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Thermoelectric properties of Mn-doped iron
disilicide ceramics fabricated from radio-frequency
plasma-treated fine powders
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Fine particles of Fe0.92Mn0.08Si2.00, 200 nm in size, were produced using a high-frequency

plasma. The powders were sintered at temperatures between 1323 and 1423 K in vacuum

and then heat treated at 1073 K to transform them into thermoelectric semiconducting

iron disilicide. The relative density of the samples was as low as 70—77%, and the

microstructure was composed of several tens of micrometre grains and continuous pores.

The sample sintered at 1423 K, in particular, showed a figure of merit, Z, of 2.0]10!4 K!1 at

870 K which was 20% larger than those previously reported. The increase in Z was found to

be attributable to the increase in Seebeck coefficient and the decrease in thermal

conductivity.
1. Introduction
Sintered ceramics of FeSi

2
feature a high heat resist-

ance, high oxidation resistance and large thermoelec-
tromotive force. Therefore, they have attracted
much attention as high-temperature thermoelectric
materials to be used in an atmosphere of household
gas and in petroleum equipment. According to the
phase diagram reported by Piton and Fay [1], the
FeSi

2
composition corresponds to a eutectic alloy

consisting of e-FeSi
2

and a-Fe
2
Si

5
, both of which

show metallic conductivity between the eutectic
temperature, 1485 K, and the peritectic temperature,
1259 K. Below 1259 K, the alloy turns into a single
phase of b-FeSi

2
whose stoichiometric composition

exhibits a semiconducting nature. It is known that
b-FeSi

2
is an intrinsic semiconductor, and that with

the addition of Al or Mn it will turn into a p-type
semiconductor, and with the addition of Co into an
n-type semiconductor [2].

As regards the preparation of the thermoelectric
materials of FeSi

2
, the optimum sintering conditions

of the powder which is several micrometres in size and
the following heat treatment conditions to produce
the semiconducting phase are currently well known
[3]. In contrast, it has just recently become possible to
fabricate the thermoelectric materials of FeSi

2
from

fine particles of submicrometre size, and this paper
reports their thermoelectric properties and electrical

conduction mechanism.
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2. Experimental procedure
2.1. Preparation of fine particles of FeSi2

[4—7]
We selected the composition of Fe

0.92
Mn

0.08
Si

2.00
for

the experiment, since it was known as a p-type
semiconductor to generate the highest figure of merit.
Commercially available powder of 99.9% purity was
vacuum melted in a high-frequency induction furnace,
and ingots of Fe

0.92
Mn

0.08
Si

2.00
composition were

produced. The ingots were pulverized into the powder
of several tens of micrometres using a stamp mill.
This powder was turned into granules 0.5 mm
in diameter by adding 1 wt% of poly(vinyl alcohol)
as a binder. The granules screened to 48—150 mesh
were subjected to radio-frequency (r.f.) plasma
treatment. Table I shows the composition of the initial
powder.

The granules were fed into high-frequency (4 MHz)
Ar—H

2
plasma under atmospheric pressure at a

rate of 1.0 g min~1 to produce fine particles. A
schematic diagram of the high-frequency plasma
is shown in Fig. 1. Plasma was generated inside
a quartz tube 57 mm in inside diameter and 150 mm
long, while Ar gas was introduced through nozzles 1,
2 and 3 with H

2
gas through nozzle 2. The end of

nozzle 3 was placed in the centre of the three-turn coil,
where the granules were introduced to produce the
fine particles [8, 9].
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TABLE I Composition of the starting material.

Composition

Element Amount (wt%)

Fe 44.90
Si 50.46
Mn 3.91
Al 0.36
Ca 0.014
Ti 0.134

Figure 1 Schematic illustration of the r.f. plasma torch.

2.2. Moulding and sintering [10]
The fine particles were moulded under a pressure of
1.8]107 Pa by a spindle press into rectangular bars
2 mm]5.4 mm]30 mm to measure the electrical re-
sistivity and Seebeck coefficient. Disc specimens
10 mm in diameter and 2 mm thick were also fab-
ricated to measure thermal conductivity.

Moulded compacts were pre-heated in air from
room temperature to 673 K, and the binder and the
adsorbed impurities were removed completely. Then,
in a vacuum of 1.33]10~3 Pa, they were sintered at
1323!1423 K for 24 h. Sintered samples were further
annealed at 1073 K for 200 h in vacuum.

2.3. Measurements
The average size of the fine particles obtained was
determined using a transmission electron microscope

(JEOL JEM-100). The density of the sintered sample
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was measured by the Archimedean method. The im-
purity oxygen content was measured with an oxy-
gen—nitrogen analyser (Leco Co. TC436).

The temperature dependences of resistivity and
Seebeck coefficient were measured at 300—1400 K in
vacuum using the direct-current four-probe method
reported by Nishida and Sakata [11]. The temper-
ature was measured with Pt—(Pt—13% Rh) ther-
mocouples. Thermal conductivity was measured at
300—1400 K using the laser-flash method (Rigaku Co.
TCM-FA851013) [12].

3. Results and discussion
3.1. Characteristics of fine powder
Fig. 2 shows a transmission electron micrograph of
the fine particles (average size, 200 nm) produced un-
der the conditions listed in Table II. Although the
initial powder was composed of the particles several
micrometres in size with an irregular shape, the par-
ticles produced are very fine and spherical, possibly
because the powder introduced into an Ar—H

2
high-

temperature plasma gas of 10 000 K evaporated once
and then condensed at an ultrahigh speed in the tail
part of the plasma.

The X-ray diffraction (XRD) pattern of the fine
powder obtained is shown in Fig. 3. Although the
initial powder consisted only of metallic a and
e phases, the fine particles contained semiconducting
b phase as well as a and e phases [1]. The oxygen
content of the fine powder was found to be 0.24 wt%.

3.2. Sintering of fine powders
Green compacts of fine powders were sintered at
1323—1423 K for 24 h in vacuum (1.33]10~3 Pa).
Fig. 4 shows the relationship between the sintering
temperature and the relative density of the samples. As
the sintering temperature increased, the relative den-
sity increased only up to about 77% at 1423 K. Com-
pared with an ordinary powder, the relative density
obtained is rather low. According to Kojima et al.
[13], 77% relative density corresponds to the inter-
mediate stage of sintering. The low sinterability of fine
powders must have been due to their inhomogeneous
compaction caused by the particle agglomeration in-
Figure 2 Transmission electron micrograph of fine particles.



TABLE II R.f. plasma conditions for the preparation of fine powders.

Power Pressure Ar flow rate (l min~1) H
2

flow rate
(kW) (atm) nozzle 2

Nozzle 1 Nozzle 2 Nozzle 3 (l min~1)

34.0 1.0 10 20 30 2.0
Feed, 1.0 g min~1.
Figure 3 XRD pattern of fine particles obtained by the r.f. plasma
method. (s), b-FeSi

2
; (£), a-Fe

2
Si

5
; (K), e-FeSi; (d), Si.

Figure 4 Correlation between relative density and sintering temper-
ature.

hibiting the homogeneous densification. The impurity
oxygen would also have affected the sintering process,
although its role is not known well.

Figs 5 and 6 show a typical scanning electron
micrograph and an XRD pattern respectively, of the
sintered sample. It is evident that the crystal grains
grew into spheres of several tens of micrometres in size
indicating that enhanced grain growth had taken
place. Continuous open pores can also be seen in the
microstructure.

The XRD pattern of the pulverized powder shows
that b-FeSi

2
is predominantly formed with small
amounts of Si, and a and e phases.
Figure 5 Scanning electron micrograph of the sintered body at
1423 K.

Figure 6 XRD pattern of the sintered body at 1423 K. (s), b-FeSi
2
;

(£), a-Fe
2
Si

5
; (K), e-FeSi; (d), Si.

3.3. Seebeck coefficient and resistivity
Fig. 7 shows the temperature dependence of the
Seebeck coefficient for the sintered compacts fab-
ricated from the fine powder. The Seebeck coefficient
decreased with increasing sintering temperature. For
each sintering temperature the Seebeck coefficient in-
creased with increasing temperature up to 400—600 K,
became almost constant in the temperature range
600—800 K and then decreased above 800 K.

The Seebeck coefficient is known to decrease as the
carrier concentration increases with increasing tem-
perature by Ioffe’s theory [14]. However, the observed
Seebeck coefficient does not decrease until the temper-

ature reaches 800 K, and this appears to be inconsistent
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Figure 7 Temperature dependence of the Seebeck coefficient.

Figure 8 Temperature dependence of the resistivity.

with the theory. Such an anomalous temperature de-
pendence of Seebeck coefficient has been observed by
several workers [13, 15—17].

Fig. 8 shows that the resistivity, q, of iron disilicide
decreases with increasing sintering temperature. The
q versus 1/¹ relationship can be divided into two
temperature regions: firstly the extrinsic region, room
temperature (¹[700 K; secondly the intrinsic re-
gion, ¹Z700 K. The slope of the straight line drawn
through the data points corresponds to the acceptor
level, E

!
, in the extrinsic region and the band-gap

energy, E
'
, in the intrinsic region. Both E

!
and E

'
slightly decreased with increasing sintering temper-
ature and were calculated to be 0.08—0.03 eV and

0.8—0.7 eV, respectively. These values agree well with
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Figure 9 Temperature dependence of the thermal conductivity.

those reported in the literature [15, 18], even though
the specimens employed for the measurement in the
present study are relatively porous (70—77% of the
theoretical density). The variation in these values with
sintering temperature is thought to have been caused
by porous microstructure.

3.4. Thermal conductivity and figure of merit
Fig. 9 shows the temperature dependence of the ther-
mal conductivity, j, of the sintered samples. The ther-
mal conductivity of sintered samples decreased and
then increased with increasing temperature, going
through the minimum value at about 900 K. The
minimum thermal conductivity of the sample sintered
at 1323 K obtained at 900 K was 2.9 w m~1k~1. The
thermal conductivity of the present porous specimens
is much smaller on the whole than that reported for
the dense iron disilicide added with Al [13, 15, 19, 20],
Co [13, 15, 19—21] and Mn [13, 15].

A remarkable feature observed in the temperature
dependence of j is that it showed a minimum at about
900 K; a monotonic decrease in j has been observed
for dense sintered specimens [13]. The thermal con-
ductivity, j, in general, is roughly composed of the
phonon contribution, j

1)
, and the carrier contribu-

tion, j
#!3

: j"j
1)
#j

#!3
. Accordingly, j was lowered

possibly owing to the phonon—phonon scattering [18]
and, as the temperature was elevated, the increase in
j due to the increase in carrier density as suggested by
decreasing resistivity must have increased the total
thermal conductivity, giving a minimum at high tem-
peratures.

The performance of a thermoelectric material can
be evaluated in terms of the figure of merit, Z, ex-
pressed as

a2

Z (K~1)"

i
q (1)



Figure 10 Correlation between the figure of merit and the temper-
ature.

Fig. 10 shows the temperature dependence of the
figure of merit of the sintered samples. The figure of
merit, Z, of the sample sintered at 1423 K was repre-
sented by a curve showing the maximum value of
2.0]10~4 K~1 at 870 K. This maximum is 20% lar-
ger than those of the dense samples reported by
Kojima et al. [13] and Hesse and Bucksch [2]. More-
over, the Z obtained was larger in the whole temper-
ature range than that of Mn-doped iron disilicide
reported so far [13].

Consequently, it is clear that the thermoelectric
semiconductor of Mn-doped iron disilicide fabricated
from fine particles exhibits excellent performance since
it has a high figure of merit because of high Seebeck
coefficient in the temperature range 600—800 K and
low thermal conductivity due to enhanced phonon
scattering in porous microstructure.

4. Conclusion
Through our research on an FeSi

2
thermoelectric

semiconductor produced from fine FeSi
2

particles
added with Mn as the initial material, we have
obtained the following understanding as to the sinter-
ing conditions and thermoelectric properties.

Fine particles of Fe
0.92

Mn
0.08

Si
2.00

of size 200 nm
to submicrons, featuring a mixture of semiconductor
phase and metallic phase, can be produced by treating
Fe

0.92
Mn

0.08
Si

2.00
powder of several micrometres

size with a high r.f. plasma.
The relative density of sintered material made from

the initial powder of fine particles is low at about 80%.
The dominant phase of the material is b phase. The
observed structure contains spherically grown crystal
grains of several tens of micrometres, primary recrys-

tallization and continuous pores of several tens of
micrometres. It represents a microstructure in which
the grain growth has not grown normally into nearly
equal sizes in the final process of sintering.

In particular, when the material was sintered at
1423 K for 24 h and heated at 1073 K for 144 h, the
figure of merit, Z at 870 K reached

Z"2.0]10~4 K~1

The increase in Z is attributable to the decrease in
thermal conductivity due to enhanced phonon scatter-
ing in porous microstructure.

From these results, we conclude that the ther-
moelectric semiconductor of iron disilicide made from
the initial powder of fine particles has the possibilities
of a high-performance figure of merit, if the micro-
structure is controlled properly by the sintering and
heat treatment conditions.
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