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High temperature thermoelectric properties of the type-I clathrate

BagAu,Sise_ x

C. Candolfi,®"® U. Aydemir, M. Baitinger, N. Oeschler, F. Steglich, and Yu . Grin®
Max-Planck-Institut fiir Chemische Physik fester Stoffe, Nothnitzer Str. 40, 01187 Dresden, Germany

(Received 7 October 2011; accepted 7 December 2011; published online 22 February 2012)

The thermoelectric properties of the type-I clathrate BagAu,Sise_, (4.10 < x < 6.10) were
characterized from 300 to 700 K. Increasing the Au concentration leads to a transition from an
n-type (x < 5.43) to a p-type (x > 5.43) electrical conduction. The experimental data are well
described by a single-parabolic-band model assuming a single scattering mechanism of the charge
carriers in this temperature range. The lattice thermal conductivity, inferred from degeneracy-
adjusted Lorenz numbers, is low regardless of the composition. However, the measured values are
significantly lower in the p-type samples possibly due to a combination of a higher degree of
disorder in the crystal structure at high Au contents and an enhanced phonon-charge carrier
coupling. Even though high thermopower values are achieved, the high electrical resistivity
remains the main obstacle to push the dimensionless figure of merit ZT (~0.2 at around 600K for
x=15.59) beyond the level of the best Si-based clathrate compounds. © 2012 American Institute of

Physics. [doi:10.1063/1.3682585]

. INTRODUCTION

The last decades have witnessed an increasing attention
in type-I clathrate compounds due to their interesting and un-
usual transport properties.'™ One of the prominent features of
these materials lies in their crystal structures composed of
polyhedral cages, formed by covalently bonded host frame-
work, in which guest atoms can be entrapped (Figure 1).'
The influence of the crystal structure on the electronic and
thermal transport was therefore at the aim of an ever-growing
number of studies. In particular, the ability of some of these
materials to mimick the thermal transport of glassy systems
places naturally clathrates as potential candidates for thermo-
electric applications.* The low thermal conductivity inherent
to this class of compounds is one of the requirements which
need to be achieved in thermoelectric materials."'” This can
be straightforwardly understood by considering the dimen-
sionless figure of merit ZT = o*>T/px = PT/x which repre-
sents the basic criterion to determine the thermoelectric
potential of a material.'” In this formula, o is the Seebeck
coefficient or thermopower, p is the electrical resistivity, x is
the thermal conductivity, T is the absolute temperature, and
P = o?/p is the power factor. To reach high ZT values, an
ideal thermoelectric material with large thermopower should
therefore conduct heat as poorly as glass, but maintaining
good electrical transport properties associated with crystalline
solids."”

While a large number of studies dealing with the ther-
moelectric properties of Ge-based type-I clathrates were
reported in the last few years, the investigations devoted to
the Si-based analogues remain so far rather scarce.' Interest-
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ing results were nevertheless reported in BagGa,Siyq_, with
maximum ZT of ~0.75 and 0.87 at 1000 and 850 K, respec-
tively. For x ~ 16, these values are similar to ZT obtained in
polycrystalline BagGa;4Geso (~0.8 at 950K) showing that
the Si-based clathrates may also constitute a class of efficient
thermoelectric materials.''™"* The good thermoelectric prop-
erties of the BagGa;¢Si3o compound originate from the possi-
bility to drive the system into a semiconducting state
expected to develop at x =16, when the charge balance is
achieved following the Zintl-Klemm concept, i.e.,
(Ba*M)g(Ga )14(Si%30.'1*1>16 Slight variations of the Ga
content around this value lead to highly doped semiconduc-
tors allowing a fine tuning of the power factor. Several other
elements, namely Al, Au, and Ag, are known to open a gap
near the Fermi level, potentially enabling to reach similar or
even higher ZT values.'” 2 It is, therefore, of prime impor-
tance to further investigate the influence of these elements to
determine whether or not a significant improvement of the
thermoelectric properties can be achieved.

In this regard, we recently performed a thorough experi-
mental and theoretical study of the low-temperature transport
properties of the phase BagAu,Sise_, for 4.10 < x < 6.10.2
In agreement with simple electron counting rules and prior
investigations by Jaussaud er al.,”> a transition from n-type
to p-type conduction was confirmed to set in near x ~ 5.33.
Since clathrate compounds may be intriguing candidates for
thermoelectric applications at high temperatures, it is essen-
tial to extend these measurements to above room temperature
to properly assess the thermoelectric potential of this phase.

Here, we provide a detailed study of the thermoelectric
properties of the BagAu,Siyg_, system from 300 up to 700 K.
Our results show that substituting Si by Au helps to reduce
the thermal conductivity. The impact of Au substitution on
the thermal transport is more pronounced in the p-type com-
pounds and might be related to an enhanced phonon-charge
carrier coupling and to the mixed occupation of Au on two

© 2012 American Institute of Physics
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FIG. 1. (Color online) Crystal structure of the type-I clathrate. The frame-
work atoms are located at the 6 ¢, 16/, and 24 & sites, while the “guest” atoms
are located at the 2a and 6d sites. The clathrate framework is built upon
two types of polyhedra: the pentagonal dodecahedra (centered by the 2a
site) and the tetrakaidecahedra (centered by the 6 d site).

distinct Si sites of the crystal structure.”” The data are further
analyzed within a single parabolic band model which gives a
pertinent theoretical background for understanding the trans-
port in these compounds.

Il. EXPERIMENTAL DETAILS

Polycrystalline BagAu,Sise_, samples with nominal
compositions x =4.0, 4.75, 5.15, 5.30, 5.45, 5.60, and 6.0
were prepared from crystalline Ba pieces (ChemPur, 99.9%),
Au powders (ChemPur, 99.9%), and Si pieces (ChemPur,
99.9999%). In the first step, stoichiometric amounts of the
elements were placed in glassy carbon crucibles and melted
using an induction furnace under inert atmosphere. Subse-
quently, the molten ingots were quenched between two steel
plates. For annealing, the ingots were transferred into glassy
carbon crucibles, sealed in tantalum tubes and jacketed in
quartz ampoules. After three weeks tempering at 900 °C, the
ampoules were quenched in water. The clathrate phase was
observed to be stable on air as well as against dilute acids
and bases. Throughout this paper, the labelling of the sam-
ples refers to the actual compositions.

Structural and chemical characterizations were carried
out through powder x-ray diffraction (PXRD), energy disper-
sive x-ray spectroscopy (EDXS), and wavelength dispersive
x-ray spectroscopy (WDXS). PXRD and WDXS analyses
have shown that all samples are homogeneous with a good
correlation between the nominal and actual compositions
(Table I). Small amounts of «-Si, which never exceeds
3-4 wt.%, were detected in each sample (Figure 2).*' Single
crystal x-ray diffraction analysis showed that the clathrate
phase crystallizes in the space group Pm3n.**** In the first
report by Cordier and Woll,”* Au atoms were refined only at
the 6¢ site which is the position preferentially occupied by
most of the transition metals in substituted clathrates.'**>
However, in the more recent investigation performed
by Jaussaud et al.”® on clathrates with the compositions
BagAus 43Si40 57 and BagAus goSiso 11, small amounts of Au
atoms were also refined at the 24k site.?? Here, XRD investi-
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FIG. 2. PXRD patterns (Cu-Ko; radiation) of BagAu,Siys_, samples with
nominal compositions x =4.0, 5.15, and 6.0 together with the calculated pro-
file based on a single crystal analysis for x =5.89.%* The asterisks mark the
position of the three most intense «-Si reflections.

gations were performed on a single crystal selected from
BagAugSiy sample. Our study confirms the results obtained
by Jaussaud et al.* i.e., Au atoms mainly occupy the 6¢ site,
a small amount being located on the 24k site (~0.5 Au
atoms). From this analysis, a final conclusion about the pres-
ence of vacancies could not be drawn (if any, their concen-
tration should be small, less than ~0.3 per formula unit).
The lattice parameters a of the clathrate phase were refined
from PXRD data with the WinCSD program package using
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TABLE 1. Nominal, measured compositions (WDXS) and lattice parame-
ters (a) of BagAu,Sigg_,.

Nominal composition WDXS composition aA)
BagAu,Siy Bag 00(3)AU4.10(5)S140.84(5) 10.39768(8)
BagAuy 75Si41 25 Bag 0o2)Au4.852)5139.72(4) 10.4084(1)
BagAus 15Si40.85 Bax.00(2>AU5.14(2)5i39.51(2) 10.41473(8)
BagAus 30Si40.70 Bag 003)AUs.43(5)5139.76(6) 10.41615(9)
BagAus 45514055 Bag 002)AUs.502)5139.01(3) 10.41747(8)
BagAus 60Si40.40 Bag 00(3)AUs.76(2)S139.214) 10.41761(9)
BagAugSisg Bag 002)AUs.102)S138.974) 10.41767(9)

LaBg as internal standard (Table I).%° The increase in the lat-
tice parameter up to x = 5.59 is consistent with an increase in
the Au concentration. Interestingly, a remains almost con-
stant thereafter which might be caused by the presence of
some Au atoms on other crystallographic sites and/or of the
presence of vacancies.

Thermopower and electrical resistivity were simultane-
ously measured over the 300-700 K temperature range with a
commercial setup (ZEM-3, UlvacRiko) on bar-shaped speci-
mens, cut with a diamond-wire saw from the annealed ingots
into typical dimensions of 2 x 2 x6 mm?. It is worth mention-
ing that all the samples used in the present study are those
used for the transport property measurements at low tempera-
tures.”! Prism-shaped specimens (6 x 6 x 1 mm®) were used
to measure, in the same temperature range, the thermal diffu-
sivity a which is related to the thermal conductivity x via
K = aCppy, where C, is the specific heat and py, is the den-
sity. The thermal diffusivity and specific heat were measured
by a laser flash technique (LFA 427, Netzsch) and by a differ-
ential scanning calorimetry technique (Pegasus, Netzsch),
respectively. To evaluate py (T), the value of the thermal-
expansion coefficient, «r, measured on a BagAusSiy; sample
by Falmbigl er al.”’ was used (a7 ~ 7.3 x 107° K~' at
300K). As a first approximation, the value of oy was consid-
ered to be temperature- and composition-independent. An
overall good agreement between the low-temperature and
high-temperature measurements was observed, the deviation
at 300K being at most 12%.

lll. RESULTS AND DISCUSSION
A. Electronic properties

Figure 3 depicts the temperature dependence of the ther-

J. Appl. Phys. 111, 043706 (2012)
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FIG. 3. (Color online) Thermopower, o, as a function of the temperature of
the x=4.10 (O), 4.85 (), 5.14 (o), 5.43 (V¥), 5.59 (A), and 6.10 (H)
samples.

n-type electrical conduction prevailing for x < 5.43 and char-
acterized by negative o values turns into a p-type conduction
above this concentration.”' The magnitude of |«| increases
with the Au content, both in the n-type and p-type regions,
reflecting the variation in the carrier concentration with x
(Table II). At 300 K, the o values are significantly higher
than those measured in the Al- or Ga-substituted Si-based
clathrates.!"'%1820 Ag we shall see below, this difference is
mainly due to larger effective mass of the charge carriers in
the present system. Further, the overall behaviour of «(7T)
against the Au content is consistent with the picture revealed
at low temperatures: here, the metallic behaviour character-
izing the x=4.10 sample smoothly evolves into a highly
doped semiconducting behaviour on approaching x =5.33,
then turns into a semiconducting behaviour (x = 5.43) before
switching back to a metallic-like behaviour at higher Au
contents.

The decrease in || observed in the x=35.14, 5.43,
and 5.59 samples with increasing temperature is most
likely due to the thermal activation of minority carriers
across the band gap E,, which can be straightforwardly
estimated from the peak thermopower o,,x and the tempera-
ture at which this maximum occurs Ty, Via,

mopower. In agreement with the low-temperature data, the Eg = 2e0maxTmax- (D

TABLE II. Room temperature values of the electron (n) and hole (p) concentrations, Seebeck coefficient (x), electrical resistivity (p), total thermal conductiv-
ity (x), lattice (x ), and electronic (k,) thermal conductivity of BagAu,Sise_,.

WDXS Au content n(p) (10* cm™) a(uVK™) p (uQ m) k(Wm 'K ke (Wm™ 'K Kk (Wm™ 'K
4.10 6.5 —-12.0 52 3.5 1.50 2.0

4.85 4.1 -36.0 34.1 2.7 0.20 2.50

5.14 0.8 —104.0 332 1.7 0.15 1.55

5.43 0.8 1432 58.6 1.5 0.10 1.40

5.59 1.5 108.2 23.6 1.6 0.30 1.30

6.10 7.2 47.0 6.6 22 1.15 1.05
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This equation yields E, values of 125*5meV,
112 = 5meV, and 150 = 5meV for the x=15.14, 5.43, and
5.59 samples, respectively. These values are consistent with
our band-structure calculations and those reported by Tse
et al.'” Even though variations in E, may indicate that a
rigid-band model may not fully reflect the changes in the
electronic band structure arising from Au substitution,
assuming this approach provides a satisfying theoretical
background to explain the temperature and composition
dependence of the electrical transport properties in this
system for both the n-type and p-type specimens. This is
supported by a fairly constant effective mass of the charge
carriers estimated at 300K within a single parabolic band
model.?! The latter conclusion still holds true at high temper-
ature as illustrated in Figures 4(a) and 4(b), where the o
values measured at 500K are displayed as a function of
the carrier concentration. As a first approximation, we

150

1001~

lof (uV.K™)

| n | |
0
0 2107 4107 6107 810¥

n (m'3)

110%

250

200 [~

50 —

l x | |
0
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p (m®)

110%®

FIG. 4. (Color online) Carrier concentration dependence of the thermo-
power measured at S00K of the (a) x=4.10, 4.85, 5.14 samples and (b) of
the 5.59, 5.75, and 6.10 samples compared to a single-parabolic band model
with effective masses of 3.7 and 6.8my, respectively.
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considered the carrier concentration inferred from the Hall
coefficient measured at 300 K (Table II) to be temperature-
independent, except for the x=5.43 sample which clearly
shows a semiconducting behaviour (see below). The data of
this latter sample were therefore not included in the present
analysis. Further, we employ this model at S00K to ensure
that extrinsic carriers still dominate the electronic transport.
This approach would break down at higher temperatures
since the contribution of the minority carriers is not included
in the definition of the following equations, specifically in
the x=5.14 and x=5.59 samples. Note that in order to
extend this analysis to the p-type compounds, we measured
a(T) of an additional sample with x=5.75. The so-called
Pisarenko-lIoffe curves giving the variations in o with the
carrier concentration, shown as solid lines in Figures 4(a)
and 4(b), were generated by using the general solutions of
the Boltzmann transport equation within the relaxation time
approximation, for which the thermopower and the carrier
cor;gentration are linked via the reduced chemical potential 5
by

_ ks (@+DFLu)
=t (G ) @
o = (P50 R, ®

where kg the Boltzmann constant, e is the elementary
charge, h is the Planck constant, m" is the effective mass of
the charge carriers, 4 is a scattering constant related to the
energy dependence of the electronic scattering mechanism,
and F; is the Fermi integral of order i defined as
Fi(n) = fgo f’fo(é,n)df, where f; is the Fermi distribution
function and ¢ is the reduced energy of electrons. Here, we
assume that acoustic-phonon scattering is the dominant
scattering mechanism of the charge carriers in the tempera-
ture range investigated for which 1 =0 as suggested by

80
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FIG. 5. (Color online) Temperature dependence of the electrical resistivity,
p, of the x=4.10 (O), 4.85 (O), 5.14 (e), 543 (¥), 5.59 (A), and 6.10 (M)
samples.
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Hall data measured near room temperature.”! The curves
were then calculated utilizing m* values of 3.7m and 6.8my
(my is the electron mass) for the n-type and p-type samples,
respectively, along with the carrier concentrations derived
from Hall effect measurements. All the experimental data
fall on or near this curve suggesting that the effective mass
does not significantly vary within this carrier concentration
range. This lends further support to a single-band model
describing the conduction and valence band edges even at
high temperatures. In addition, the larger m* value in the p-
type samples explains the higher values of |«| with respect
to n-type samples with similar carrier concentration.?’

The variations observed in the p(T) (Figure 5) are consist-
ent with the trends revealed by both the transport properties at
low temperatures and the high-temperature thermopower
data.*' The variations in the p values are also in agreement
with this description and, as the «(7) data do, mainly reflect
the changes in the carrier concentration with the Au content
(Table II). A band gap of 145 = 5meV can be inferred from
an Arrhenius plot of the high temperature region of the p(T)
curve for x=15.43, in reasonable agreement with the thermo-
power data.

B. Thermal properties

The temperature dependence of the specific heat, C,,
between 2 and 500K for the x=4.85 and 5.59 samples is
shown in Figures 6(a) and 6(b). Above room temperature,
the C,, values increase with increasing temperature reflecting
the anharmonic contribution of the lattice. In the present
case, the Dulong-Petit law, usually used to estimate the C,
value at high temperature, overestimates the experimental
value below ~500 K. This discrepancy is, however, not con-
fined to this phase and was already found in several other
Ge-based and Si-based type-I clathrates.'?

The temperature dependence of the total thermal con-
ductivity is shown in Figure 7. Upon warming, the thermal
conductivity of the x=5.14, 5.43, and 5.59 samples first
decreases slightly before increasing at higher temperature.
The coincidence of the maxima in the thermopower and the
minima in the thermal conductivity consistently shows that
the observed increase originates from the thermal activation
of the minority carriers across the band gap, the simultane-
ous presence of holes and electrons resulting in an additional
bipolar contribution ;. This contribution is most significant
for samples exhibiting the lowest carrier concentration, i.e.,
for x=15.14 and 5.43.

The detailed analysis of the Hall and thermopower data
has shown that a model assuming a single parabolic-band
with dominant acoustic phonon scattering provides a satisfy-
ing theoretical platform to describe the electrical properties
of these samples. This model can be extended to the thermal
transport to accurately assess the temperature dependence of
the lattice thermal conductivity, iz, by subtracting the elec-
tronic contribution, x,, calculated via the Wiedemann-Franz
law, k, = LT/p. Within the above-mentioned assumptions,
the Lorenz number, L, obtained via solutions of the Boltz-
mann transport equation, is expressed as>®

J. Appl. Phys. 111, 043706 (2012)
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FIG. 6. (Color online) Temperature dependence of the specific heat, C,, of
the x=4.10 (a) and 6.10 (b) samples. The black solid line stands for the
value expected from the Dulong-Petit law.

kg (14 2)3 + DF3(Fai(n) — 2+ 2)°Fras(n)*

L= (L + 22F, (02

e2

“

Using the n values derived from the thermopower data at
high temperatures by Eq. (2), the temperature dependence of
L can then be calculated and is depicted in Figure 8. As can
be observed, the L values decrease with increasing tempera-
ture and are significantly smaller than that of a degenerate
electron gas in a pure metal (L = Ly = 2.44 x 10 8 V2K ).
At high temperatures, the values of the x=5.14 and 5.59
samples are only ~20% off the value for non-degenerate
electron gas solely scattered by acoustic phonons (L ~ 1.5 X
10~® V2 K~ 2). The metallic behaviour of the x =4.10 sample
indicates that assuming the metallic limit of L at high temper-
ature is reasonable in the present case. For the x =5.43 sam-
ple, our description breaks down, the presence of both types
of carriers above 300K, which leads to an increase in k,
being not included in the definition of L.
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FIG. 7. (Color online) Temperature dependence of the total thermal conduc-
tivity, x, of the x=4.10 (O), 4.85 (), 5.14 (e), 5.43 (V¥), 5.59 (A), and
6.10 (M) samples.

The temperature dependences of k, and x; in the whole
temperature range investigated are shown in Figures 9(a) and
9(b), respectively. For x < 5.14, the curves are similar indi-
cating a minimal influence of the Au content on the lattice
contribution. Interestingly, . (T) significantly drops when
crossing the n-type-p-type transition, the lowest values being
achieved for x=6.10 (see Table II). As shown by the low-
temperature data, the lattice thermal conductivity gradually
shifts from a crystalline behaviour in the n-type samples to a
glass-like one in the p-type samples.”’ Several mechanisms
have been discussed in the literature to explain such a differ-
ence in the thermal transport between n-type and p-type
type-I clathrates such as tunnelling states, resonant scattering
or a strong phonon-charge carrier coupling.®**** Our low-
temperature specific heat data along with x-ray diffraction
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FIG. 8. (Color online) Lorenz number, L, as a function of the temperature
for the x=4.85 (), 5.14 (e), 5.59 (A), and 6.10 (M) samples. The values
are significantly lower than the metallic limit represented by the solid black
line and approach the value for non-degenerate electron gas scattered by
acoustic phonons (1.5 x 1078 V2 K.

J. Appl. Phys. 111, 043706 (2012)

6
(a)
4 |
x
€
' o
52 O OOOOOO
w® e 000 -
O mER
mn
II.....-. T
\ A
0@?9?@9@?@&!¥MEM%
300 400 500 600 700
T (K)
6
(b)
41 i

Uoopoooppooooooof
4200000000000 00 gy

v vevy?
YVvww
EEEEEEpupiEEEEH

w.m™ K"

K

0 | \ |
300 400 500 600 700

T (K)

FIG. 9. (Color online) Temperature dependence of the electronic (a) and lat-
tice thermal conductivity (b) of the x=4.10 (O), 4.85 (), 5.14 (e), 5.43
(¥),5.59 (A), and 6.10 (M) samples.

analyses have shown that tunnelling states are of minor
importance in the present case.?’** Though the presence of
vacancies at high Au contents cannot be ruled out in the
present case, the fact that Au is distributed on both the 6 ¢
and 24k sites might give rise to enhanced disorder and
strain effects, thereby driving the disappearance of the
low-temperature crystalline peak. This hypothesis seems
to be supported by lower x; values measured in n-type
BagGa, Geso (0.14 W m ™~ K~ ! at 1000 K) for which the dis-
order induced by the presence of Ga on the three crystallo-
graphic Ge sites may play an important role.'* Additionally,
the higher m* values exhibited by the p-type samples may
reflect a higher phonon-hole coupling which may as well
contribute to the lower k;, values observed.

From the electrical resistivity, thermopower and thermal
conductivity data, the temperature dependence of ZT can be
inferred and is depicted in Figure 10. A maximum ZT value
of ~0.2 is achieved at around 600 K for x =5.59. It is, how-
ever, not surprising that this maximum value is obtained in
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FIG. 10. (Color online) Temperature dependence of the dimensionless ther-
moelectric figure of merit ZT of the x=4.10 (O), 4.85 (O), 5.14 (), 5.43
(¥),5.59 (A), and 6.10 (M) samples.

one of the p-type samples since these exhibit higher
thermopower values due to a higher effective mass and a
lower thermal conductivity compared to the n-type samples.
This maximum value is similar to those obtained in the
BagAl,Sise_, and Bag_,Sr,Al;4Si3, systems for x~ 15 and
y~1(ZT ~ 0.25 at 1000K and 0.3 at 1200 K, respectively)
but remains lower than the one obtained in the Ga-
substituted analogues (0.75 and 0.87 at 1000 and 850K,
respectively).' 1820

IV. CONCLUSION

Our investigations of the high-temperature thermoelec-
tric properties of the clathrate BagAu,Sise_, revealed that the
thermoelectric performance of this phase is lower than that
of BagGa,Siye_,. While the thermal transport behaviour of
the Au-based samples is similar to the Ga system with large
effective mass and low thermal conductivity, the high elec-
trical resistivity appears to be the limiting factor preventing
to achieve a high ZT in the present series of samples (the
maximum ZT ~ 0.2 is achieved at around 600K for
x=15.59). One of the main differences between these two
systems lies in the possibility to switch the electrical trans-
port from n-type to p-type behaviour by varying the Au con-
tent around x=>5.33, in agreement with the Zintl-Klemm
concept. All the electrical properties of both the n-type and
p-type samples are well described by a single parabolic band
model considering a single scattering mechanism of the
charge carriers. To further optimize the thermoelectric prop-
erties of this material, it may be worthwhile to explore multi-
ple substitutions to reduce the electrical resistivity while
taking advantage of the low thermal conductivity values
induced by substituting Si by Au. Another interesting way to
this end may be by substituting alkali metals for Ba in the
cages, enabling one to tune the carrier concentration and
simultaneously enhance the disorder in the crystal structure.

J. Appl. Phys. 111, 043706 (2012)
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