =90°] in which vacancies in-
duced by the valence mismatch between the cation
and anion are regularly arranged on the Ga sub-
lattice.'* The high-resolution TEM image of Fig. 5a
shows that no vacancy planes are formed, indicat-
ing that the vacancies in the GS-LT sample exist
as a point defect. On the other hand, in the high-
resolution TEM image of the GS-HT sample
(Fig. 5b), there exist 2D vacancy planes at the (111)
plane with random periodicity, similar to the GT-
LT sample (Fig. 2a). In addition, a streak between
the fundamental Bragg reflections due to the zinc-
blende structure can be observed in the electron
diffraction pattern of the GS-HT sample. We suc-
ceeded in preparing two kinds of vacancy distribu-
tions in GasSes; one includes 2D vacancy planes and
the other contains vacancies as a point defect.

Figure 6 shows the temperature dependence of «
of the samples of GasSes annealed under different
conditions. Apparently, the x values of the GS-LT
sample with point-type vacancies are higher
than those of the GS-HT sample with in-plane-
type vacancies. In addition, different behavior is
observed in the temperature dependence of x
between the GS-LT and the GS-HT samples; that
is, i of the GS-LT sample with point-type vacancies
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Fig. 4. (Color online) Powder XRD patterns of the Ga,Se; samples: (a) GS—LT: Ga,Ses annealed at low temperature, and (b) GS-HT: Ga,Ses

annealed at high temperature.

Fig. 5. High-resolution TEM images and electron diffraction patterns of the Ga,Sez samples: (a) GS-LT: Ga,Ses annealed at low temperature,

and (b) GS—-HT: Ga,Ses annealed at high temperature.
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Fig. 6. (Color online) Temperature dependence of the thermal con-
ductivity (k) of the Ga,Sez samples. Solid squares represent GS-LT:
GaySes annealed at low temperature (point-type vacancies); open
circles represent GS-HT: Ga,Se; annealed at high temperature
(in-plane-type vacancies with random periodicity).

decreases with increasing temperature roughly
according to a T ! relation, while that of the GS—HT
sample with in-plane-type vacancies exhibits a
rather flat temperature dependence. From these

results, it can be concluded that phonons are scat-
tered more effectively by the vacancies when they
exist as an in-plane-type defect than when they
distribute as a point-type defect.

CONCLUSIONS

In the present study, dense polycrystalline sam-
ples of Ga,Te; and GaySes with various vacancy
distributions were prepared and their x evaluated.
In the case of GayTes, the existence of 2D vacancy
planes was confirmed. We succeeded in preparing
two kinds of bulk GasTez samples by changing the
annealing conditions: one with randomly arranged
vacancy planes and the other with regularly
arranged vacancy planes (3.5 nm interval). Both
samples exhibited an unexpectedly low x with a
rather flat temperature dependence, which is most
likely due to highly effective phonon scattering by
the vacancy planes. However, there was little dif-
ference between the x values of the samples with
different distributions of vacancy planes.

On the other hand, in the case of GasSes;, we
succeeded in preparing two kinds of bulk samples;
one includes 2D vacancy planes and the other con-
tains vacancies as a point defect. Although these
two samples have the same structure with the same
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chemical composition and the same vacancy density,
their x values were quite different. The sample with
point-type vacancies exhibited a relatively high x
with a T-! temperature dependence, while the
sample with in-plane-type vacancies exhibited quite
a low x with a rather flat temperature dependence.

From these experimental results, it was con-
cluded that:

1. Just the presence of vacancies does not lead to
effective phonon scattering;

2. Vacancies should form an in-plane-type defect
structure to achieve effective phonon scattering;

3. The periodicity of the vacancy planes (i.e., regu-
lar or random) has little effect on phonon
scattering.

We believe that the introduction of structural
vacancies with in-plane-type defect structures is a
new method to decrease i of TE materials, possibly
resulting in increased ZT.
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