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The variation of electrical conductivity and Seebeck coefficient of Fe3i, according Lo the density of the specimen
has been observed over the temperature range 50 to 700°C A conventional pressureless sintering method with vari-
ous sintering time (0, 0.5, 1, 5 h) at 1190°C and/or various sintering temperatures (1160, 1175, 1190, 1200°C) for 2
h was carried out to prepare FeSi; specimens having various densities. The relationship between the electrical con-
ductivity and Seebeck coelficient was investigated after two steps of annealing (at 865°C and then BO0°C for total
160 h} and thermoelectric measurement. The electrical conductivity for the specimens showed a typieal tendency of
semiconductor, the average activation energy of which in the intrinsic region (ahave 300°C) was observed ap-
proximately as 0.452 eV, and increased slightly with density. On the other hand, the specimen of the lower density
showed the higher value of Seebeck coefficient in ihe intrinsic region. As the temperature fell inte the non-de-
generate region, the highly densified specimen which had relatively little residual metal phase showed the higher
value of Seebeck coefficient. The power factor of all specimens showed the optimum value at 200°C However, the
power factor of the specimen of the lower density increased again from 400°C and that of the higher dense speci-
men increased from 500°C. The power factor was more affected by Seebeck coefficient than electrical conductivity

over all temperature range.
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1. Introduction

hermoelectric energy conversion utilizing nuclear
heat. sources has been employed for several decades
to penerate power for deep space probes. The de-
velopment decades ago of thermoeleciric materials has
recently been regurrected in a fury of activity once again
for high-temperature thermoelectric power generation.
For effective utilization of selar heat, nuclear energy and
waste heal from indusiries, materials possessing high
thermoelectric energy conversion efficiencies and usable
at high temperatures are intensely required.
The goodness of a semiconductor i thermoelectric
canversion 1s given by its so-called figure of merit, Z, and
i3 expressed” by
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where 6 is the electrical conductivity, o the Seebeck coef-
ficient and k the thermal conductivity. For developing
thermoelectric materials, a large number of work have
been concentrated on inereasing the figure of merit, Z by
increasing the electrical conductivity and Seebeck coef-
ficient with reduction of thermal conductivity.

Generally, the thermoelectric materials can be clas-
gified into three clagses by the temperature range, in
which the maximum value of figure of merit can be ob-
tained; the low (r.t.~100°C), middle (200~600°C) and high
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{above T00"C) temperature materials.” Iron disilicide, -
Feli,, attracts an increasing interest as a candidate for
base material of thermoelectric energy conversion at mid-
dle and high temperatures up to 800°C. Though the ther-
moelectric figure of merit of iron disilicide falls behind
that of 8i.Ge, which has already heen applied to power
generation in deep space probes” FeSi. semiconductor
has received attention from many workers because of its
low cost, nontoxie character, high thermal stability, cor-
rosion resistance and chemical stability.™”

B-FeSi; is known to be a semiconducting material with
orthorhomhbic structure, which is stable below about
970°C. The high temperature phase is metallic and eu-
tectic, and consists of cubic FeSi (e-phase) and tetragonal
Fe,Si; (o-phase). Consequently, it is absolutely necessary
for a would-be good thermoelectric material to he com-
pletely transformed from the metallic phase to the sem-
lconducting 3-phase by annealing process.”

To improve the figure of merit, doping techmique is
desirable. Pure [(-FeSi, is an intrinsic semiconductor,
and n-type thermoelectric material ig obtained by doping
with Co or B and p-type one is obtained by Al or Mn.**
Recently, many workers have tried to improve ther-
moelectric eonversion efficiency of FeSi, by employing
various preparation techniques. Matsubara et al™ re-
ported that plasma (O, and SiH,) treatment for FeSi, par-
ticles was very effective to enhance the electrical con-
ductivity and Seebeck coefficient.



12 The Korean Journal of Ceramics -

Though many workers have actively worked to im-
prove the thermoelectric figure of merit of Fe-8i system,
none of them has yet satisfactorily explained the tran-
sport mechanism which gives rise to thermoelectricity.
Consequently, in this work, for the purpose of making
clear the role of microstructure, that is, the effects of den-
sity and porosity in the thermoelectric properties of Fe-
Si system, thermoelectric measurements and spec-
troscopic characterization have heen conducted.

II. Experimental Procedure

1. Sample preparation and choracterization

A commercial FeSi; powder (Cerac Ine., -20 mesh, 99.9%
pure} was milled into fine particles using ¥-TZP balls/alu-
mina jar for 50 h. The average particle size of the ohtained
powder was 1.3 um. The oxygen impurity introduced dur-
ing 48 h milling process was analyzed to be approximately
0.64 wt% from the result of preliminary experiment.

The milled powder was press-formed into a compact
{45 6% 3~6 mm rectangular type) using a binder (5 wt%
PVA solution), and sintered at 1160~1200°C in Ar+7%H,
atmosphere. Various sintering times of 0~5 h were ap-
plied to control the dengity of the sintered specimens.

The density of each specimen measured hy Ar-
chimedean method was 3.376~4.217 g/em®. This value is
much lower than 5132 g/fem®, the theoretical density of
o+e phase.

Finally, a rectangular bar (10~15x3.3x45 mm} was
cut off from the sintered specimen using a diamond saw
to measure the thermoelectric properties, and was an-
nealed at 865°C for 50 h and again at §00°C for 100 h
under Ar+7%H, atmosphere to be transformed to the
semiconducting B-phase ™ Table 1 shows preparation con-
ditions and densities of the specimens.

XRD measurements were carried out on the sintered
and measured specimens using FeKao radiation to ex-
amine the phases present. Scanning electron microscope
(SEM) and energy dispersive X-ray spectroscopy (EDS)
observations, and oxygen-nitrogen analysis for the speci-
mens were also conducted.

2. Measurement of thermoelectric property
Four grooves were put on a rectangular specimen. The
heads of the two Pt-P113%Rh thermocouples were em-
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hedded in the drilled holes at the two ends of a specimen
and they were held with Pt wires placed along the
grooves. The electrical conductivity and thermoelectric
power were measured simultaneously for the specimen
at 50~700°C in Ar+7%H, atmosphere as shown in Fig. 1.
Electrical conductivity was measured using the d.c.
four-probe technique. Ohm's law was always checked by
changing the current value. The average voltage drop ob-
tained from forward/reverse current directions was used
to caleulate the conductivity. For thermoelectrie power
measurements, a temperature gradient in the specimen
was generated by heating one end of the specimen at
temperatures below 200°C and blowing the cool air
abave 200°C. Plots of thermoelectric power against tem-
perature difference showed a straight line in all cases,
and the Seebeck coefficient was calculated from the slope.

I11. Results and Discussion

1. Analyses of phase and microstructure
XRD analysis, ag given in Fig. 2, shows that major
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Fig. 1. Schematic diagram of the apparatus for eleetrical
conductivity and Seebeck coefficient measurement.

Table 1. Name, Condition of Preparation and Density of Specimens

sample 1160/2 h 11752 h  1190/2 h  1200/2h  1190/0 h 1190/80 m 1180/l h  1190/5 h
sintering temp. (°C) 1160 1175 1180 1200 1180 1190 1190 1190
sintering tirne (k) 2 2 2 2 0 0.5 1 8
density (g/em®) 3.5099 3.8249 4.2174 4.1423 3.3761 3.6068 3.7107 4.1567
relative density (%) 68.39 74.53 82.18 80.72 6579 70.28 72.31 81.00
open porosity (%) 23.67 16.43 6.8 10.37 27.28 21.55 19.2 7.99
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phases of the sintered specimens are o-Fe,Sis and e-FeSi.
Fig. 3 shows XRD patterns of the annealed specimens.
In spite of the long time annealing, the residual metallic
phases were detected. It can be geen in Fig. 3 that the in-
tengity of XRD peaks of -FeSi tends to decrease with in-
crease in sintering time, that is, with increase in density,
while that of w-Fe,Si; makes little difference among
them. The intensity of XRD peaks of ¢-FeSi decreased
with increase in sintering temperature, too. These
results may lead to the following two possible explana-
tions.
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Fig. 2. XRD patterns of FeSi, epecimens after sintering.
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Fig. 3. XRD patterns of FeSi, specimens with various sint-
ering times after annealing.
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Firstly, it can be said that the phase transformation to
f-phase more rapidly and effectively occurred with in-
creasing density. Fig. 4 shows the variation in electrical
canductivity of sintered specimens with annealing time.
Two kinds of sintered specimens (1190°C/0.5 h, 1190°C/5
h) were used. The annealing time wag varied while an-
nealing temperature was fixed as 840°C, which was re-
ported to be the effective temperature by Nishida et al®
It can be seen in Fig. 4 that the electrical conductivity of
1190/5 h specimen decreased abruptly and then was
kept constant after 1 h of annealing. On the other hand,
the electrical conmductivity of 1190/0.5 h specimen was
held constant after 3 h annealing. These results indicate
that the phase transformation to f-phase occurs more ra-
pidly in the specimens of the higher density rather than
in those of the lower density. It can be also seen in Table
1 that the phase-to-phase contact area and the potential
energy of the phase fransformation may probably in-
crease with increase in density of the specimen. However,
it is assumed that the density had little effect upon the
phase transformation velocity, since the total annealing
time 150 h in this experiment, is enough to transform
from the metallic phases {except isolated phases) to sem-
iconducting f-phase,

Secondly, the residual unreacted metallic phases can be
resulted from oxidation of the specimen during sintering
and annealing. The phase transformation for Fe-Si system
may occur by the following two kinds of reactions.*® The
decamposition reaction, o—p+Si occurs and then Si+te—f
follows below 850°C, and the peritectoid reaction, e+o—p
occurs above 860°C. Two-steps annealing was carried out
in this work for the complete transformation. However,
XRD patterns of o-Fe.Si; made little difference and the
intensity of XRD peaks of e-FeSi increased with decrease
in density, unexpectedly. This phenomenon can be seen
in Fig. 5 from XRD intensity ratio of e-FelSi to p-FeSi,. It
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Fig, 4, Variation in electrical conductivity of sintered speci-
men with annealing time at 840°C.
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iz assumed that Si in matrix was probably oxidized by
oxygen introduced during the process and hence a part
of £-FeSi phase could not react with Si and remained un-
reacted. Furthermore, it is considered that the surface
area of the grains in the specimen increased with a de-
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Fig. 5. XRD intensity ratio of e-FeSi to B-FeSi, in speci-
mens with varicus sintering times after anmealing.
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erease in density, and hence the prain-to-oxygen contact
area increased and the residual e-FeSi phase probably in-
creased. This interpretation was confirmed by the ox-
ygen content analysis. While the oxygen content of 1190/
0 h specimen was 10.55 wit%, that of 1190/5 h specimen
was 5.01 wi%. The obtained results are similar to that of
plasma-processed 3-FeSi, reported by Miki et al.™®

SEM photographs of the specimens are given in Fig. 6.
It can he seen in Fig. 6 that the grain size increased and
the pore portion decreased with inereasing sintering tem-
perature and time. It can bhe also seen in Fig. 6 that the
whitish and dot-like phases exist in photographs of S
{gintered)-1200/2 h specimen. The composgition ratios of
Si/Fe (at%) in matrix and whitish area of 1190/5 h speci-
men analyzed by EDS were 2.6 and 1.3, respectively,
and the corresponding phases were assumed to be
o-Fe,8i; and e-FeSi, respectively. However, since the dot-
like phase was tao small to be analyzed directly, its ratio
can be estimated as 11.5 with negligible Fe element
from the result of a preliminary experiment. Therefore,
dot-like phases are considered to be an aggregated phase
resulting from impurities

In SEM phatographs of the annealed specimens, it can
be seen that the fine reaction products exist at the grain-
pore boundaries and aggregated phases boundaries. From

(d) A-1200/2h

Fig. 6. SEM photographs of FeSi; specimens: (a), {¢) after sintering, and (b}, (d) after annealing.
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EDS analysis on grain-pore boundary, Si/Fe and Si/0
ratio for A{annealed)-1190/0 h specimen were 2.7 and 1.4,
respectively. On the other hand, that for A-1190/5 h were
2.6 and 3.2, respectively. That is, the oxygen content of
the lower dense specimen ia larger than that of the high-
er dense specimen. This result well agrees with the ten-
dency of oxypen content analysis. Although Si/Fe and Si/
O ratios of e-phase in A-1190/5 h specimen were 1.8 and
1.5, respectively, those of 3-1190/5 h specimen were 1.3
and 3.2, respectively, that is, 8/0 ratio increased when
the specimen was annealed. Thig fact can be supported
by the previous mention that 8i resulting from the decom-
posgition reaction is oxidized during the heat treatment,
and hence =-FeSi phase remains unreacted.

From the results of oxygen content analysis, EDS and
XRD analysis, it is considersd that the residual s-FeSi
phase in the annealed specimens is an unreacted phase
resulting from oxidation. It is also considered that the
lower dense specimen has the higher possibility of ox-
idation and hence contains the more oxygen content due
to the produced oxides than the higher dense specimen.
Therefore, the bump-like fine reaction products existing
on porefgrain boundaries are assumed to be oxides result-
ed fram silicon.

2. Thermoelectric properties

2.1 Electrical conductivity

The temperature dependence of the electrical con-
ductivity for the specimens is shown in Figs. 7 and 8.
The electrical conductivity increased exponentially with
increasing temperature. The activation energy calculated
from the slope of the electrical conductivities for all speci-
mens at high temperature region (above about 300°C)
was (0.452 eV. This indicates that the high temperature
region seems to be an intrinsic region. This value is sim-
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Fig. 7. Electrical conductivity of B-FeSi, with various sint-
ering temperatures as a funetion of temperature.
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ilar to that of p-type FeSi. (daped with Al), 0.45 eV, re-
ported by Birkholtz et al.'¥ On the other hand, the ac-
tivation energy at low temperature region was varied
from 0.197 to 0.086 eV. This result indicates that the
low temperature region seems to he an extrinsic region
caused by a newly formed aceeptor level.™!

It can be seen in Figs. 7 and 8 that the electrical con-
ductivity was little affected by density. This result may
be attributed to the fact that the residual metallic phase
in the specimen of the lower density made compensation
effect for the conduction loss by its electrical conductivity.
The ratio of Si/Fe decreases with oxidation of Si in the
matrix, and consequently Si-vacancies and acceptor lev-
els may be produced and the quantity of e-FeSi phase
also increases, and hence the carrier density becomes
higher, resulting in improvement of the electrical con-
ductivity. Tt can be also geen in Figs. 7 and 8 that the
electrical conductivities of the lower dense specimens
(1190/0 h and 116(0/2 h) are slightly higher than those of
the higher dense specimens at about 300°C. This may be
attributed to the increment of the carrier density result-
ing from the oxidation of Si. Generally speaking, howev-
er, the specimens of the higher density shows the higher
electrical conductivity, probahly because of the excessive
grain growth.

2.2 Seebeck coefficient

The temperature dependence of the Seebeck coefficient
for the specimens is shown in Fig. 9. The Seebeck coef-
ficient for all samples exhibited p-type conduction caused
by Si deficiency'™ in spite of non-doping. This deficiency
is due to oxidation (because Si has more affinity to ox-
ygen than Fe) and/or sublimation during sintering and
annealing. The Seebeck coefficient of relatively higher
dense specimens exhibited the maximum value at about
100~200°C, however, decreased abruptly with increasing
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Fig. 8. Electrical conductivity of B-FeS3i, with various sint-
ering times as a function of temperature.
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temperature up to about 400°C and then decreased gra-
dually up to 700°C. The tendency of the lower dense
specimens was similar to that of the higher dense speci-
mens at large except for the temperatures below 100°C.
Generally, above 400°C, the Seebeck coefficient of the
lower dense specimens was higher than that of the high-
er dense specimens, and the tendency was reversed be-
low 400°C. From the results of this work and Birkholtz
et al's work,” the temperature dependence of the See-
beck coefficient can be divided into three regions; a sud-
den increase region (up to the maximum value}, a sud-
den decrease region (up to about 400°C) and a gradual
decrease region (above 400°C, intrinsic region).

Birkholtz et al' reported a band-type conduction in
p-type FeSi; and a hopping (small polaron)-type'™ con-
duction in n-type FeSi, and also reported that a theoret-
ical band caleulation for B-FeSi. made it possible to an-
ticipate the strong electron-phonon interaction in the band
edge states.™ Accordingly, the band model was in-
troduced to explain the results of this work,

Generally, a correlation between the electrical con-
ductivity and Seeheck coefficient can be expressed as fol-

lows:*"

o=+ e (K- Ino) (2)

where v is a factor which approaches to 1 with increase
in earrier density and temperature, and K is a constant.
It can be seen in Figs. 7 and 8 that the electrical con-
ductivity increases exponentially in the intrinsic region
bhecause of the conduction by both hole and electron. On
the other hand, it can be seen in Fig. 9 that the Seebeck
coefficient in this region decreases gradually hecause of
bipolar effect,” and increases with decreasing density as
well as electrical conductivity. In the case of non-doped
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Fig. 9. Seebeck coefficient of B-FeSi, with various densities
as a function of temperature.
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B-FeSi; (with extremely low carrier density) as in this ex-
periment. the intrinsic region can he expressed by a con-
stant slope region, as given in Eq.(2).

However, a sudden decrease region is very difficult to
explain. This region can be expressed as the exhaustion
region of the extrinsic semiconductor caused by the ac-
ceptor level. In this region, the Seebeck coefficient for a
single band conduction can be expressed as follows:'"

k, N
—In
€ P

k N,
a:€(§+]n ?)= (3)
where & is the transport term, N, the state density of
valence band, p the density of hole. From the equation
(3,

N ) »

P KT

can be obfained,"™ consequenily, the Seebeck coefficient,
o, varies with Fermi energy, E;. Since this region is non-
degenerate region'™ with a constant carrier density, the
temperature dependence of E; in this region is similar to
that of the doped Ge.”” As the gquantity of the dopant in-
creases, E, decreases and is little affected hy tem-
perature.”® Accordingly, if the exhaustion region caused
by the dopant extends, this sudden decrease region
should be extended to higher temperatures.

It. can be seen in Fig. 9 that the Seeheck coefficient in-
creases with increasing density at large. This is con-
sidered to be caused by the guantitative differences of e-
FeSi phase in specimens. As the metallic &-FeSi phase in-
creases, the electrical conductivity also inereases, but the
BSeebeck coefficient decreases ag Eq.(2) implies. It is also
considered that Seebeck coefficient of the specimen of
the lower density, generally, decreases because of non-
stoichiometry hy its feasibility of oxidation caused by its
microstructural characterigtics. From these results, it
can be clearly explained that both the electrical con-
ductivity and Seebeck coefficient are mutually in their re-
verse effects and they are mainly affected by the carrier
density resulting from the residual metallic phase, &-
FeSi.

The decrease of Seebeck coefficient for the higher
dense specimens below 100°C might be caused by the
fact that Fermi level hecomes gradually mare adjacent to
the valence band within the degenerate region. On the
other hand, the degenerate temperature for the lower
dense specimens might be moved to the lower tem-
perature region, which was caused probably by a newly
formed acceptor level.

2.3 Power factor

Fig. 10 shows the temperature dependence of power
factor, on®, appropriated to evaluate the electrical pro-
perty of thermoelectric materials. The power factor for
all specimens exhibited the maximum wvalue at about
200°C, which decreased with increasing temperature up
to about 400°C (for the specimens of the lower density)
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Fig. 10. Power factor of §-FeSi; with various densities as a
funetion of temperature.

and 500°C (for the specimens of the higher density), and
then increased again with temperature,

The power factor may be affected more by the Seebeck
coefficient than the electrical conduetivity. While the
electrical conductivity of the lower dense specimens was
improved in degenerate region (below 400°C), their See-
beck coefficient decreased, and hence the power factor de-
creased. Consequently, it can he seen that the residual
metallic phase has an harmful effect on the power factor.
On the other hand, since the carrier density increases ex-
ponentially with temperature in an intrinsic region
(above 400°C), the increage in the carrier density caused
by the residual metallic phase can be negligible. There-
fore, the effect of microstructure is considered to be close-
Iy related to the power factor. Hence, more in-
vestigations are required to completely understand its ef-
fect. Accordingly, it is necessary to decrease electrical
conductivity appropriately in order to improve power fac-
tor in the intrinsic region.

IV. Conclusions

The following conclusions can be drawn from the
present study on the thermoelectric properties of FeSi;
prepared by the conventional sintering process.

1. The residual metallic phases «-Fe.Si; and &-FeSi
were detected by XRD analysis in spite of long time an-
nealing. The intensity of the XRD peaks of £-FeSi tended
to increase with decrease in density of the specimen,
while that of o-Fe,Si; made little difference. Si in the ma-
trix was possibly oxidized by oxygen introduced during
the process and hence a part of e-FeSi phase could nol
react with Si and remained unreacted. The oxidation
was more remarkahle in the specimen with the lower
density,
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2. The electrical conductivity of the specimen exhibited
the typical semiconducting behavior. The activation en-
ergy in the intrinsic region (above about 300°C) was ap-
proximately 0.452 eV, and the activation energy at low
temperature region (extrinsic region) was varied from
0.197 to 0.086 eV. The electrical conductivity was unex-
pectedly little affected by density. This iz assumed to be
the compensation effect caused by the metallic phase,
g-FeSi, for the conduction loss.

3. In spite of non-doping, the Seebeck coefficient for all
specimens exhibited p-type conduction due to Si de-
ficiency. The Seebeck coefficient of the specimend of re-
latively higher density exhibited the maximum value at
about 100~200°C, and the value decreased ahruptly with
increaging temperature up to aboul 400°C (non-de-
generate region) and then decreased gradually up to
700°C (in intrinsic region). The tendency of the lower
dense specimens was similar to thatl of the higher dense
specimens at large except for the temperatures below
100°C.

4. The power factor of all specimens exhibited the max-
imum value at about 200°C, and decreased with in-
creasing temperature up to about 400 (for the lower
dense specimens) and 500°C (for the higher dense speci-
mens), and then increased again with temperature. The
power factor is considered to be more affected by the See-
beck coefficient than the electrical conductivity. The ef-
fect of residual metallic phase was negligible in the in-
trinsic region.
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