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ABSTRACT: Because of the low thermal conductivity and
high electrical conductivity, type-III Ba24Ge100 clathrates are
potentially of interest as power generation thermoelectric
materials for midto-high temperature operations. Unfortu-
nately, their too high intrinsic carrier concentration results in a
quite low Seebeck coefficient. To reduce the carrier
concentration, we prepared a series of Ga/Ag codoped type-
III Ba24Ge100 clathrate specimens by vacuum melting and
subsequently compacted by spark plasma sintering (SPS).
Doping Ga−Ag on the sites of Ge reduces the concentration of
electrons and, at higher concentrations, also leads to the in situ
formation of BaGe2 nanoprecipitates detected by the micro-
structural analysis. As a result of doping, the Seebeck coefficient increases, the thermal conductivity decreases, and the
dimensionless figure of merit ZT reaches a value of 0.34 at 873 K, more than three times the value obtained with undoped
Ba24Ge100.
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1. INTRODUCTION

With the increasing concerns regarding a rapid depletion of
fossil fuels, there is a strong need to find alternative energy
sources. Thermoelectric (TE) energy conversion is a highly
reliable solid state technology able to convert waste industrial
heat into electricity1 and has attracted a worldwide attention in
recent years. The performance of a thermoelectric material is
evaluated by the magnitude of the dimensionless figure of merit
ZT = α2σT/κ, where α, σ, κ, and T are the Seebeck coefficient,
the electrical conductivity, the thermal conductivity and the
absolute temperature, respectively.2 Because of a strong
interdependence of the three transport parameters (α, σ, and
κ), it is a challenge to optimize ZT. The electronic properties,
often specified by the power factor PF = α2σ, are closely related
to the carrier concentration and thus optimizing the carrier
concentration (n) is crucial for achieving high performance. At
the same time, a good thermoelectric material must have a low
thermal conductivity.
Clathrate compounds with their polyhedral cages and

encapsulated guest atoms are considered to behave as phonon
glass-electron crystal (PGEC) materials.3−7 The polyhedral
cages generally consist of Group IV and Group III elements,
while alkali metal atoms or alkaline earth metal atoms reside
inside the cages as guest atoms. There are several types of
clathrate compounds designated as type-I,8−11 type-II,12−14

type-III,15−25 and type-VIII26−28 clathrates. Type III Ba24Ge100
clathrate compounds are composed of three kinds of cage
structures including pentagonal dodecahedrons, open dodeca-

hedrons, and distorted cubes,20−23 as shown in Figure 1. As a
consequence of their complex structure, the thermal con-
ductivity of clathrates is intrinsically very low. The structure
contains both 3-fold bonded (3b) and 4-fold bonded (4b) Ge
atoms. According to the Zintl concept, Ba24Ge100 can be written
as [Ba2+]24[(3b)Ge

−]32[(4b)Ge
0]68[16e

−], and thus 16 con-
duction electrons are present in Ba24Ge100.

16 As a result, type-
III Ba24Ge100 clathrate compounds behave as n-type heavily
doped semiconductor with the carrier concentration of
approximately 5 × 1021 cm−3 at room temperature. Compared
with other clathrates, the type-III Ba24Ge100 clathrates possess
low thermal conductivity and high electrical conductivity
(about 2 × 105 Sm−1) at ambient temperature.16 The
intrinsically low thermal conductivity and high electrical
conductivity render these materials as a potentially useful
high temperature thermoelectric. However, because of the high
carrier concentration, the Seebeck coefficient of Ba24Ge100 is
relatively low, resulting in a low power factor. Consequently, it
is essential to reduce the carrier concentration so that the
Seebeck coefficient and with it the thermoelectric performance
of type-III Ba24Ge100 clathrates could be improved.
Recently, several attempts have been made to enhance the

Seebeck coefficient of Ba24Ge100 clathrates by reducing the
concentration of electrons via acceptor doping. By doping with
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the Group IIIA elements (Al, Ga, In) on Ge sites17−19 the ZT
was, indeed, improved however the carrier concentration still
remained very high due to a small difference in the valence of
Ga and Ge where the Ga atom on the site of Ge can give rise to
no more than one hole. In principle, a more effective
suppression of electrons in Ba24Ge100 clathrates should be
achieved by doping Group IB elements (Cu, Ag) at Ge sites. In
this case, an atom such as Ag should introduce more than one
hole, resulting in a stronger compensation of electrons.
However, because of the larger incompatibility between IB
elements and Ge, one may not be able to substitute as many IB
atoms as in the case of IIIA elements, in other words, the
solubility limit for IB elements in Ba24Ge100 is likely to be lower.
In this study, to simultaneously increase the Seebeck

coefficient and lower the lattice thermal conductivity, we
codoped Ba24Ge100 with Ga and Ag. The samples were
synthesized by vacuum melting combined with a subsequent
application of spark plasma sintering (SPS). The impact of Ga
and Ag contents on the microstructure and thermoelectric
properties of type-III clathrate compounds was carefully
evaluated.

2. EXPERIMENTAL SECTION
High-purity Ba chunks (2N), Ag wires (4N), Ga shots (5N), and Ge
bulks (4N) were weighed in the glovebox according to the
stoichiometry of Ba24GaxAgyGe100−x−y (x = 0, 4, 8, 10, y = 1, 2).
Carbon crucibles containing raw materials were placed in silica tubes
which were then vacuum-sealed (∼1 × 10−3 Torr) and loaded into a
vertical furnace. The samples were heated to 1273 K in 5 h, maintained
at this temperature for 10 h and then allowed to furnace cool. The
obtained ingots were hand-ground into fine powders and densified by
SPS in a 15 mm diameter graphite die under vacuum. The sintering
was done at 923 K under 35 MPa for 10 min.
Phase compositions were determined by powder X-ray diffraction

(XRD, CuKα PANalytical Empyrean, Netherlands). Microstructures of
bulk specimens were investigated by field-emission scanning electron
microscopy (FESEM, Hitachi SU-8020, Japan) and transmission
electron microscopy (TEM, JEM-2100F, JEOL, Japan) equipped with
an energy-dispersive X-ray spectrometer (EDS). The electrical
conductivity (σ) and the Seebeck coefficient (α) were measured at

300−973 K by a standard four-probe method (ZEM-3, ULVAC-
RIKO, Japan). The Hall coefficient (RH) was measured using a
Physical Properties Measurement System (PPMS-9, Quantum Design,
USA). The carrier concentration (n) and the Hall mobility (μH) were
calculated from n = 1/e|RH| and μH = σ|RH|, respectively. Thermal
conductivities were calculated from measurements of the thermal
diffusivity D (the laser flash method using LFA 457, Netzsch), the
specific heat Cp (differential scanning calorimeter DSC Q20, TA
Instruments), and the sample density ρ(the Archimedes’ method)
using an equation κ = DCpρ. The relative densities of all samples were
over 95%.

3. RESULTS AND DISCUSSION
Powder X-ray diffraction (XRD) patterns for the
Ba24GaxGe100−x (x = 0, 4, 8, 10) and Ba24GaxAgyGe100−x−y (x
= 4, 8, y = 1, 2) samples after SPS are shown in Figure 2a, b,

respectively. All patterns can be indexed to the Ba24Ge100 phase
(JCPDS 98−041−4380). As shown in Figure 2a, a single phase
type-III clathrate is obtained for the sample with the Ga content
less than 8%. When the Ga content exceeds 8%, the type-I
clathrate phase is detected in the XRD pattern and its fraction
increases with the increasing content of Ga. The solubility limit
of Ga in Ba24GaxGe100−x is thus about 8%, a value lower than
reported by Kim.17 As Figure 2b indicates, Ba24Ga4Ag1Ge95
form as single phase. However, with the increasing content of
Ga, the type-I clathrate phase is observed in the specimen with

Figure 1. Structure of Ba24Ge100 clathrates. Green atoms are Ge atoms;
blue, red, and pink atoms refer to three crystallographically different Ba
atoms.

Figure 2. Powder X-ray diffraction patterns of (a) Ba24GaxGe100−x and
(b) Ba24GaxAgyGe100−x−y samples after SPS. Insets in a and b show the
expand view of XRD pattern from 54.0 to 54.5.
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nominal composition of Ba24Ga8Ag2Ge90. The inset of Figure
2a, b show that the expanded view of XRD pattern for higher
angle (54.0−54.5). With the increase in Ga content, XRD peaks
shift toward higher angle, indicating the lattice parameter
decrease with the increase of Ga content, whereas for the Ag-
doped type-III chlatrate, XRD peaks shift toward lower angle,
indicating the lattice parameter increase with the increase of Ag
content. As the content of Ga and Ag increases, the type-III
clathrate structure becomes unstable because of an electrostatic
imbalance and strain in the crystal lattice, which gives rise to the
presence of the type-I clathrate in the XRD pattern.
To observe and assess the microstructure of our

Ba24Ga8Ag2Ge90 sample, we employed field-emission scanning
electron microscopy (FESEM) and high-resolution trans-
mission electron microscopy (HRTEM). The respective images
are shown in Figure 3. Figure 3a indicates that the obtained
bulk material is fully compacted. Figure 3b depicts nano-
particles with the size of about 50 nm embedded in the matrix.
Fast Fourier transform (FFT) and EDS results, Figure 3c, d
shows that the nanoparticles are BaGe2. The interplanar
spacings in the nanoparticles were calculated to be 0.498 and

0.310 nm, corresponding to (101) and (121) planes of BaGe2,
respectively. The coexistence of BaGe2 nanoinclusions and
type-I clathrate phases is expected to exert a significant
influence on the thermal and electronic transport properties.
On the basis of the Zintl concept, Ba24Ge100 can be written as

[Ba2+]24[(3b)Ge
−]32[(4b)Ge

0]68[16e
−], thus 16 conduction

electrons are expected in Ba24Ge100.
16 As already noted, we

used Ga/Ag codoping on sites of Ge in an attempt to decrease
the concentration of electrons. Room temperature transport
properties are summarized in Table 1, including the Hall
coefficient RH, the carrier concentration n, the Hall mobility μH,
the Seebeck coefficient α, and the electrical conductivity σ of
Ba24GaxAgyGe100−x−y samples. The Hall coefficient RH is
negative indicating n-type conduction. The carrier concen-
tration of pristine Ba24Ge100 is 5.5 × 1021 cm−3 at 300 K, which
is consistent with the literature data.16 The carrier concen-
tration of the Ga/Ag codoped Ba24Ga4Ag2Ge94 sample (2.23 ×
1021 cm−3) is much lower than the carrier concentration of just
Ga-doped Ba24Ga8Ge92 sample (3.55 × 1021 cm−3). Although
the substitution percentage on Ge site in Ba24Ga8Ge92 is much
higher than in that in Ba24Ga4Ag2Ge94, the concentration of

Figure 3. Ba24Ga8Ag2Ge90 (a) FESEM image, (b) HRTEM image, (c) FFT image of the area surrounded by the dashed line of d, (d) enlarged view
of b, inset in d shows the EDS results for the nanoparticle.

Table 1. Hall Coefficient RH, Carrier Concentration n, Hall Mobility μH, Seebeck Coefficient α, and Electrical Conductivity for
Ba24GaxAgyGe100−x−y Specimens at 300 K

x y compd RH (× 10−3cm3/C) n (× 1021cm−3) μH (cm2 V−1 s−1) α (μV/K) σ (× 104Sm−1)

x = 0 Ba24Ge100 −1.14 5.50 2.32 −23.13 20.34
x = 4 Ba24Ga4Ge96 −1.73 3.63 3.49 −23.89 20.23
x = 8 Ba24Ga8Ge92 −2.15 2.83 3.55 −29.82 16.49
x = 4 y = 2 Ba24Ga4Ag2Ge94 −2.79 2.23 5.10 −28.01 18.28
x = 8 y = 2 Ba24Ga8Ag2Ge90 −4.91 1.27 7.84 −32.04 15.97
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electrons in the former is significantly higher than in the latter
specimen. This indicates that Ga is not as effective in
suppressing the density of electrons as is Ag. The beneficial
presence of Ag as a dopant is also apparent in the
Ba24Ga8Ag2Ge90 sample where the carrier density is reduced
down to 1.27 × 1021 cm−3, a reduction of more than a factor of
4 in comparison to the carrier density in Ba24Ge100 and less
than half of the carrier density in Ba24Ga8Ge92.
Temperature dependence of the electrical conductivity and

the Seebeck coefficient for all Ba24GaxAgyGe100−x−y specimens is
shown in Figure 4. As the content of Ga and Ag increases, the
electrical conductivity decreases, reflecting the reduced carrier
density. Surprisingly, the Hall mobility seems to increase with
the increasing content of dopants, suggesting that impurity
scattering may not be damaging to electron transport to the
extent the carrier−carrier interaction is. The Seebeck coefficient
and hall measurement indicate n-type conduction. The absolute
value of the Seebeck coefficient increases as Ga and Ag contents
increase, i.e., inversely related to the behavior of the carrier
concentration and electrical conductivity. Assuming the carrier
mean free path is independent of energy, the Seebeck
coefficient of a degenerate semiconductor can be expressed
by the following equation

α
π π= *⎜ ⎟⎛

⎝
⎞
⎠

k T
eh

m
n

8
3 3

B
2 2

2

2/3

(1)

where n is the carrier concentration, T is the temperature, and
m* is the effective mass, respectively. Although a single
parabolic band model might be an oversimplification, it
nevertheless provides an insight into the doping effect of Ga
and Ag on the transport properties. Figure 4d shows the room
temperature Seebeck coefficient as a function of the carrier

concentration, i.e., the Pisarenko plots. The effective mass of
our samples obtained from the fits ranges from 1.7m0 to 3.6m0,
where m0 is the free electron mass. The effective mass increases
with the increasing carrier concentration, likely the result of
nonparabolicity of the conduction band.
The temperature dependence of the power factor for all

Ba24GaxAgyGe100‑x‑y specimens is shown in Figure 5. Because of
the enhanced Seebeck coefficient, the calculated power factor of
Ba24Ga8Ag2Ge90 is 0.82 × 10−3 W m−1 K−2 at 873 K, which is a
factor of about two higher in comparison to the power factor of
undoped Ba24Ge100 (0.47 × 10−3 W m−1 K−2 at 873 K).

Figure 4. Temperature dependence of (a) electrical conductivity, (b) Hall mobility μH and (c) Seebeck coefficient of Ba24GaxAgyGe100−x−y specimens
as a function of the carrier concentration. (d) Pisarenko plots showing the measured Seebeck coefficients at 300 K of Ba24GaxAgyGe100−x−y specimens
as a function of the carrier concentration.

Figure 5 . Tempera ture dependent power fac tor for
Ba24GaxAgyGe100−x−y specimens.
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Temperature dependence of the thermal conductivity is
plotted in Figure 6. As a comparison, Figure 6a also displays the

thermal conductivity of type-I Ba8Ge43 clathrate.11 Thermal
conductivities of both Ba8Ge43 (type-I clathrate) and Ba24Ge100
(type-III clathrate) are quite high. The thermal conductivity of
Ba24Ge100 increases linearly with temperature from a value of
2.8 W m−1 K−1 at room temperature to 4.0 W m−1 K−1 at 873
K. Doping the structure results in a decreased thermal

conductivity due to enhanced alloy scattering together with
the lower electronic thermal conductivity. In general, the total
thermal conductivity κ = κL+κe, consists of the lattice
component κL and the electronic thermal conductivity κe
which can be estimated by using the Wiedemann−Franz law,
κe = L0σT. The Lorenz number L0 can be calculated under the
assumption of a single parabolic band model within the
relaxation time approximation and assuming the dominance of
acoustic phonon scattering29−31from the following two
equations

η η η
η

=
−⎛

⎝⎜
⎞
⎠⎟L

k
e

F F F
F

3 ( ) ( ) 4 ( )
( )0

B
2

0 2 1
2

0
2

(2)

α
η
η

η= − −
⎡
⎣⎢

⎤
⎦⎥

k
e

F
F

2 ( )
( )

B 1

0 (3)

Here, η is the reduced Fermi level, Fn(η) refers to the Fermi
integral of order n, kB is the Boltzmann constant, and e is the
electron charge, respectively. With the reduced Fermi level the
calculated Lorenz number L0 falls in the range from 2.39 to
1.95. Subtracting the electronic part, one obtains the lattice
thermal conductivity. The lattice thermal conductivity of
Ba24GaxAgyGe100−x−y specimens decreases with the increasing
content of Ga/Ag and decreases with the increasing temper-
ature. The dependence on the type and the content of dopants
is presented in Figure 6c where open symbols and solid
symbols represent, respectively, the lattice thermal conductivity
of Ga-doped (single dopant) Ba24GaxGe100−x and Ga/Ag
codoped Ba24GaxAgyGe100−x−y samples at different temper-
atures. It is evident that, for comparable doping contents, the
lattice thermal conductivity of the codoped sample is much
lower than the thermal conductivity of the sample doped with
just Ga. Maybe Ga/Ag codoping could affect a broader range of
phonon frequencies in comparison to doping with only Ga, a
situation reminiscent of multiple-filled skutterudites.32,33 When
the doping content exceeds x = 8, apart from alloy scattering,
the lattice thermal conductivity is further suppressed because of
enhanced interface scattering and grain boundary scattering of
phonons on nanoinclusions of BaGe2. The lowest lattice
thermal conductivity of 0.45 W m−1 K−1 at 873 K is obtained
for the Ba24Ga8Ag2Ge90 specimen.
Figure 7 shows the temperature dependence of the

dimensionless figure of merit ZT. The peak ZT value of pure
Ba24Ge100 is about 0.1 at 873 K, in agreement with the reported
value.17 Ga/Ag codoping not only reduces the carrier
concentration but it also enhances alloy scattering and thus
lowers the thermal conductivity. Moreover, as already noted, at
high doping contents (above x = 8), the nanoprecipitates of
BaGe2 lower the thermal conductivity further because of
enhanced boundary scattering of heat-conducting phonons.
Improved power factors combined with the reduced thermal
conductivity lead to a significantly improved figure of merit
which reaches 0.34 at 873 K for the Ga/Ag codoped
Ba24Ga8Ag2Ge90 specimen, an improvement by a factor of
more than 3 compared to undoped Ba24Ge100.

4. CONCLUSIONS
Ga/Ag codoped Ba24Ge100 samples were synthesized by a
vacuum melting combined with the SPS process. With the
increasing Ga/Ag doping content, the room temperature carrier
concentration gradually decreased from 5.5 × 1021 cm−3

(Ba24Ge100) down to 1.27 × 1021 cm−3 (Ba24Ga8Ag2Ge90).

Figure 6. Temperature dependence of (a) the thermal conductivity
and (b) the lattice and the electronic parts of the thermal conductivity
of Ba24GaxAgyGe100−x−y specimens. (c) Lattice thermal conductivity at
400, 500, and 700 K as a function of the doping content of
Ba24GaxAgyGe100−x−y specimens. Open symbols refer to samples doped
with only Ga, solid symbols represent Ga/Ag double-doped samples.
The vertical dashed line indicates a regime of doping above which
nanoinclusions of BaGe2 are detected in the structure.
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Although this resulted in a somewhat lower electrical
conductivity, the carrier mobility actually increased as a
consequence of the reduced carrier−carrier scattering. The
reduced carrier concentration benefitted the magnitude of the
Seebeck coefficient and also resulted in a lower electronic
thermal conductivity. Moreover, the presence of dopants in the
crystal lattice enhanced alloy scattering of phonons and, at high
doping levels, the formation of BaGe2 nanoprecipitates led to
increased boundary scattering of heat-conducting phonons,
both processes resulting in a degradation of the lattice thermal
conductivity. The lowest lattice thermal conductivity of 0.45 W
m−1 K−1 at 873 K was obtained for the Ba24Ga8Ag2Ge90
specimen. This specimen also recorded the highest dimension-
less figure of merit ZT = 0.34 at 873 K, the value that was more
than a factor of 3 larger than the figure of merit of the undoped
Ba24Ge100 structure. A further suppression of the concentration
of electrons down to a level of ∼1 × 1020 cm−3 is needed to
boost the Seebeck coefficient and improve the thermoelectric
performance of type-III Ba24Ge100-based clathrates. This might
possibly be achieved by exploring acceptor doping on the sites
of Ba.
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