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Hole-doping effect on the thermoelectric properties and electronic structure of CoSi
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We report the effect of Al substitution on the temperature-dependent electrical resistivity, Seebeck coeffi-
cient, as well as thermal conductivity in the binary compound cobalt monosilicide. It is found that the substi-
tution of Al onto the Si sites causes a dramatic decrease in the electrical resistivity and lattice thermal
conductivity. A theoretical analysis indicated that the reduction of lattice thermal conductivity arises mainly
from point-defect scattering of the phonons. Forx>0.05 in the CoSi12xAl x system, the Seebeck coefficient
changes sign from negative to positive, accompanied by the appearance of a broad maximum. These features
are associated with the change in the electronic band structure, where the Fermi level shifts downwards from
the center of the pseudogap due to hole-doping effect. While the thermoelectric performance improves with
increasing Al substitution, the largest figure-of-meritZT value among these alloys is still an order of magnitude
lower than the conventional thermoelectric materials.
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I. INTRODUCTION

Transition-metal silicides with semiconducting or sem
metallic properties have attracted considerable attention
to their practical applications in electronics an
thermoelectrics.1,2 Cobalt monosilicide CoSi has been r
ported to be one of the promising candidates for advan
thermoelectric applications.3,4 Previous transport studies o
this compound indicated that CoSi is a semimetal with
room-temperature electrical resistivity (r) on the order of
1 mV cm.5,6 The Seebeck coefficientS is negative, with a
moderate absolute value of'80 m V/K at 300 K.3 On the
other hand, the thermal conductivityk, a combination of
lattice contribution (kL) and electronic contribution (ke), is
as high as 20 W/m K at room temperature. The electro
term estimated from the Wiedemann-Franz lawke5TLo /r
~where the Lorentz numberLo52.4531028 W V/K2) is
only 0.7 W/m K at 300 K, suggesting that the lattice phono
are responsible for the observed large thermal conductiv

In general, the efficiency of a thermoelectric material
given by the dimensionless figure-of-meritZT5S2T/rk.
The energy conversion efficiency of a thermoelectric ma
rial increases with increasingZT value. However, the diffi-
culty in achieving good thermoelectric performance is ch
acterized by the need to minimize the thermal conductiv
of materials, while enhancing their electrical conductivi
The strategy to optimize these two conflicting paramet
usually involves the increase of charge carrier by dop
and the enhancement of phonon scattering by introduc
crystallographic disorder.7

In this study, we investigated the effects of chemical s
stitution on the thermoelectric properties including electri
resistivity, Seebeck coefficient, as well as thermal conduc
ity for CoSi12xAl x (0<x<0.15). A significant decrease o
lattice thermal conductivity accompanied by a large enhan
ment of electrical conductivity was observed as partially s
stituting Al onto the Si sites in CoSi. An analysis of lattic
thermal conductivity further indicated that the point-defe
scattering of the phonons plays an important role for
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reduction ofkL . In addition, the evolution of the Seebec
coefficient in this class of materials was used to characte
the electronic structure in the region of the semimeta
pseudogap, in accordance with the band-structure calc
tions.

II. EXPERIMENTAL DETAILS AND RESULTS

A. Sample preparation and structural analysis

Polycrystalline CoSi12xAl x samples were prepared b
mixing appropriate amounts of elemental metals. Mixture
high-purity elements was placed in a water-cooled cop
crucible and then melted several times in an argon a
melting furnace. An x-ray analysis taken with CuKa radia-
tion on powder specimens was consistent with the expe
B20-type structure,8 with no other phases present in the d
fraction spectrum, as demonstrated in Fig. 1~a!. The variation
of lattice parameter as a function of Al concentration
shown in Fig. 1~b!. It is clearly seen that the lattice paramet
increases withx, indicating that the Si sites are successfu
replaced by Al atoms, according to the Vegard’s law.
should be addressed that two samples withx50.20 and 0.30
were also fabricated. Although their x-ray spectra sh
single phase, the relative intensity of the diffraction pea
indicates strong disorder occurring in both materials. In t
regard, the solubility limit for Al in the CoSi lattice is abou
x50.15 using our growth method.

B. Electrical resistivity

Electrical resistivity for the CoSi12xAl x alloys was ob-
tained by a standard dc four-terminal method during war
ing process. The evolution of electrical resistivity with A
substitution is presented in Fig. 2. For all studied samp
the electrical transport exhibits metallic behavior~positive
temperature coefficient!. Upon Al substitution for Si, the
electrical resistivity of the CoSi12xAl x alloys shows a sig-
nificant reduction with increasingx. Such a result is attrib-
uted to an increase of hole carriers via substitution, as Al
©2004 The American Physical Society11-1
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one more hole in its valence shell than Si. It is worthwh
mentioning that a 20-fold decrease inr is obtained with 15%
Al substitution (x50.15) than the CoSi sample.

C. Seebeck coefficient

Seebeck coefficients for the CoSi12xAl x series were mea
sured with a dc pulse technique. Seebeck voltages were
tected using a pair of thin Cu wires electrically connected
the sample with silver paint at the same positions as
junction of differential thermocouple. The stray thermal em
are eliminated by applying long current pulses (;100 s) to a
chip resistor which serves as a heater, where the pulses
pear in an off-on-off sequence.

The T-dependent Seebeck coefficient of CoSi12xAl x is
shown in Fig. 3. The negativeSvalues for the stoichiometric
compound of CoSi indicate that electron-type carriers do
nate the heat transport in the entire temperature range
investigated, consistent with the previous results.3–5 For the

FIG. 1. ~a! X-ray-diffraction patterns in CoSi12xAl x . ~b! Lattice
parameter vs Al concentration as obtained from x-ray diffractio
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slightly substituted sample (x50.02), theS values remain
negative regardless of a positive peak at low temperatu
Note that the absolute value ofS for CoSi0.98Al0.02 is consid-
erably smaller than that of CoSi. Such a result can be
cribed to the compensation ofp- andn-type carriers involved
in the heat transport processes by substitution. Upon fur
Al substitution for Si (x>0.05), the hole concentration in
creases and consequently reverses the sign ofS from nega-
tive to positive. In these alloys, the Seebeck coefficient
velops broad maximums and the corresponding p
positions shift to higher temperatures with increasingx. The
downturn inSat high temperatures is presumably due to
contribution of thermally excited quasiparticles across th
pseudogaps. The observed Seebeck coefficients can be

FIG. 2. Electrical resistivity as a function of temperature f
CoSi12xAl x .

FIG. 3. Seebeck coefficient vs temperature in CoSi12xAl x .
1-2
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derstood within the framework of two-carrier electrical co
duction. Accordingly, the totalS can be expressed as9

S5S spSp1snSn

sp1sn
D , ~1!

whereSp,n and sp,n represent the Seebeck coefficients a
electrical conductivities for thep- and n-type carriers, re-
spectively. Since the signs ofSp andSn are opposite, tuning
these quantities could result in a sign change inS, as we did
observe in the present study.

D. Thermal conductivity

To further evaluate the possibility for potential therm
electric applications in these materials, we perform
T-dependent thermal-conductivity measurements. Therm
conductivity measurements were carried out in a clos
cycle refrigerator, using a direct heat-pulse techniq
Samples were cut to a rectangular parallelepiped shap
typical size of 1.531.535.0 mm3 with one end glued~with
thermal epoxy! to a copper block that served as a heat si
while a calibrated chip resistor as a heat source glued to
other end. The temperature difference was measured by
ing an E-type differential thermocouple with junction
thermally attached to two well-separated positions alo
the sample. The temperature difference was controlled
be less than 1 K to minimize the heat loss through radiatio
and the sample space is maintained in a good vacu
('1024 torr) during measurements. All experiments we
performed on warming with a rate slower than 20 K/h. T
uncertainty of our thermal conductivity is about 20%, main
arising from the error on the determination of the geome
cal factor of these samples.

In Fig. 4, we display the observed thermal conductiv
for all studied samples. At low temperatures,k increases
with temperature and a maximum appears between 40 K

FIG. 4. Temperature dependence of the total thermal condu
ity in CoSi12xAl x .
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70 K. This is a typical feature for the reduction of therm
scattering in metals at low temperatures. A remarkable tr
found in k is that the height of the low-temperature pe
decreases dramatically with increasing substitution level,
dicative of a strong enhancement in the phonon scattering
Al substitution. Generally, the total thermal conductivity f
ordinary metals and semimetals is a sum of electronic
lattice terms. The electronic thermal conductivityke can be
evaluated using the Wiedemann-Franz lawker/T5Lo with
the measured resistivity data. The lattice thermal conduc
ity kL , plotted in Fig. 5, is obtained by subtractingke from
the observedk. As seen from Fig. 5, the values ofkL reduce
drastically with increasingx in CoSi12xAl x . It is found that
the peak value ofkL decreases from 49 W/m K for CoSi t
13 W/m K for CoSi0.85Al0.15. This observation is quite sur
prising, with which 15 at. % of Al substitution of the Si sit
could lead to such a huge reduction inkL . An analysis re-
garding this issue will be described in the following sectio

III. DISCUSSION

It is known that the Seebeck coefficient measurement
sensitive tool of probing the energy relative to the Fer
surface and the results could reveal information about
Fermi-level band structure. From the band calculatio
CoSi, characterized as a semimetal, has a slightly indi
overlap between electron and hole pockets, which yield
small density of states~DOS! at the Fermi surface.10 Al-
though the hole pockets are heavier (mh'6mo and me
'2mo),5 the electron pockets are larger than the hole on
still leading to then-type carriers dominate its transpo
properties. The observed negative Seebeck coefficien
CoSi is thus consistent with this two-carrier electrical co
duction picture.

With replacing Si by Al, ther values decrease accomp

v- FIG. 5. Lattice thermal conductivity for CoSi12xAl x vs tempera-
ture. The solid lines represent the calculation based on Eqs.~2! and
~3!.
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nied by the sign change inS. These observations are asso
ated with an increase of the number of hole carriers via
substitution, as expected from the nominal valences of Si
Al. Since the DOS in the pseudogap is very small, a cha
in the carrier concentration would lead to an apprecia
downward shift of the Fermi energyEF within a simple
rigid-band scenario. This shift reduces the electron pock
but enlarges the hole pockets, making thep-type carriers
dominate the transport behavior. As the temperature
creases further, intrinsic electrons and holes are exc
across the pseudogap. If the electrons have a slightly hig
mobility than the holes in these materials, the thermal tra
port is increasingly governed byn-type carriers and the pos
tive Seebeck coefficient would decrease after pass
through a broad peak, as we observed in these material
addition, with increasingx value EF shifts from near the
valley to slightly below the center of pseudogap, resulting
a higher activated energy for quasiparticles to be therm
excited across the pseudogap. Therefore, theS maximum
shifting toward higher temperature with largerx can be
qualitatively understood in terms of this picture.

Now we discuss the influence of Al substitution on t
phonon scattering processes in these alloys. In orde
clarify the origin of the significant reduction ofkL , we mod-
eled theT-dependentkL using the Debye approximation
Such an analysis has been successfully applied to thep-type
skutterudites and other materials,11,12and the obtained fitting
parameters would provide information about the phon
scattering mechanisms in the studied samples. In the m
of Debye approximation,kL is written as13,14

kL5
kB

2p2v
S kBT

\ D 3E
0

uD /T x4ex

tP
21~ex21!2

dx, ~2!

where x5\v/kBT is dimensionless,v is the phonon fre-
quency,\ is the reduced Planck constant,kB is the Boltz-
mann constant,uD is the Debye temperature,v is the average
phonon velocity, andtP

21 is the phonon scattering relaxatio
rate. HeretP

21 is the combination of three scattering mech
nisms and can be expressed as

tP
215

v
L

1Av41Bv2Te2uD/3T, ~3!

where the grain sizeL and the coefficientsA and B are the
fitting parameters. The terms in Eq.~3! are the scattering
rates for the grain-boundary, point-defect, and phon
phonon Umklapp scatterings, respectively. In general,
grain-boundary scattering is a dominant mechanism for
low-temperaturekL , while the Umklapp procedure is impo
tant at high temperatures. The point-defect scattering, on
other hand, has a strong influence on the appearance o
shape and position of the phonon peak occurring in the
termediate temperature regime. Takingv55400 m/s and
uD5410 K given from the specific heat measurement
CoSi,15 the experimental data of all studied samples can
fitted very well forT,120 K. The fitting curves are draw
as solid lines in Fig. 5, and the resulting parameters are li
in Table I. Notice that the fitting curves deviate fro
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the data points forT.120 K. We attempted to include
electron-phonon interaction in the calculations, but such
effort yielded no significant improvement to the overall fi
We thus conclude that electron-phonon scattering has a
nor influence on the lattice thermal conductivity
CoSi12xAl x . The discrepancy between the measured d
and the fit at high temperatures may arise from radiat
losses during the experiments, temperature dependenc
the Lorentz number, and the undetermined Debye temp
tures for the substituted compounds. This discrepancy, h
ever, has little effect on the following discussion.

As seen from Table I, the grain sizeL for the studied
materials varies from 5 to 9mm with no obvious tendency
among these samples. Also the Umklapp coefficientB scat-
ters around in these samples, presumably due to the
known Debye temperature for these materials~except CoSi!.
It should be noted that even though the Debye temperatu
a significant factor for the Umklapp scattering rate, it on
affects the fitting result at high temperatures. On the ot
hand, a systematic change of the parameterA is obtained
from the fit, whereA increases with increasing Al conten
According to the model proposed by Klemens,16 the prefac-
tor A is proportional toc(12c), wherec is the relative con-
centration of point defects. As shown in Fig. 6, the parame
A scales linearly withx(12x), suggesting that the effect o
Al substitution for Si in the CoSi12xAl x system is strongly
related to the appearance of point defect. We argue that t

TABLE I. Lattice thermal-conductivity fitting parameters dete
mined from Eqs.~2! and ~3!.

x L (mm) A (10242 s3) B (10218 s/K)

0.00 9.44 0.60 4.54
0.02 5.81 1.67 2.94
0.05 5.14 1.84 3.62
0.10 7.68 3.34 2.37
0.12 5.82 3.66 3.21
0.15 4.74 4.01 2.45

FIG. 6. Prefactor A as a function of x(12x) for
CoSi12xAl x .
1-4
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point defects are not originated from the mass fluctuati
between Si and Al, since their atomic size and mass dif
ences are less than 4%. Rather, other lattice imperfecti
such as vacancies, are introduced with Al substitution, wh
in turn give rise to a considerable amount of point defec
the substituted samples.

From the application viewpoint, the efficiency of a the
moelectric material is characterized by the dimensionlessZT
value. For the present studied system, theZT value increases
significantly with increasing Al concentration, as demo
strated in Fig. 7. This is mainly due to the fact that bothr
andkL decrease drastically with Al substitution, although
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FIG. 7. ZT value as a function of temperature fo
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significant enhancement on the Seebeck coefficient is
served. As one can see from Fig. 7, an encouraging ten-
enhancement on the room-temperatureZT value between
CoSi ~0.0047! and CoSi0.85Al0.15 ~0.041! is achieved. How-
ever, the highestZT found among the studied composition
is still an order of magnitude smaller than that of the sta
of-the-art thermoelectric materials such as Bi2Ti3.17

IV. CONCLUSIONS

A systematic study of the thermoelectric properties
CoSi12xAl x (x50.00–0.15) was performed. Upon Al subs
tution for Si, the CoSi12xAl x alloys exhibit a significant re-
duction inr and a sign change inS, due to hole doping to the
substituted samples. Besides, broad maximums inS are ob-
served and the corresponding peak positions shift to hig
temperatures for largerx. Such observations were attribute
to the contribution of thermally excited quasiparticles acro
their pseudogaps and the latter feature was connected to
shift of Fermi energyEF within the rigid-band scenario. Fur
thermore, the effect of Al substitution is strongly related
the appearance of point defects, which causes a drastic
duction of the lattice thermal conductivity. In this work w
clearly demonstrate that Al substitution for the Si sites
CoSi represents a good opportunity for improving itsZT
value, although these values are still small compared to
conventional thermoelectrics. Based on what we found
this investigation, an important issue which should be c
sidered in future studies is the effect ofn-type doping on the
thermoelectric performance of the CoSi system.
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