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Abstract: The creation of thermoelec-
tric materials for waste heat recovery
and direct solar energy conversion is a
challenge that forces the development
of compounds that combine apprecia-
ble thermoelectric figure-of-merit with
high thermal and chemical stability.

and phosphorus atoms, whereas telluri-
um atoms occupy guest positions. We
show that the utmost stability of this
clathrate (up to 1500 K) in air is en-
sured by the formation of a nanosized
layer of phosphorus-doped silica on the
surface, which prevents further oxida-

tion and degradation. As-cast (non-op-
timized) Si-P-Te clathrates display
rather high values of the thermoelectric
figure-of-merit (ZT=0.24-0.36) in the
temperature range of 700-1100 K.
These ZT values are comparable to the
best values achieved for the properly

Here we propose a new candidate for
high-temperature thermoelectric mate-
rials, the type-III Si;, ,P,Te, cationic
clathrate, in which the framework is
composed of partially ordered silicon
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doped transition-metal-oxide materials.
The methods of the thermoelectric effi-
ciency optimization are discussed.

Introduction

The growing need for alternative energy sources demands
new and better materials for energy generation, storage, and
conversion. Thermoelectric materials (TM) that convert
heat into power can be of high-impact value for wide rang-
ing applications in Freon-free refrigerators, waste-heat con-
verters, and direct solar thermal energy converters, as soon
as efficient materials emerge." For possible waste-heat
and solar energy applications, there is a large incentive to
develop thermoelectric materials that can function at elevat-
ed temperatures without degradation, displaying high ther-
mal stability and air-oxygen resistance.”! The performance
of a thermoelectric material is expressed by the dimension-
less figure-of-merit ZT. A number of modern materials dis-
play a ZT slightly exceeding 1. Materials with higher ZT, up
to 2 and even higher, are expected to be developed for vari-
ous applications in the coming years based on the phonon
glass—electron crystal approach,’® reflecting the intrinsic
properties of the materials and nanostructuring®”! and em-
ploying, in addition to the latter, the surface of the particles
and their interfaces for thermoelectric activity. Traditional
thermoelectric materials are complex bismuth and lead tel-
lurides and various binary and ternary antimonides.”* Re-
cently several classes of materials were scrutinized with re-
spect to their thermoelectric applications: skutterudites,®
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clathrates,®** Zn,Sb;,' Yb,,MnSb,;,''! and others. The
best optimized materials of these classes have appreciable
thermoelectric performance with Z7>1 at different temper-
atures ranging from 300 to 1000 K, although these materials
are not stable in air at elevated temperature. To develop
thermoelectric materials with greater stability in air in the
temperature region above 900 K, compounds such as boron
carbide (ZTgpx=0.25),1"2 Si-Ge alloys (ZT gk =0.6 for p-
type),l”) various complex oxides (ZT,gx=0.3),"" and re-
cently, newly designed boron cluster-based compounds
(ZT 000 =0.12)" are being extensively studied.

Zintl clathrates are an interesting class of compounds
studied for possible thermoelectric applications, since they
display low thermal conductivity coupled with relatively
large thermoelectric power and electrical conductivity, the
necessary conditions for high thermoelectric efficien-
¢y’ 1618 Type-1, type-II, type-VIII, and type-IX clathrates
were extensively investigated in view of possible thermo-
electric applications.”**! The thermoelectric properties of
any clathrate-III compounds have not been reported so far.
Additional drawback of conventional clathrates are the rela-
tively low melting points, which are, in general, not as high
as the previously mentioned systems and also, the clathrates
corrosion resistance to air is rather insufficient."**!! In con-
trast, the recently discovered Si-P-Te clathrate-III exhibits
one of the highest known melting points among clathrates,
at about 1500 K, and is stable in air at least below 1500 K.

In this paper, we discuss the reasons for the utmost stabil-
ity of clathrate-III in air and show that it is ensured by the
formation of a nanosized layer of phosphorus-doped silica
on the surface, which prevents further oxidation and degra-
dation. We also report the high-temperature thermoelectric
properties of Si-P-Te clathrate-III and compare them with
the properties of the type-I Si-P-Te clathrate.””! We also
show that the non-optimized Si-P-Te clathrates display intri-
guing values of the thermoelectric figure-of-merit (ZT=
0.24-0.36) in the temperature range of 700-1100 K, empha-
sizing high prospects of developing effective thermoelectric
materials for heat-waste recovery and direct solar energy
conversion at elevated temperatures. The degree of disorder
in the crystal structure of the clathrate-III is probed with
neutron diffraction. The vast impact of the composition and
atomic arrangements of Si-P-Te clathrate-I and clathrate-III
on their thermoelectric properties is discussed.

Results and Discussion

Clathrate-III Si;3; g3)Paga@yTer sy and reference clathrate-I
Siz; o1yP1soayTe7003) Were prepared by a standard ampoule
technique as described in detail elsewhere.”>?% XRD data
yield the unit cell parameters: a=9.9772(1) A for the cubic
SizionPsoyTerony and  a=19.2491(4) A and c=
10.0706(3) A for the tetragonal Sis g3)PaosTearsq), Which
appeared to be in excellent agreement with our previous re-
sults®>% The phase compositions were confirmed by
energy dispersive X-ray spectroscopy (EDXS) and wave-
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length dispersive X-ray spectroscopy (WDXS), and the
quality of the specimens was checked by a combination of
metallographic investigations, SEM and WDXS, as well as
by powder XRD. Lab-scale (up to 2 g) samples of both
clathrates can be prepared as single phase materials. Large-
scale samples (&5 g) of clathrate-I were proved to be single
phase, whereas the large-scale samples of clathrate-III used
for thermoelectric measurements contained only a minor
impurity of the clathrate-I.

The Si-P-Te clathrates are members of a large family of
cage compounds,” in which the framework built of silicon
and phosphorus atoms traps tellurium anions inside the
cages. Only two types of polyhedral cages with 20 and 24
vertices are present in the clathrate-I structure in the 2:6
ratio per unit cell. The crystal structure of clathrate-I1T is
more complex; it exhibits three different cages with 20, 24,
and 26 vertices alternating in a unit cell in a 10:16:4 ratio
per unit cell (Figure 1). The largest 26-vertex polyhedra are

Figure 1. Polyhedral representation of the crystal structures of the type-I
(left) and type-III (right) clathrates. 20-vertex polyhedra, green; 24-
vertex polyhedra, blue; 26-vertex polyhedra, red.

unique and are not present in other clathrate types. For a
matter of clarity, hereafter, “type-I clathrate” is used for the
sample with the composition Si;,P;,Te; and “type-III clath-
rate” for Sij;PuTe, s, which represents the compositions
from the homogeneity ranges for the corresponding clath-
rates. Both crystal structures feature mixing of silicon and
phosphorus atoms on different sites of the clathrate frame-
work and contain vacancies in the guest tellurium positions.
In both structures guest tellurium atoms occupy only a part
of the 20-vertex cages, 15% in Si;3PyTe, s and 50% in
Sis,P, Te,.234 According to their crystal structures, these
clathrates are expected to have properties of a “phonon
glass—electron crystal”, which means that the covalently
bonded clathrate framework ensures the efficient transport
of charge carriers, while the guest atoms inside the oversized
cages scatter heat-carrying phonons.”*

Neutron diffraction: For thermoelectric materials, the local
and/or long-range disorder plays a very important role.'*%!
For clathrates, it is generally believed that low thermal con-
ductivity is due to rattling of the guest atoms in the over-
sized cages. However, local disorder in the clathrate frame-
work should not be neglected.””” We have shown by means
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of neutron diffraction and solid-state NMR spectroscopy
that Si-P-Te clathrate-I exhibits a high degree of disorder as-
sociated with mixed occupation of most of the framework
positions by Si and P atoms. Clathrate-III represents a
more complicated crystal structure with 17 framework posi-
tions, each of which may be occupied either by P, or Si, or
both. X-ray single crystal analysis did not allow us to unam-
biguously determine the framework structure due to similar
scattering factors of Si and P. Based on the analysis of in-
teratomic distances and *P NMR spectroscopy studies,
lower framework disorder was proposed for Si-P-Te clath-
rate-III compared with clathrate-1.”? Two of 17 positions
were suggested to be fully occupied by phosphorus, P(1) and
P(2), and three other positions E(3), E(4), and E(5) were
set to be occupied by a mixture of Si/P. The Si/P ratio in
these positions was fixed to 0.55/0.45 to achieve the experi-
mentally determined composition by WDXS.*

To prove the Si/P distribution we performed neutron
powder diffraction studies (Figure 2), since Si and P have
different neutron coherent scattering lengths (5.13 fm for P
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Figure 2. Neutron diffraction Rietveld plot for the refinement of the
clathrate-III, experimental data (crosses), calculated profile (line), and
difference profile (lower part) are shown.

and 4.15 fm for Si). During the refinement, the occupancy
of each framework position was allowed to vary. The results
of the Rietveld refinement of neutron data confirms the
model proposed on the basis of X-ray single crystal data
(Tables S1 and S2 in the Supporting Information). The posi-
tions P(1) and P(2) are fully occupied by phosphorus,
whereas the positions E(4) and E(5) feature mixed occupa-
tion with the Si/P ratios of 0.43(2)/0.57 and 0.59(2)/0.41, re-
spectively. The only differences in the Si/P assignment de-
rived from neutron data compared with that from the
single-crystal XRD are the positions E(3) and Si(17). Ac-
cording to the neutron data refinements, the 8-fold position
E(3) is fully occupied by silicon, whereas the 16-fold posi-
tion Si(17) has mixed Si/P occupancy with the 0.80(2)/0.20
ratio. Thus, the neutron powder diffraction allowed us to un-
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ambiguously establish the distribution of Si and P over the
clathrate-III framework positions (Figure 3). The analysis of
the local coordination of Te atoms reveals that phosphorus
atoms prefer to build the smaller pentagonal-dodecahedral

Tel @PgSiy Te2@P,E,Si ;

Ted@P,ESiy,

Te3@E, Sy,

Figure 3. Coordination of Te atoms in the crystal structure of Si-P-Te
clathrate-III. The sizes of the spheres are proportional to isotropic ADP.
Si: black; P: orange; E=Si/P: green; Te: blue.

cage, in which 10 atoms of 20 are either P or E (=Si/P). The
24-vertex polyhedra contain either 7 or 14 P and E atoms,
whereas the largest 26-vertex cage contains only six P
atoms. The latter Te cage (diameter of 7.2 A) is unique to
clathrate-III and is not present in type-I, II, VIII, or IX
clathrates. The tellurium atom inside this polyhedron shows
remarkably higher atomic displacement parameters (ADP)
(Figure 3). The refinement of the occupancy of Te(1) did
not reveal any deviations from 100%. The ADPs in the
clathrate structure are attributed to the rattling of the guest
atom within the oversized cage, which is one of the key con-
ditions for low thermal conductivity necessary for efficient
thermoelectric material >

Surface oxidation: To investigate the utmost thermal stabili-
ty of the Si-P-Te clathrates the X-ray photoelectron spec-
troscopy (XPS) studies were performed on a single-phase
sample of clathrate-III. The sintered ingot of the sample was
divided into two parts. One of these was investigated as
cast, without any further treatment, whereas another part
was annealed in air at 1273 K for 30 min. The XRD patterns
were identical for both parts, without significant changes of
the unit cell parameters (Figure S1 in the Supporting Infor-
mation). XPS investigation based on the synchrotron source
has the following advantage: the wavelength of the incom-
ing radiation may be varied to probe the surface depth pro-
file of the material.®® In current studies, Te3d, P2p, Si2p,
and Cls XP spectra were recorded with different primal
beam wavelengths resulting in photoelectrons with similar
kinetic energy. Thus, the same information depth was
probed for each element. Three different kinetic energies
were chosen: 780, 380, and 150 eV. These correspond to in-
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formation depths (three-times the inelastic mean free path)
of about 6, 3.5, and 2nm, respectively, for clean
Sij31 §PagaTey 5.7

The Te3ds, XP spectrum recorded at the highest kinetic
energy (i.e., highest information depth, most bulk-sensitive
mode) clearly indicates a negative oxidation state for telluri-
um in clathrate-III (Figure 4). The binding energy (BE) of

Intensity / a.u.

576 575 574 573 572 571 570 569
Binding energy / eV

Figure 4. Te3ds, region of the XPS for the as-cast sample of the type-III
clathrate Sij3,P4Tey 55 hv=1350 eV.

elemental tellurium is 572.9 eV, whereas Te in positive oxi-
dation states has significantly higher binding energies, above
575 eV.” The obtained spectrum can be deconvoluted into
two components with binding energies 571.1 and 572.5eV
(Table 1). The lower value is similar to the BE reported for

Table 1. Results of the XPS investigation of the clathrate-II1
Siy5PyTey s

As cast Anneal. at 1273 K
Peak [eV] Rel. intensity Peak [eV] Rel. intensity
Si 100.0 12% 100.5 5%
Sit*  103.6 88 % 103.8 95 %
P’ 129.6 2% Not detectable
P+ 1349 58% 134.8 weak
Te* 5711 33%
Ted 5725 67% Not detectable

[a] Photoelectron kinetic energy="780 eV. It corresponds to a clathrate
information depth of ~6 nm and a silica information depth of ~7.3 nm,
calculated as approximately triple the inelastic mean free path of photo-
electrons with such kinetic energy in the material.*’)

A,Te (A=K, Cs) films (BE=571.1-571.5 ¢V) in which the
oxidation state —2 can be assumed for tellurium.F'! The BE
of the higher component is close to elemental tellurium.P**!
An explanation for the two components might be that Te
atoms in different types of polyhedral cages in the crystal
structure of clathrate III exhibit dissimilar charges. Howev-
er, the observed Te3d peak component ratio of 1:2 does not
correlate with the cage occupancies in the crystal structure,
in which the calculated ratio of tellurium atoms occupying
cages with 26, 24, and 20 vertices is 4:16:1.2.¥) The most
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probable reason is a partial oxidation of the sample on the
surface. The latter assumption is supported by the fact that
in the surface-sensitive mode only one component in the
Te3ds, spectrum with a binding energy of 572.7 eV was de-
tected. A similar observation was reported for A,Te (A=K,
Cs) films in which a moderate oxidation or deficiency of
alkali metal led to the elimination of the low binding energy
component and to the formation of a new component with
the BE close to that of elemental tellurium. Such a BE was
still attributed to Te® .Y Thus, in the bulk structure of clath-
rate-III, tellurium has an oxidation state of —2 while on the
surface it is partially oxidized.

Investigations of silicon and phosphorus XP spectra sup-
port the assumption of partial surface oxidation (Table 1).
For each element two well-resolved components were ob-
tained. In the case of phosphorus the low BE (129.6 eV)
component is close to that reported for elemental phospho-
rus or for covalent phosphides, such as MP (M=Ga, In),
whereas the higher BE component (134.9 eV) represents the
completely oxidized P*° in metaphosphates and P,O,,.""
Similarly, for Si the low BE of 100 eV corresponds to the el-
emental silicon or covalently bonded silicon in silicon car-
bide, SiC, whereas the higher BE of 103.6-103.9 eV is typi-
cal for silica.’ In surface sensitive mode the intensity of el-
emental peaks decrease with a concomitant development of
oxide peaks. Therefore, the XPS results conform to the
simple, yet powerful, Zintl concept,” that is, in the bulk
structure of Si-P-Te clathrates, the Te atoms realize an elec-
tron octet by accepting electrons from the framework atoms,
thus becoming Te*~, whereas Si and P atoms achieve the
close-shell configuration by forming four covalent bonds
each and having oxidation states close to zero. Additionally,
the XPS investigations of clathrate-III show that its surface
is partially oxidized, since mainly P*> and Si** were detect-
ed at an information depth of 2 nm. The thickness of the
oxide coating can be estimated from the penetration depth
as <5 nm.

Temperature treatment of clathrate-III in air at 1273 K
leads to no bulk oxidation or decomposition as detected by
powder XRD. However, the XPS indicates a significant al-
teration of the surface. After temperature treatment, the XP
spectrum revealed no Te in the near-surface region of the
sample independently on independent of the wavelength of
the incoming radiation used. A very weak phosphorus signal
was present in a bulk sensitive mode and the corresponding
BE indicates the oxidation state +5. Clearly, the main XP
signal arises from silica, BE=103.8 eV (Table 1). At two
other kinetic energies used (i.e., in surface-sensitive mode),
only the silica signal was detected at similar BE and neither
P nor Te were present. Thus, the rearrangement of the oxide
layer on the surface of the type-III clathrate occurs due to
the high-temperature treatment in air resulting in the forma-
tion of a silica top layer with a thickness of about 7 nm. Sim-
ilar behavior was previously reported for some metal sili-
cides.™ For Si-P-Te clathrates, such a silica coating has a
high impact on the stability of the studied compounds in air,
protecting them from further oxidation.
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Thermoelectric properties: For the reason of comparison,
the TM properties of Si-P-Te clathrate-III were studied to-
gether with those of clathrate-I. A brief report of the ther-
moelectric properties of the Si-P-Te clathrate-I sample with
unascertained composition and containing a significant
amount of impurities was reported recently.”™ However,
the composition, the distribution of atoms over the frame-
work positions and the occupancies of the guest positions
were not determined, which hampered the establishment of
the structure—property relationship. In our work, we studied
the well-defined single-phase sample of clathrate-I with the
composition Siz; o1yP13.901)T€7.0003)-

The temperature dependence of the resistivity (o), See-
beck coefficient (), power factor (P), and thermal conduc-
tivity (k) of the type-III and type-1 Si-P-Te clathrates are
plotted in Figure 5a—d. Notable are the very low absolute
values of the resistivity for the type-I compound, with p<
100 uQm across the whole temperature range. There is
some scatter, but in general the dependence appears to be
an increase in p as the temperature is increased. The type-
III clathrate shows sizably higher resistivity, with the room
temperature value larger by about a factor of four. Interest-
ing temperature dependence is observed with the resistivity
showing a precipitous decrease above 1000 K. Both com-
pounds are p-type conductors, since the values of the See-
beck coefficient are positive in the whole range of measure-
ments. In contrast to the low values of resistivity, the See-
beck coefficients are quite large, with a>200 pVK ™ above
550 K for both compounds. Charge carriers transported in
TM materials are characterized by the power factor P=a%/p
(Figure 5c¢). According to the Zintl concept,*? type-I and
type-III Si-P-Te clathrates are quite different. For type-I
clathrates Siy; P, Te,, small deviations from the Zintl com-
position, that is, x <2y, were detected, which implies heavily
doped semiconductor properties.* In turn, clathrate-III
Sij;,_ P, Te, has the exact Zintl composition (x=2y) and ex-
hibits typical semiconducting behavior.”? Thus, the power
factor for a type-I clathrate is expected to be higher com-
pared with that of clathrate-III in the whole temperature
range. At 1000K the absolute values of P are
1000 WK 2m™' and 120 yWWK2m™!, respectively. Al-
though a maximum in the power factor is reached at 1000 K
for the type-I clathrate, P increases sharply for the type-III
clathrate above 1000 K. In general, for TM materials high
power factors are required until the charge carriers contri-
bution to thermal conductivity remains essentially small
compared with the phonon contribution.

The thermal conductivity of both types of clathrate de-
creases with temperature, but then undergoes a broad mini-
mum around 600 K and increases (Figure 5d). It is signifi-
cantly smaller for clathrate-III compared with clathrate-I in
the whole temperature range. The total thermal conductivity
x comprises the electronic thermal conductivity, «,, and the
contribution from the lattice, x;.’* As expected from the
higher power factor, «, is higher for clathrate-I, with the
maximum value of 0.30 Wm'K™' (Figure 5d), whereas it
does not exceed 0.15 Wm ™ K™! for the type-III sample (not
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Figure 5. Temperature dependence of a) the resistivity; b) Seebeck coefti-
cient; c) power factor; d) total thermal conductivity, x, and lattice ther-
mal conductivity, x,; e) figure-of-merit for type-I and type-III Si-P-Te
clathrates. Error bars are included; the lines running through the data
points are guides to the eye.

shown). In both cases the electronic contribution constitutes
not more than 15% of the total thermal conductivity, mean-
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ing that the lattice part is dominant. Clathrate-III has large
oversized 26-vertex cages with Te trapped inside such poly-
hedra. These Te atoms exhibit extremely high rattling as can
be concluded form the X-ray® and neutron diffraction data
(see above). In turn, the degree of framework disorder, for
example, joint occupancy of one atomic position by Si/P, is
lower for clathrate-III compared with clathrate-I as evi-
denced from the neutron diffraction data. We conclude that
the rattling of the guest atoms affects the phonon transport
greater than the Si/P disorder, which contributes less be-
cause these light atoms have close atomic numbers and
evoke only minor mass alternation.

The dimensionless figure-of-merit ZT=PT/x (Figure Se)
was calculated assuming a smooth extrapolation of x to
54Wm 'K at 1100 K for the type-I clathrate and to
1.65 Wm™' K™ for the type-III one. For the type-I clathrate
ZT reaches a maximum value of approximately 0.30 at
870 K, whereas it sharply increases for the type-III clathrate
after 1000 K reaching Z7=0.36 at 1100 K. These figures-of-
merit values are still lower than those for the air-stable
doped p-type Si,Ge,_, bulk alloy (ZT~0.6),!*! but are com-
parable to the best ZT values at the respective temperatures
(1000 K) achieved for optimized oxide materials (ZT
~0.3)." These materials are the only known thermoelec-
trics stable in air at temperatures of about 1000 K; their per-
formance has been intensively optimized, and these values
can be used as a benchmark for air-resistant thermoelectric
materials. Though higher ZT values were reported for sever-
al compounds at very high temperatures, for example
Yb;MnSb,; with ZT=1.05 at the highest temperature of
1250 K, their chemical instability towards oxidation in air
is a barrier for their wide-spread application as power gener-
ators.

Considering that this is the first report on the TM proper-
ties of the type-1II clathrate, for the “as-cast”, non-opti-
mized compound, the ZT values obtained in this work are
promising. The clathrate structure offers exceptional ways
for optimization of thermoelectric parameters, allowing us
to tune the resistivity and thermal conductivity almost inde-
pendently of each other. The optimization pathways stem
from the results of the current work. Proper doping of a Si-
P framework of clathrate-II1 should result in heavily doped
semiconductor behavior similar to the case of clathrate-I.
This would raise the power factor without significant affect
on the thermal conductivity. Thus, doping of Zn into clath-
rate BagNi,Gas_,,Gey_,_,, resulted in a fourfold increase of
ZT up to the 1.2 value at 1000 K.** In turn, thermal conduc-
tivity of both type-III and type-I clathrates can be signifi-
cantly lowered owing to guest atom substitution.’® Mixing
of Te with halogens or Se would result in a further decrease
of thermal conductivity. The optimization studies of Si-P-Te
clathrates should also prove to be of very high interest and
will be reported in due course.
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Conclusion

The type-III Si-P-Te clathrate with the cage-like crystal
structure exhibits high chemical and thermal stability origi-
nating from the ultra-fine (undetectable with XRD) silica
film that develops on the surface of the bulk sample during
heating in air, which prevents further degradation of the ma-
terial. Similar to type-I Si-P-Te clathrate, the type-III clath-
rate displays a combination of high electrical conductivity
with high thermoelectric power. However, these p-type
semiconductors do not exhibit low enough thermal conduc-
tivity, which is, on average, a factor of three higher than that
observed in the majority of the clathrates.'¥?"] Already, with
such a relatively high thermal conductivity, ZT reaches
promising values of 0.30 for the type-I clathrate at 870 K
and 0.36 for the type-III clathrate at 1100 K. The compari-
son of the crystal structures of these clathrates shows that
the higher ADP’s of the tellurium guests in the oversized
26-vertex cages apparently leads to lower thermal conductiv-
ity of clathrate-III. These findings show that the silicon-
based clathrates present a new family of prospective materi-
als for high-temperature power generation.

Experimental Section

Synthesis and characterization: Stoichiometric mixtures of elemental Si,
red P, and Te were annealed in quartz ampoules that were sealed under
vacuum. A single phase sample of clathrate-I was synthesized by two-
step annealing at 1375 K for 100 and 144 h with subsequent regrinding to
achieve homogeneity and approach thermodynamic equilibrium.?¢ A
single phase sample of clathrate-III was obtained by the annealing of ele-
ments at 1425 K for 18 days.” To obtain compact large scale (=5 g)
samples suitable for thermoelectric measurement, the sample of clath-
rate-I was pressed into a pellet and annealed for a third time at 1425 K
for 18 days. A large-scale sample of clathrate-III was obtained by the an-
nealing of elements at 1425 K for 18 days.

XRD was performed in a transmission alignment by using a Huber G670
Image Plate Camera, Cug,, radiation, 1=1.540598 A. The unit cell pa-
rameters were calculated from least-square fits using LaBg (cubic, a=
415692 A) as an internal standard.

Polished samples were examined by optical microscopy (Zeiss Axio-
plan2) and SEM. The microstructure images were obtained in back scat-
tering electron (BSE) contrast (Cameca SX100). The composition was
determined by energy dispersive X-ray spectroscopy (EDXS) and wave-
length dispersive X-ray spectroscopy (WDXS). GeTe and SiP, were used
as standards to calibrate the tellurium, silicon, and phosphorus contents.

Neutron diffraction: Elastic coherent neutron scattering experiments
were performed at the research reactor FRM-II (Garching, Germany) on
the high-resolution diffractometer SPODILF” Monochromatic neutrons
(A=1.5475 A) were obtained at 155° take-off angle using the 551 reflec-
tion of a vertically-focused composite Ge monochromator. The vertical
position-sensitive multidetector (300 mm effective height) consisting of
80 *He tubes and covering an angular distance of 160° 26 was used for
data collection. The studied lab-scale sample (about 0.5 cm® in volume)
was filled into a thin-wall (0.15 mm) vanadium container of 10 mm diam-
eter. 2D powder diffraction data were collected at ambient temperature
and then corrected for geometrical aberrations. The Rietveld refinement
of the neutron diffraction data was carried out by using the JANA2000
software package.™ The peak profile shape was modeled by choosing
the pseudo-Voigt function. The scale factor, lattice parameter, fractional
coordinate of atoms, their isotropic displacement parameters, site occu-
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pancies, zero angular shift, profile shape parameters, and half width pa-
rameters were varied during the fitting.

XPS studies: A single-phase sample of clathrate-III was used for the X-
ray photoelectron spectroscopy (XPS) experiments. XPS experiments
were performed at beamline ISISS at BESSY (Berlin, Germany). Sam-
ples were investigated in ultra-high vacuum (pressure ~10~® mbar) with-
out sputtering to get information about the surface of the samples. The
data were calibrated by using the Cls line arising from adventitious sur-
face carbon contamination, the main component of the Cls line was
fixed to a value of 284.7 eV. Accuracy of such a calibration can be esti-
mated as not exceeding 0.2 eV.

Property measurements: Electrical resistivity was measured by using the
four-probe method, whereas thermoelectric power was measured by a
differential method in the temperature range from 300 to 1100 K in
helium gas with an ULVAC ZEM-2. To determine the thermal conductiv-
ity, first of all, the room temperature specific heat was measured by using
a transient heat pulse method with a small temperature increase of 2%
relative to the system temperature. Then, the relative specific heat and
thermal diffusivity coefficient were measured by a laser flash method
from 300 to 1050 K under vacuum with an ULVAC TC-7000. The thermal
conductivity is determined as the product of the density measured by a
pycnometric method, the specific heat, and the thermal diffusivity coeffi-
cient. The density of all used samples exceeds 90 % of their theoretical
X-ray density.
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