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We report on thermoelectric properties of n-type nanostructured bulk
Si0.8Ge0.2 with the addition of FeSi2 prepared via two sintering routes: the
conventional spark plasma sintering method and a direct current pressing
technique. The thermal conductivity, the electrical conductivity, and the See-
beck coefficient have been determined over the temperature range from 25�C to
900�C in a helium atmosphere. The highest ZT value for the multiphase
nanostructured composite was reached at �0.6 at 900�C. Embedding of 10 at.%
FeSi2 phase had a positive impact on thermal properties but dramatically af-
fected the power factor, which eventually resulted in a drop of the thermo-
electric efficiency. It was also shown that the orthorhombic b-FeSi2 phase
transforms to a tetragonal a-FeSi2 phase during high temperature sintering.
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INTRODUCTION

It is well known that waste heat is one of the main
sources for energy loss. Thermoelectrics can be used
for an efficient conversion of this waste heat. Among
silicon compounds, silicon germanium (SiGe) has
been the most promising thermoelectric for high
temperature applications around 800�C. High
mechanical strength and resistance to atmospheric
oxidation make this material suitable for a number
of practical applications.1 For example, SiGe has
been used in power generation systems of spacecraft
for more than fifty years. The large-scale application
of SiGe is limited for many reasons. The most
important of them is the high price and a rather low
thermoelectric efficiency. The thermoelectric effi-
ciency of any material is determined by its dimen-

sionless parameter figure of merit, ZT ¼ S2rT
k , where

S is the Seebeck coefficient, r is the electrical
conductivity, and k is the thermal conductivity.1,2

The recent progress in increasing ZT has been
mainly driven by a reduction of thermal conductiv-
ity via a nanostructuring approach.3–7 It is well
known that phonon and charge carrier transport are
influenced by crystallite boundary scattering espe-
cially when the size of the crystallites is comparable
to their characteristic lengths. If the crystallite sizes
in the nanostructured material are comparable with
the phonon mean free path but are larger than the
charge carrier mean free path, the thermal conduc-
tivity is reduced more significantly than the elec-
trical conductivity and this finally results in
enhancement of ZT value. The efficiency of this
approach has been demonstrated for a large group
of the well known materials (Bi2Te3, SiGe, PbTe,
Mg2Si, etc.).3,5–7 Another way to increase ZT value
is to enhance electrical conductivity and the See-
beck coefficient or, in other words, the power factor
of a thermoelectric material. This route can be
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realized by making a multiphase nanostructured
composite.8,9 It has been predicted theoretically10

that embedding silicides into the host SiGe matrix
can considerably improve thermoelectric properties
of the multiphase material. The perspective of
nanoparticle doping has also been introduced by a
model calculation for silicides-SiGe alloy systems.10

Several silicide-SiGe composite systems have been
considered as perspective systems for the enhance-
ment of ZT. However, experimental investigation of
these material systems has been performed only for
several SiGe-silicides composites with the addition
of CrSi2, MoSi2, and WSi2.11–14 Virtually the same
systems have been used to study thermoelectric
performance of modulation doped samples.14–16

Only a few silicides of transition metals have been
reported to be semiconducting. These include Si-
rich phases with transition metals from VI, VII, and
VIII groups of the Periodic Table. Up to now, nine
stable semiconducting transition metal silicide
phases (CrSi2, MnSi1.73, b-FeSi2, Ru2Si3, ReSi1.75,
OsSi, Os2Si3, OsSi2, and Ir3Si5) with energy gaps in
the range from 0.12 to 2.3 eV are known.17–20 Here,
we investigate the formation and thermoelectric
properties of a nanostructured Si0.8Ge0.2 matrix
with the embedded FeSi2 phase. In the medium
temperature range, the pure b-FeSi2 is a p-type
semiconductor with an orthorhombic crystal struc-
ture and transforms to tetragonal a-FeSi2 phase,
which has metallic properties at temperatures
above 900�C. Since b-FeSi2 possesses a higher
thermoelectric power factor as compared to the
doped silicon germanium, a composite material
made of Si0.8Ge0.2 and b-FeSi2 can be considered
as a proper candidate for enhancing the thermo-
electric properties. In order to synthesize n-type b-
FeSi2, we applied the approach reported in Ref. 21.
Specifically, b-FeSi2 was doped by Co via a mechan-
ical alloying technique.

EXPERIMENTAL

Powders of SiGe doped by 2 at.% of P, b-FeSi2,

and Co of at least 99.99% purity were used for
preparation of the samples. At the first step, FeSi2
and Co powders were mixed in a desired proportion
and mechanically alloyed in the planetary mill
Fritch 7 Pulverisette. Subsequently, b-Fe0.98Co0.02

Si2 powder was mixed with Si0,8Ge0,2 powder and

ball milled. The vial of the ball-mill and the milling
media were made of zirconium oxide. The ball-to-
powder weight ratio was 20:1, and the process was
carried out in an argon atmosphere at a speed of
700 rpm. 1 wt. % of anti-friction and re-welding
control agent (alcohol) was added to the vials. The
samples were sintered from the prepared powder
using two sintering techniques: spark plasma sin-
tering (Labox 650, Sinter Land, Japan) and direct
current sintering (universal simulator of metallur-
gical processes Gleeble 3800). The powders were put
into a cylindrical graphite die, which was placed in a
camera evacuated to a high vacuum. Uniaxial
pressure was then applied through top and bottom
plungers. Each plunger has a diameter of 12.7 mm
and a length of 23 mm. The multiphase samples
were prepared using the following sintering condi-
tions (which were identical in both sintering meth-
ods): (1) the samples were pre-compressed at room
temperature for 2 min, then the pressure was
increased up to 60 MPa; (2) temperature of the
samples was gradually raised to 1000–1100�C with
a heating rate 10�C/s; and (3) after soaking time of
5 min, the pressure was reduced to 10 MPa and the
samples were cooled to the room temperature for
15 min. During the consolidation cycle, the experi-
mental parameters of temperature, applied pres-
sure, current, voltage, and sample displacement
were recorded continuously. Temperature was
recorded by a thermocouple (Type R) inserted in a
hole drilled into the die surface to a depth of
3.5 mm. The compacted disc samples have a dimen-
sion of 12.7 mm (diameter) 9 2 mm (height). The
samples were annealed at different temperatures
for one week. The structure of the samples was
examined by transmission electron microscopy
(TEM). Samples for the TEM study were prepared
by an ion polishing installation JEOL ION Slicer
with the energy of the Ar ions at 4 keV. Studies of
the phase composition of powdered samples were
carried out on a Difrey-401 x-ray diffractometer at
room temperature on Cr-Ka radiation (k = 2,2909
Å). Density of the samples was determined by the
Archimedes technique. Thermal conductivity mea-
surements were carried out using a laser flash
analysis system (Netzsch LFA 457) from room
temperature up to 900�C. Specific heat was mea-
sured by a differential scanning calorimeter (DSC)
Netzsch 204 F1. Electrical conductivity and the

Table I. Sintering parameters and volume density of the studied SiGe-FeSi2 samples

Sample Temperature, �C Soaking time, min Pressure, MPa Density, % of theoretical

SPS 1000 1000 5 60 86.3
GL 1000 1000 5 60 83.4
SPS 1050 1050 5 60 89.7
GL 1050 1050 5 60 88.5
SPS 1100 1100 5 60 94.3
GL 1100 1100 5 60 92.8
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Seebeck coefficient were measured simultaneously
on bars measuring 1 9 3912 mm using a home-
made transport measuring system (Cryotel Ltd.).
The Hall resistivity was measured at room temper-
ature in magnetic fields up to 10 kOe by a standard
four-probe technique with current I = 30 mA pass-
ing through the sample.

RESULTS AND DISCUSSION

The nominal composition of the n-type material
was P-doped Si0.8Ge0.2 with 10 at.% of b-
Fe0.98Co0.02Si2. After the milling process, the mul-
tiphase powder was subsequently sintered at abso-
lutely equal conditions via the aforementioned
techniques. The sintering parameters were chosen
in such a way that allows one to compare our results
with those reported in Ref. 7. The sintering

conditions and the calculated density of all the
samples are presented in Table I.

Samples sintered by the spark plasma sintering
method are labeled as ‘‘SPS’’ while those sintered by
the Gleable 3800 system are marked as ‘‘GL’’. Short
soaking time and rapid heating was chosen to
prevent recrystallization. Accumulated experimen-
tal data22,23 showed that the SPS method does not
lead to a significant grain growth and allows one to
save nanocrystallite structure. At the same time,
SPS technique allows one to obtain samples with a
higher volume density at any sintering temperature
(Table I). These facts make the SPS method more
promising for achieving better results. Typical x-ray
diffraction (XRD) patterns of powder and the sin-
tered samples before and after annealing are pre-
sented in Fig. 1. The results of XRD analysis for the
samples sintered and annealed under the other
conditions were approximately identical.

Two apparent phases of SiGe solid solution and
the a-FeSi2 (tetragonal) are easily seen on the XRD
patterns (Fig. 1). The FeSi phase was found in some
samples sintered by Gleeble 3800, but this phase
was not observed after homogenizing annealing.
The fact that the orthorhombic b-FeSi2 phase
transforms to tetragonal a-FeSi2 phase during high
temperature sintering is clear and undeniable
according to the XRD data. It should be noted that
a long term annealing just below the phase transi-
tion temperature did not reverse completely the
tetragonal a-FeSi2 phase into the orthorhombic b-
FeSi2 phase. The XRD pattern of the powdered
sample shows a significant broadening of the peaks
due to an increase of the internal energy in the
system caused by dispersing and increasing defect
concentration in the sample. This effect partially
remained in the sintered and annealed samples and

Fig. 2. (a) Dark-field TEM image of a typical microstructure of the SPS 1100 sample. Yellow regions on the micrograph mark the areas of SAED
taken from a Si(Ge) single crystal along [010] zone axis (b) and an a-FeSi2 single crystal along [010] zone axis (c).

Fig. 1. XRD patterns collected for n-type SiGe-FeSi2.
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had a significant impact on thermal and transport
properties.

A dark-field TEM image of the SPS 1100 sample is
shown in Fig. 2a. The image was taken using a 111
type reflection on the ring diffraction pattern as an
image forming reflection. The dark sharp-cornered
particles were identified as SiGe on the basis of
electron diffraction data (Fig. 2b). Moreover, the
presence of typical silicon twin defects further
indicated that these particles are a SiGe solid
solution. FeSi2 is mostly located at the boundaries
of the SiGe particles. The diffraction pattern corre-
sponding to FeSi2 is shown in Fig. 2c. Obviously, the
adhesion between the particles in a multiphase
material slightly decreased in comparison with
SiGe,7 which causes formation of a significant
amount of isolated pores.24 Formation of the pores
has a dramatic effect on the electrical transport
properties of materials sintered at low tempera-
tures. Temperature dependencies of thermal and
electrical conductivities, the Seebeck coefficient and
the calculated, from these data, ZT value are
presented in Fig. 3. It can be seen from Fig. 3a that

thermal conductivity k of all the multiphase samples
is significantly lower as compared to that observed in
the bulk radioisotope thermoelectric generator
(RTG) sample (Ref. 6). For both consolidation tech-
niques, thermal conductivity of the samples strongly
depends on their sintering temperature (Fig. 3a).
Evidently, the main reason for a large difference in
thermal conductivity between the sintered samples
is a considerable difference in the volume density of
the samples, which strongly influences both lattice
and electron components of the thermal conductiv-
ity. The lowest thermal conductivity value
k � 1.5 W m�1 K�1 at room temperature was mea-
sured for the GL 1000 sample. However, this benefit
was not large enough to overcome the loss in the
electrical transport properties (Fig. 3b).

Electrical conductivity of the samples sintered at
1000�C and 1050�C demonstrates a significant drop,
down to (1–2) 9 104 S/m. Electrical conductivity
curves measured for the SPS 1100 and GL 1100
samples show approximately the same behavior as
that in the SiGe nanostructured sample and demon-
strate a shape typical for highly-doped

Fig. 3. Temperature dependence of thermoelectric properties of nanostructured multiphase SiGe-FeSi2, the reference RTG sample (Ref. 6), and
nanostructured SiGe sample sintered at 1100�C (Ref. 7): (a) thermal conductivity, (b) electrical conductivity, (c) Seebeck coefficient and (d)
calculated ZT.
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semiconductors. As compared with the SPS 1100
and GL 1100 samples, other samples sintered at
T< 1100�C have lower values of r which did not
alter significantly with increasing temperature. The
Seebeck coefficient demonstrates a tendency toward
decreasing its absolute values with the increase in
the sintering temperature (Fig. 3c). This trend can
be attributed to the influence of the a-FeSi2 metallic
phase, which injects a lot of charge carrier into the
sintered nanostructured material leading to devia-
tion from the optimum carrier concentration and
decreasing Seebeck coefficient for the samples sin-
tered at 1100�C. Meanwhile, the SPS 1000 and GL
1000 samples show significant growth of the See-
beck coefficient due to very low carrier concentra-
tion despite the contribution from a-FeSi2 (see
Table II). However, coupled with the electrical
conductivity their power factor is lower as compared
to the samples sintered at 1100�C. Calculated
figure of merit of the studied SiGe-FeSi2 samples
is shown in Fig. 3d. As compared with the pure SiGe
nanostructured sample sintered at the same condi-
tions,7 the SiGe-FeSi2 samples have significantly
lower ZT. The GL samples sintered at 1100�C and
1050�C show lower ZT values than the

corresponding SPS samples. This is caused mainly
by features of the SPS process that allow one
simultaneously to preserve good electric transport
properties and to decrease phonon transport. Mea-
surements of the Hall coefficient RH were carried
out at room temperature for the samples sintered at
1100�C and 1050�C and also for the host SiGe
sample. Typical behavior of the Hall resistivity is
shown in Fig. 4. Positive Hall resistance seen at low
magnetic fields is essentially related to a systematic
error, which originates from an asymmetry in the
voltage contacts. Within experimental error, the Hall
resistivity is a linear function of the applied magnetic
field. RH was defined as a slope of the linear fit
function. Results of calculations from the Hall coef-
ficient values for carrier concentration and electron
mobility in the measured samples are presented in
Table II.

CONCLUSION

The multiphase nanostructured SiGe-FeSi2 sam-
ples were synthesized both by SPS and direct
current sintering techniques. The SPS technique
turned out to be more suitable for consolidation of
the SiGe-FeSi2 samples. The highest ZT � 0.6 at
900�C was reached for nanostructured n-type SiGe
doped by 10 at.% FeSi2. The main reason for a
rather low ZT value in the studied materials is the
phase transition of semiconducting b-FeSi2 to
metallic a-FeSi2. An optimal relation between the
thermal and transport properties was obtained for
the samples sintered at 1100�C.
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