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The composition and carrier concentration variations of the thermoelectric properties of the binary
narrow-gap compound Gag;_xRuss., have been investigated. The measured samples were synthesized
by a combination of arc-melting and spark plasma sintering (SPS), succeeded in crack-free samples.
We report that the temperature dependences of the electrical resistivity and Seebeck coefficient of the
Gag7_xRuss.y are strongly affected by nominal Ru concentration. The Seebeck coefficients showed large
positive values from 170 to 350 wVK-! at 373 K. Also, large power factors from 2.2 to 3.0mW m~! K2
were obtained at 773 K. The dimensionless figures of merit ZT beneficially increased with increasing
temperature and reached a maximum value of 0.50 at about 773 K.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Thermoelectric materials can be used to create devices that
generate power through the direct conversion of thermal energy
to electrical energy. They have no moving parts and have advan-
tages of maintenance-free, silent, and long-life. Up to now, the low
efficiency of energy conversion prevents us from utilizing as com-
mercial use. The evaluation as thermoelectric materials is defined
by the dimensionless figure of merit, ZT=5%20T/«k, where S, 7, k, and
T are the Seebeck coefficient, the electrical conductivity, the total
thermal conductivity, and the temperature, respectively. One of
the criteria for the practical applications of thermoelectric mate-
rials is that ZT is, at least, above unity. To optimize ZT, search for
materials exhibiting large power factor S20 and low thermal con-
ductivity k should be necessary. Recently, a large ZT value near of 1.0
has been reported in Si nanowires [1]. While the low-dimensional
materials exhibit a high ZT value [1-4], we stress on the impor-
tance of bulk materials for practical use in, for example, industrial
processes.

Unconventional semiconductors such as FeSi [5] have attracted
attention for thermoelectric materials. While alloys composed
of metallic constituents are natively expected to be metallic,
hybridization between transition metals (TMs) and group Ill and IV
elements, such as Al, Ga, and Si, leads to a band gap in the d bands
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near the Fermi level, as confirmed by theoretical calculations [6]. A
few hundred meV of narrow-gap near the Fermi level is expected
to result in a large absolute value of the Seebeck coefficient, which
is desirable to extract a high electric power. Indeed, the Fermi level
near the band-edge of a narrow-gap is considered to be suitable
for high performance of thermoelectric materials according to the
theoretical results [7,8].

In this study, we focus our attention on the binary narrow-gap
intermetallic compound GasRu. The crystal structure of the Ga;Ru
compound is displayed in Fig. 1. They possess the orthorhombic
TiSi,-type crystal structure, which has the space group Fddd with
24 atoms per unit cell. This compound is one of the Nowotny
chimney-ladder (NCL) phases with the valence electron concentra-
tion (VEC)~ 14 [9]. The other promising thermoelectric materials
of NCL phases are reported in such as Ru,Si3 [10] and Ru;_yRe,Siy
[11] alloys. The temperature dependence of the electrical conduc-
tivity from room temperature to 670K has been reported by Evers
et al. [12], and pioneering studies on the thermoelectric properties
of a hot-pressed sample have been reported by Amagai et al. [13].
The maximum ZT value was 0.3 at 780 K [13], however, this value is
significantly lower than that required for the practical thermoelec-
tric materials. We have already reported the improvement of the
thermoelectric properties of the Ga;Ru synthesized by a combina-
tion of the arc-melting, annealing, and spark plasma sintering (SPS)
[14]. The maximum ZT of the arc-melted, annealed, and sintered
GayRu was 0.45 at 773K [14], which is about one and a half times
higher than that of a hot-pressed sample [13]. Same as narrow-
band-gap semiconductors such as ReSiy 75 [15], physical properties
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Fig. 1. Crystal structure of Ga,Ru compound. The blue and magenta spheres indicate
Ga and Ru atoms, respectively.

of the GayRu are very sensitive to the sample’s composition, that
is, a position of the Fermi level.

In this study, the composition dependence of the thermoelectric
properties of the Ga;Ru compound has been investigated. In addi-
tion, we introduce an effective and simple process for synthesizing
the GayRu: a combination of two methods, that is, arc-melting and
spark plasma sintering (SPS) process.

2. Experimental and calculation procedures

Gag7_xRuss. (x=0,0.2,0.3,0.4,0.5,0.6,0.7,0.8, 0.9, 1.0) (an ideal stoichiometric
composition will be x=0.3-0.4) mother ingots were synthesized by an arc-melting
technique under a purified argon atmosphere. The arc-melted mother ingots were
crushed to an average particle size of below 20 wm. The powder was placed in a
carbon die with a diameter of 10 mm for SPS processing on SPS Syntex Inc. (Dr. Sin-
ter. Lab., SPS-515S). The temperature of the specimen was increased from ambient
temperature to 873K in 5min, and from 873K to the consolidating temperature
of 1223 K in 5min, and then the temperature was held for 10 min under an argon
atmosphere. A pressure of 40 MPa was applied during the heating process. After the
SPS treatment, the specimen was cooled to 873 K under a pressure of 40 MPa, and
the pressure was released under 873 K. The phase-identification and the structure
refinement of the samples were performed by powder X-ray diffraction (XRD) mea-
surements with Cu Ka radiation and the Rietveld analysis. The microstructures of the
synthesized samples were examined using by scanning electron microscope (SEM),
and the local compositions were analyzed by electron probe micro-analysis (EPMA).
The electrical conductivity and Seebeck coefficient were measured in a helium atmo-
sphere at temperatures between 373 and 973 K by the four-probe method and the
steady-state temperature gradient method, respectively. The thermal conductivity
was obtained by measuring the density using a helium pycnometer at room tem-
perature, and the specific heat and thermal diffusivity were measured from 300
to 973 K by the laser flash method. Hall coefficient measurements were performed
at room temperature. Debye temperatures were calculated from the transverse and
longitudinal sound velocities measured by the ultrasonic pulse echo method (Nihon
Matech Corp., Echometer 1062).

In order to obtain the density of states (DOS) of the GayRu, we
performed the first-principle band-structure calculations by utilizing the
package program of WIEN2k [16] with the Full Potential Linearized Aug-
mented Plane Wave (FLAPW) method. The lattice constants and atomic
positions determined by the Rietveld analysis were used for the calcula-
tion.

3. Sample characterization

Fig. 2 shows experimental and calculated XRD patterns of the
Gag7_xRuss., (x=0, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0) com-
pounds. Almost single phases are observed except for the samples
with x=0, 0.8, 1.0, which agrees well with the calculated pattern
(k). As there is no significant difference in XRD patterns between
arc-melted, annealed, and sintered sample [14] and arc-melted and
sintered sample (present sample preparation), we selected more
simple process for synthesizing the Ga;Ru compound. The effect of
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Fig. 2. X-ray diffraction patterns of Gag;_xRuss+y: () x=0, (b) x=0.2, (c) x=0.3, (d)
x=0.4, (e) x=0.5, (f) x=0.6, (g) x=0.7, (h) x=0.8, (i) x=0.9, (j) x=1.0 compounds.
Pattern (k) is a calculated pattern. Arrows show the peaks of secondary phases of
GasRu and GaRu.

the sample preparation process on the thermoelectric properties
will be discussed in Section 7.

Fig. 3(a and b) shows the typical example of the secondary elec-
tron (SEI) and back scattered electron (BEI) images of Gagg7Rus3 3
(x=0.3) compound. There are no visible cracks which should
decrease the electrical conductivity from Fig. 3(a). In addition, the
sample’s composition is uniform confirmed by BEI image as shown
in Fig. 3(b). This trend is same for all samples.

4. Electronic structure and transport properties

Fig. 4 shows the electronic density of states (DOS) of the stoichio-
metric GaRu compound obtained by WIEN2k package program
[16]. We can realize the formation of a narrow-band-gap near the
Fermi energy Eg. The overall shape of the DOS is consistent with
the previous reports [17-19]. Similarly to the isostructural Al,Ru
compound, hybridization between Ga sp and Ru d orbitals, along
with some charge transfer, will be the origin of the gap [6]. The
inset shows the DOS of vicinity of Er of the Ga;Ru compound. About
0.3 eV of narrow-gap near the Eg is observed, and this value is com-
parable with the experimentally observed value of 0.36eV of the
sintered Ga;Ru sample [14].

The electrical resistivities p of the Gag7_xRuss.«, compounds
from 373 to 973K are plotted in Fig. 5. The temperature depen-
dence of p is strongly affected by the nominal Ru composition x.
p of the Gagy_yxRus3+x compounds exhibits semiconducting behav-
ior and varies from 1800 (x=0.9) to 28,000 .2 cm (x=0 and 0.5) at
373 K. This semiconducting temperature dependence of p is con-
sistent with the previous reports of the GayRu [13,14]. It should
be noted here that the activation energy A of the stoicheiomet-
ric sample with x=0.4 is about 0.16eV from the Arrhenius plot
(not shown here). This yields Eg=2A ~0.32eV for the band gap,
which is consistent with the result of band-structure calculation,
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Fig. 3. (a) Secondary electron (SEI) and (b) backscattered electron (BSE) images of
Gage 7Ru333 (x=0.3) compound.

as shown in Fig. 4. The temperature dependence and magnitude of
p are not systematically dependent of x, similarly to the Seebeck
coefficient as discussed in the next paragraph. The magnitude of p
can be understood by the varying carrier concentrations.

The Seebeck coefficients S of the Gag7_xRus3+x compounds from
373 to 973 K are plotted in Fig. 6. A large positive S over 120 wV K1
was observed over the wide temperature range from 373 to 973 K.
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Fig. 4. Electronic density of states (DOS) of stoichiometric Ga;Ru compound using

FLAPW method by WIEN2k [12]. The inset shows the DOS of the vicinity of the Fermi
energy.
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Fig. 5. Electrical resistivity p as a function of temperature T for Gagy_xRusssx (x=0,
0.2,0.3,04,0.5,0.6,0.7,0.8, 0.9, 1.0) compounds.

The maximum S value deviates widely from 170 to 350 WV K-1.
These variations are characterized by the electronic structure with
a narrow-band-gap, as shown in Fig. 4. The temperature depen-
dences and magnitudes of S and p of the sample with x=0.9 is
quite similar to the previous reported data of a hot-pressed sam-
ple by Amagai et al. [13]. Especially, the absolute values of S and
p under 600K are quite sensitive to the nominal Ru concentration
x. It should be noted here that the sample composition is different
from the nominal composition because the mass reduction (max-
imum 3%) was observed during the arc-melting process. To clarify
the composition variations of p or o, we investigated the Hall carrier
concentration ny at 300 K dependence of the electrical conductivity
300K @S shown in Fig. 7. While the carrier concentrations at 373K
are larger than that at 300K, we also plotted S at 373 K in Fig. 7 to
roughly understand the carrier concentration dependence of S.
Given that the room-temperature Hall coefficients of the
Gag7_xRus3.+, compounds are positive, it is obvious that holes dom-
inantly contribute to the conduction. This result is consistent with
the Seebeck coefficients and the band-structure calculations, which
predicts that the GapRu compound is a narrow-band-gap semi-
conductor with light hole and heavier electron pockets [17-19].
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Fig. 6. Seebeck coefficient S as a function of temperature T for Gagy_xRuss+x com-
pounds.
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written near each circle of o390k. The inset shows the ny dependence of Hall carrier
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The Hall carrier concentration ny at room temperature tends to
increase from 6.4 x 10'7 to 4.4 x 108 cm~3, indicating the Ef shifts
to lower energy level with increasing Ru concentration x. While
the electrical conductivity o399k at 300 K increases with increasing
ny, Seebeck coefficient S373 ¢ at 373 K decreases with increasing ny.
This can be understood qualitatively by the following equations.

ne%t
o= (1)
_ kB n
s_;(4%%+@ )
%
1 2kaT
0= 2 ( nh2 > (3)

Here n, e, t, kg, m* and m represent the carrier concentration, the
unit charge of electron, the relaxation time, the Boltzmann con-
stant, the effective mass, and the free electron mass, respectively.
However, o390k do not change linearly with varying ny. In this case,
m™* and/or t change markedly with changing nominal Ru concen-
tration x from the data of the Hall carrier mobility uy, expressed
as uy =Ry/p, varying from 41 to 357 cm? V-1 s~ at room tempera-
ture. When Eg shifts to lower energy with increasing x, a substantial
increase in the DOS at Er should decrease the effect of scattering
carriers by disorders in spite of increasing chemical disorder intro-
duced by changing Ga and Ru concentrations, which leads to an
increase in puy with increasing ny.

The power factors S0 of the Gagy_xRu33+x compounds from 373
to 973K are plotted in Fig. 8. S20 increases with increasing tem-
perature and reaches maximum values S2onax at about 773K, and
then decreases up to 973K for all samples. S2omax exhibits large
values from 2.2 to 3.0 mW m~! K-2 whose values are much higher
than those of isostructural Al;Ru compound [14,20,21]. Also, these
S2o max are sufficiently high values which are comparable with the
practical thermoelectric materials.

5. Thermal conductivity

The total thermal conductivity &y, Of the Gag7_xRussz., com-
pounds from 300 to 973 Kare shown in Fig. 9(a). k¢, first decreases
with increasing temperature up to 600K, and then increases with
increasing temperature; this is mainly brought by the increase in
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Fig. 8. Power factor $?0 as a function of temperature T for Gagz_xRus3.+x compounds.
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Kelectron aS estimated by the Wiedemann-Franz law expressed by
the following equation:

Kelectron = LooT, (4)

where Ly is the Lorentz number. We assumed L, to be
245 x 1078 V2K-2, It was observed that Ru-rich samples with
heavier atomic weight have the lower lattice components «phonon
(=Ktotal — Kelectron) as sShown in Fig. 9(b). Also, we calculated the min-
imum lattice thermal conductivity «y;, for the Ga,Ru compound
using the model proposed by Cahill et al. [22]. The calculated «, iS
about 1.0Wm~! K-! above 373 K as described in Fig. 9(b). It seems
that both koa and &pponon have not exact correlation with the
nominal composition, similarly to the behaviors of o and S.

In Fig. 10, kphonon is plotted as a function of the square of
the Debye temperature 6p calculated by the sound velocities for
the Gag7_xRuss3.+x compounds. Closed circles represent the samples
(x=0, 0.8, 1.0) with secondary phase. The dashed line is drawn to
guide the eye. As for the samples of single phase, kpnonon decreases
systematically with decreasing 6p. kphonon and Op are expressed as

2
Kphonon = %CUSZTphonon = §C%Tphononv (5)

oo = (T2 ) (6mmy*, (6)
kB

where C, vs, Tphonon, & K, M, and n are the specific heat, the sound
velocity, the distance of atoms, the spring constant, the mass, the
relaxation time of phonon, and the number of atoms per volume
(=N|V), respectively. kpnonon Of the samples of single phase has a
strong correlation with p2. In this case, the effect of decreasing
K/M attributed to an increase of Ru concentration x is dominant fac-
tor for decreasing Kpnonon. Substitution of multiple elements with
different masses will reduce kphonon Via induced mass fluctuations
and strain field effects [23,24].

6. Estimation of figure of merit

Finally, we present the dimensionless figure of merit ZT of the
Gag7_xRuss3+x compounds from 373 to 973 K in Fig. 11. ZT increases
monotonically up to 773K, and then decreases with increasing
temperature. The maximum ZT value ZTmax of the Gag7_xRuss.x
compounds is 0.50 at 773 K for the sample with x=0.4. This value
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Fig. 11. Dimensionless figure of merit ZT as a function of temperature T for
Gag7-xRuss:+x compounds.

is much higher than that of the isostructural Al;Ru compound: SPS
samples (ZTmax =0.20 [14] at 773 K and ZTnax =0.17 [21] at 870K)
and a hot-pressed sample (ZTax =0.07 at 800K) [20]. Also, this
nominal composition (Gagg gRu33.4) is near the stoichiometric com-
position. In this case, the sample without chemical disorder exhibits
the highest inherent ZT value. This will be confirmed from a hole
doping effect on the thermoelectric properties upon substitution of
Re for Ru atoms [25].

To realize the maximum ZT value of the Ga;Ru compound, we
calculated the theoretical maximum ZT value, assuming that the
mean-free path of phonons is limited to the distance of atoms. The
minimum lattice thermal conductivity «p;, is about 1.0Wm~1 K1,
Assuming that the power factor maintains 3.0mwWm~! K2, the
theoretical maximum ZT value is ~0.77 using the ideal mini-
mum thermal conductivity (=kmin +Kelectron)- This indicates that
this GayRu compound will be a promising candidate for new ther-
moelectric materials.

7. Effect of sample preparation process on ZT value

We briefly comment on the sample preparation process on the
thermoelectric properties, that is, ZT value of the Ga;Ru compound.
In our earlier studies [14], measured Ga;Ru samples were prepared
by the following procedure. The mother ingots were synthesized by
an arc-melting technique and the ingots were annealed at 1273 K
for24 h (arc — anneal [called process A]). Then the sintered samples
were prepared by SPS method (arc — anneal — SPS [called process
B]). The maximum ZT value was ~0.45 for the Gag7Rus3 (x=0) com-
pound [14]. On the other hand, the arc-melted ingot was sintered
by SPS without annealing in this study (arc — SPS [called process
C]). Fig. 12 shows the temperature dependence of ZT value for the
Gag7Rus3 (x=0)samples synthesized by different sample’s prepara-
tion processes. The process A sample showed the lower ZT value in
overall temperatures than those of the samples synthesized by the
other processes. This is due to the fact that the process A sample
contains a lot of cracks and pores introduced by the arc-melting
process, which should decrease o. The process B sample has the
highest ZT value, which means that the former sample process (pro-
cess B) seems to be more favorable than the present one (process
Q).

In order to understand the difference in ZT value, we analyzed
the local compositions of some samples synthesized by processes
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Table 1
Averaged microprobe compositions of Gagz_xRuss.«x compounds (x=0, 0.4) synthe-
sized by process B and C.

Sample Process B Process C
x=0 Gags2+04RU31.8104 Gags.4+02RU316402
x=04 Gago 0+1.0RU31.041.0 Gags 3+05RU31.7405

B and C using electron probe micro-analysis (EPMA). Table 1 lists
the averaged microprobe compositions of the Gag7_xRuszs+y (x=0,
0.4) synthesized by processes B and C. One can easily realize that
the averaged microprobe sample’s compositions deviate slightly
with different sample preparation processes. About 0.2-0.3 at.%
increases of Ru concentration are considered to exist for the pro-
cess B comparing to the C in both the samples with x=0 and 0.4,
which is not clear in Table 1 because of large inhomogeneity on the
composition for the process B. Considering that the mother ingots
are same for the processes B and C, the sample’s compositions will
be changed by the annealing process at 1273 K for 24 h. On the basis
of the composition dependence of ZT values, as shown in Fig. 11,
only 0.1 at.% of composition’s difference affects the maximum ZT
value. While the bulk densities were almost same, that is, 9.02 and
9.04gcm3 for the sample with process B and C, respectively, we
can conclude that the sample’s compositions have critical influ-
ence on the ZT value rather than the sample preparation process.
Another remarkable feature is the sample’s composition deviation.
The composition deviation in the process C is smaller than that in
the process B. This is one of the main reasons to select the process
C for synthesizing the Ga;Ru compound in this study. The other is
the more simple process without an annealing process.

8. Conclusions

In this study, the composition dependence of the thermoelec-
tric properties and the dimensionless figures of merit ZT of the
Gag7_xRus3., compounds with various Ru concentrations x=0, 0.2,
0.3,0.4,0.5,0.6,0.7, 0.8, 0.9, 1.0 were systematically investigated.

The new synthesizing process of the Ga;Ru compound has been
tested: that is, the arc-melted and sintered process. The electrical
conductivity and Seebeck coefficient were strongly affected by the
nominal sample’s composition, and these changes were identified
by varying the carrier concentration observed from Hall coefficient
measurements. As for the GagggRuss4 (x=0.4) sample, the max-
imum ZT value of 0.50 was obtained, indicating that the sample
without chemical disorder introduced by changing Ga and Ru con-
centrations from stoichiometric composition exhibited the highest
inherent ZT value in the Ga;Ru compound.

The theoretical maximum ZT value of the Ga,Ru compound is
~0.77, as estimated using the ideal minimum thermal conductiv-
ity (=Kmin * Kelectron)- This indicates that this Ga,Ru compound as
well as the Al;Ru compound with TiSi,-type crystal structure will
be new thermoelectric materials. Further enhanced ZT value will
be achieved by the reduction of the lattice thermal conductiv-
ity Kphonon UpoN an alloying effect and the increase of scattering
phonons by fine grain boundaries [26].
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