N

N

Preparation and transport properties of polycrystalline
Bi and Bi—SiO2 nanocomposites
F. Brochin, Bertrand Lenoir, X. Devaux, R. Martin-Lopez, H. Scherrer

» To cite this version:

F. Brochin, Bertrand Lenoir, X. Devaux, R. Martin-Lopez, H. Scherrer. Preparation and transport
properties of polycrystalline Bi and Bi—-SiO2 nanocomposites. Journal of Applied Physics, 2000, 88
(6), pp.3269-3275. 10.1063/1.1289079 . hal-03996404

HAL Id: hal-03996404
https://hal.science/hal-03996404
Submitted on 19 Feb 2023

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-03996404
https://hal.archives-ouvertes.fr

Preparation and transport properties
of polycrystalline Bi and Bi-SiO,

.%
o
= i nanocomposites
e u Cite as: Journal of Applied Physics 88, 3269 (2000); https://doi.org/10.1063/1.1289079
m m Submitted: 30 March 2000 - Accepted: 20 June 2000 - Published Online: 30 August 2000
: N
- _Q F. Brochin, B. Lenoir, X. Devaux, et al.
l’ \I f

() 2— & <&

View Online Export Citation

ARTICLES YOU MAY BE INTERESTED IN

Characterization of Lorenz number with Seebeck coefficient measurement
APL Materials 3, 041506 (2015); https://doi.org/10.1063/1.4908244

Transport Properties of Bismuth Single Crystals
Journal of Applied Physics 34, 144 (1963); https://doi.org/10.1063/1.1729056

Topological thermoelectrics
APL Materials 8, 040913 (2020); https://doi.org/10.1063/5.0005481

Learn More
Journal of

Applied Physics Special Topics Open for Submissions

AIP

é Publishing

Journal of Applied Physics 88, 3269 (2000); https://doi.org/10.1063/1.1289079 88, 3269

© 2000 American Institute of Physics.



https://images.scitation.org/redirect.spark?MID=176720&plid=1817972&setID=378286&channelID=0&CID=668197&banID=520703472&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=5e5b24fe487255bebf407dc8b9c33e4ba6873140&location=
https://doi.org/10.1063/1.1289079
https://doi.org/10.1063/1.1289079
https://aip.scitation.org/author/Brochin%2C+F
https://aip.scitation.org/author/Lenoir%2C+B
https://aip.scitation.org/author/Devaux%2C+X
https://doi.org/10.1063/1.1289079
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.1289079
https://aip.scitation.org/doi/10.1063/1.4908244
https://doi.org/10.1063/1.4908244
https://aip.scitation.org/doi/10.1063/1.1729056
https://doi.org/10.1063/1.1729056
https://aip.scitation.org/doi/10.1063/5.0005481
https://doi.org/10.1063/5.0005481

JOURNAL OF APPLIED PHYSICS VOLUME 88, NUMBER 6 15 SEPTEMBER 2000

Preparation and transport properties of polycrystalline Bi and Bi—SiO 5
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Bismuth—silica nanocomposites and polycrystalline bismuth were prepared via powder metallurgy
in order to study the influence of silica inclusions on the thermoelectric properties of bismuth.
Bi—SiO, powders containing from 0.5 to 15 vol. % of silica and pure Bi powders were produced by
an arc-plasma processing. Transmission electron microscopy investigations revealed the presence of
a nanometric silica shell around the Bi grains. The powders were cold pressed and sintered close to
the melting temperature of bismuth. The bulk microstructures are very different for the bismuth and
the Bi—SiGQ nanocomposites because silica, which is primarily dispersed at grain boundaries,
inhibits the grain growth during sintering. The electrical resistivity was measured from 5 to 300 K,
while the thermoelectric power and the thermal conductivity were measured from 65 to 300 K on
both polycrystalline bismuth and Bi—SjGsamples containing 0.5, 4, and 15 vol. % of silica,
respectively. The transport properties are mainly discussed with regard to the microstructures. In
spite of a strong reduction of the thermal conductivity for the nanocomposites, the thermoelectric
figure of merit is not improved compared to bismuth due to a dominating concurrent increase of the
electrical resistivity resulting from a finite-size effect. Z00 American Institute of Physics.
[S0021-897€00)02419-1

I. INTRODUCTION also gave rise to a sharp concurrent increase of the electrical
resistivity. As a result, the figure of merit was lower for
polycrystalline alloys than for single crystals.

Theoretical work$'® have recently predicted that the in-

The efficiency of a thermoelectric material at a specified
temperaturel depends on the produ@T,! whereZ is the

thermoelectric figure of merit of the material. This figure of ) . ) )
merit is related to the transport properties by clusion of particles of a few nanometers in a polycrystalline

) material could be an interesting way to obtain a significant
7_ a” ) improvement of the figure of merit. If the nanoinclusions are
pN’ randomly dispersed throughout the materials, they could act
wherec is the thermoelectric poweor Seebeck coefficient as phonon scatt.ering centers and the thermfal condgc-ti\./ity
p the electrical resistivity, and the thermal conductivity. Should be considerably reduced. The electrical resistivity
should not be greatly enhanced if the matrix grains are suf-

The thermoelectric material is all the more performing if its >'"
figure of merit is high. ficiently large. These effects were successfully observed on

Bismuth-based semiconducting alloys are well knownSi—Ge alloys containing 4-to 10-nm particlésdeally, one
for their good thermoelectric properties. Bismuth telluride-would like to improve the figure of merit of Bi—Sb alloys in
based alloys are efficient at room temperature and commonf§ Similar manner, if possible. However, the electrical and
used for Peltier refrigeration, but their figure of merit dra-thermal properties of these alloys strongly depend on the
matically decreases below 200 K and renewed interest ha&ntimony content; so that the effect of inclusions could be
been shown in materials such as bismuth—antimony &f8ys masked by other factors like chemical heterogeneity. We
whose thermoelectric performance can be improved by aphave, therefore, focused our attention on the pure component
plying a magnetic field. However, the practical use of Bi- bismuth.
rich Bi—Sb single crystals in low temperature stages of solid In order to enhance the figure of merit, the nanoinclu-
state coolers is limited because single crystals cannot withsions must be insulatintf,chemically stable in the tempera-
stand any bending along their trigonal axis. Unfortunately, itture range of utilization of the materifli,and inert with re-
is precisely in that direction that the figure of merit is the gard to the matrix® To satisfy these selection criteria,
best. In order to improve the durability of the material, poly- refractor oxides are the best candidates. Therefore, we chose
crystalline Bi—Sb alloys have been prepared via powder metyp disperse silica nanoinclusions in a polycrystalline bismuth
allurgy in the last few decades. Several works were devoteghatrix. Such structures, containing two phases, one of which
to studying the influence of the microstructure on the therys iy the nanometer range, are called nanocomposites. These
moeleptric prope_rtie‘%‘.8 It was concluded that the Presence nanocomposites are usually prepared via powder
of grain boundaries reduced the thermal conductivity but itmetallurgy which involves mixing two kinds of powders
and sintering. The production of nanocomposite ultrafine
dElectronic mail: lenoir@mines.u-nancy.fr powders by simultaneous evaporation, nucleation, and
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growth in the same place is also an attractive way to incor-

porate nanoinclusions in a matertaf!® | e VOL%SIO, I
In this work, we used an arc-plasma process to prepare

pure polycrystalline bismuth and bismuth—silica nanocom- 4O Frerr ey 10000
posites. We first present the preparation of the materials
while the second part is devoted to the study of their trans- 5

port properties. i\‘? o a7 R
S®F ar =7
b 7 ©_
Il. EXPERIMENTAL PROCEDURE g C ‘/ O - =
- g e
Bi and Bi—SiQ, nanocomposite powders were prepared 2 E oy %
by arc-plasma processing. The technique used was already= E oo’ >
described in a previous articté Bi pieces were evaporated @ B E ’ 1
alone or with silica targets under pure argon atmosphere in a <>,; 10 E
dc arc flame. The powders were collected in a glove box e C
under purified argon atmosphere Hand Q<1 ppm). o _E 0.1
Chemical analyses of the powders were performed by E 2
inductive coupling plasma atomic emission spectroscopy. o bkl b b 001

The morphology of the powders was observed using scan-
ning electron microscopySEM). The microstructure obser-
vations of the powders and the phase identification were per-
formed by conventional transmission electron microsCopyFIG. 1. Arc power dependence of the powder silica content and the evapo-
(TEM) associated with x-ray energy dispersive spectrometryation yields of bismuth and silica.
(XEDS) and electron energy loss spectromdigeLS). The
powders were introduced into an epoxy resin and thin slices
(thinner than 100 nmwere prepared by ultramicrotomy. |||. PREPARATION OF THE MATERIALS
These slices were deposited on a 200-mesh copper grid arld
strengthened with a thin layer of carbon before observation.™
Pellets, with 13-mm diameter and a thickness of 3 mm, The heat transfer between the arc flame and the silica
were prepared by cold pressing the powders in a stainledsrget is the determining factor that influences both the pow-
steel die under vacuum at 600 MPa. This compacting stagder yield and the powder composition. The powder silica
was done with fresh powders, in the glove box where thecontent can be controlled by the arc power. Figure 1 shows
powders are collected. The greens were then annealed for 2de dependence of the silica volume fraction on the arc
h at 250°C in vacuum or in an hydrogen stream. The bulkpower. Note that the volume fraction was determined from
density was determined by the Archimedes method. SEMhe silicon content given by the chemical analyses assuming
observations were carried out on fracture surfaces. the powders were only containing Bi and $iQhe behavior
The microstructure of the sintered samples was alsof the curve(Fig. 1) can be easily explained by considering
studied by TEM on samples prepared by successively methe respective evaporation yields of bismuth and silica. In a
chanical and ion thinning. previous work!® it was shown that the oxygen produced by
Transport property measurements were performed othe dissociation of silica in the ard&10 000 K) catalyses
polycrystalline Bi and Bi—Si@ samples within the 65—300 the evaporation of bismuth. The amount of evaporated an
K temperature range. Small parallelepipétipical dimen-  dissociated silica increases with the arc power so that the
sions were X 2x10mn?) were cut with a wire saw from evaporation yield of bismuth becomes much higher than that
the sintered pellets. Electrical resistivity, thermoelectricof silica when the arc power exceeds 2.5 kW. In addition, the
power, and thermal conductivity were measured on the samalica volume fraction exhibits a maximum, which is about
sample. The experimental setup has been previously dd5 vol. %.
scribed in details elsewhefeBoth the thermal and electric SEM observations of the powders showed a bimodal
gradients were applied perpendicular to the press directiorgrain size distribution, which was confirmed by Laser granu-
The thermal conductivity and the thermopower were mealometry measurements. The first peak is centered @ml
sured by means of a four probe steady heater and sin&nd the second on 0/8m. The grains in the Bi powders are
method. The electrical resistivity was measured by the dspherical. In the Bi-SiQpowders, the Bi grains were the
four probe method. Care was taken to eliminate any thermoenly visible grains. The presence of silica does not affect
electric voltages. Additional electrical resistivity measure-their morphology. Their size depends on the evaporation
ments were conducted down to helium temperature on somgeld as it is well known in a nucleation and growth process
of the samples on an other experimental setup. For a sampie vapor phase.
measured in both setups, the measured temperature depen- As silica grains in the powders could not be localized by
dencies of the electrical resistivity perfectly coincide within SEM, we used TEM. On the micrograptfsg. 2), two kinds
the 65—-300 K temperature range. of grains can be observed. The first are highly contrasted

05 1 15 2 25 3 35
ARC POWER (kW)

Powders



J. Appl. Phys., Vol. 88, No. 6, 15 September 2000 Brochin et al. 3271

(a)

TTTTTTTTY TTTTTFITTIT[TITT T TrTI T T T T
f | I T I

BiM

o

INTENSITY (ARBITRARY UNIT)

05 1 15 2 25 3 35 4
ENERGY (keV)

FIG. 2. TEM micrograph of a Bi 8 vol. % SiOnanocomposite powder. (b)
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with a size going from 20 to 150 nm, and were identified as
pure bismutHFig. 3(a)]. The second, whose size is about a
few nanometers, are weakly contrasted. XEDS investigations
[Fig. 3(b)] showed these small grains are constituted of sili-
con and oxygerithe additionalM « peak is due to the sur-
rounding bismuth Figure 4 presents the %i edge spectra
for these small grains. Thie, ; edge with an onset near 104
eV and a strongly peaked structure at 108, 115, and 130 eV
and theL; edge with a peak at 160 eV are characteristic of
pure silica?® These silica grains can form isolated aggregates
but are primarily situated around the Bi grains. Careful ob-
servations show that each bismuth grain is systematically Lol b b by bia baaas
surrounded by a silica layer with a thickness of a few na- 05 1 15 2 25 3 35 4
nometers.

BiM

o

OK

Cul SiK

INTENSITY (ARBITRARY UNIT)

ENERGY (keV)

B. Bulk materials FIG. 3. XEDS spectra corresponding @ a bismuth grain andb) silica
grains. The CW peaks are due to the sample holder.
The effect of sintering on the microstructure was studied

on Bi compactgFig. 5@a)] for which the green relative den-
sity is higher than 0.95. For the samples sintered in vacuunperature of bismuth, but it had no significant influence on the
the relative density remains unchanged and the grain sizgrain size. In each case, the green relative density is higher
never exceeds a few micrometdfSig. 5b)]. In order to  than 0.95 before sintering and does not change during the
avoid an enhancement of the electrical resistivity, polycrysprocess.
talline materials with the largest grains possible must be pre- The microstructure of the sintered samples were studied
pared. To stimulate grain growth, the samples were sinteredsing TEM. As shown by the micrographs in Fig. 6, the
in a hydrogen atmosphere. After sintering, a grain size inmicrostructures of polycrystalline bismuth and nanocompos-
crease is obtaine@Fig. 5(c)], but the relative density de- ites are very different. In polycrystalline bismuth, grains ap-
creases to 0.80. This fact was explained by the presence pkar micrometric with a polygonal shape and no sign of po-
large poreqdFig. 5(d)] which are probably due to hydrogen rosity is observed. Whereas, in the nanocomposites, the
trapped in the material during sintering that escapes later omgrains remain spherical just as in the powders with a size that
Porosity is harmful for thermoelectric properties because iloes not exceed a few hundred nanometers. Silica is prima-
leads to an enhancement of resistivity. As a result, it wasily situated at the grain boundaries. The presence of inclu-
decided to sinter the powders in vacuum. sions containing silicon was also detected inside the grains.
Sintering the nanocomposite compacts at the same teniNevertheless, the observation of these inclusions by TEM is
perature as the bismuth leads to a grain size much smallglifficult because of the high atomic number of bismuth and
because the silica, which is situated around the bismutbecause of the large number of defects introduced in the
grains, inhibits their growth. The sintering temperature wagyrains during the preparation of the sample. The large voids
then increased up to 268 °C, i.e., 3° below the melting tembetween the grains are also probably created during this
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FIG. 4. EELS spectrum corresponding to silica grains.

preparation. One must, indeed, recall that since silica is not

sintered the material is not well consolidated and it is likely
to be damaged during thinning.

IV. TRANSPORT PROPERTIES

The study of the transport properties was performed for

one Bi polycrystalline sample and three Bi—Sianocom-

posite samples containing 0.5, 4, and 15 vol % of silica, re-
spectively. The microstructure of the samples is described in

Sec. lll.

Because of the strong anisotropy of the Bi single crys-

tals, we calculated average values of the transport coeff
cients, measured both along the trigonal axis and the bas
planes, of a single crystal of Bt:??We compared this set of
data for our polycrystalline Bi sample.

X5.000-, T Wn3a

%48, “farn WDL5 .

FIG. 5. SEM micrographs of bismuth pelle&® as compactedb) sintered
under vacuurric), and(d) sintered in an hydrogen atmosphere.

Brochin et al.

i-
al

FIG. 6. TEM micrographs ofa) pure sintered Bi an¢b) sintered Bi—SiQ
nanocomposite.

The temperature dependencies of the electrical resistivity
of the samples within the 4.2—300 K temperature range are
shown in Fig. 7. The computed average values obtained with
a Bi single crystal are also reported in this figufdote that
below 50 K the two independent components measured par-
allel with (p33) or perpendicular tod;) the trigonal axis are
almost equal and at higher temperature the anisotropy
(p33/p11) increases and is about 1.2 at 30Q K.

The values of the electrical resistivity of the Bi polycrys-
talline sample are quite constant and higher than the average
value over the entire range of temperature. For the nanocom-
posites, the resistivity increases with decreasing temperature,
i.e., the temperature coefficient of resistivifyfCR) is nega-
tive, and below 30 K the resistivity is practically temperature
independent. It is noted that a negative TCR is also usually
observed for Bi thin films and Bi nanowirés* while it is
positive for a Bi single crystal.

These different features can be qualitatively explained
by referring to the opposite temperature dependencies of car-
rier concentration and mobility which contribute to the elec-
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FIG. 8. Temperature dependence of the thermoelectric power of polycrys-
FIG. 7. Temperature dependence of the electrical resistivity of polycrystaltalline Bi and Bi—SiQ samples between 65 and 300 K. The line represents
line Bi and Bi—SiQ samples between 4.2 and 300 K. The line represents thehe computed average values for a Bi single crystal.
computed average values for a Bi single crystal.

trical resistivity. In Bi single crystals, the carrier concentra-Bi—SiO, samples. The computed average values obtained
tion increases asT¥? for T>60K whereas the carrier with a Bi single crystal are also shown in this figuflote
mobility follows a T~5? variation?® Consequently, a that in Bi single crystals,ass~—100xV/K 1 and ay;
metallic-like positive TCR is seen. In Bi thin films and in Bi ~—-50,V/K™! for 80<T<300K according to Gallo
nanowires, the mobility is suppressed by structural imperfecet al 2%

tion and finite size effects leading to a negative TCR due to  For all the samples, the TEP is negative. As in single

the carrier concentratiof?:*In the present case of polycrys- crystal, it is likely that this sign reflects the higher mobilities
talline Bi and Bi—SiQ nanocomposites, scattering at the of electrons compared to those of holes. The variation of the
grain boundaries is expected to be strong since the grain sizgEP throughout the temperature range 65—300 K is quite the
especially in the nanocomposites, is much less than the meaame as that for the average value of a single crystal. It
free path in the single crystals that could reach millimeternincreasegin absolute valuebelow 150 K and is quite con-
scale at low temperatur$?’ As a result, the carrier concen- stant at high temperatures. The values obtained for Bi poly-
tration dominates the TCR. Therefore, enhancement of therystalline are in good agreement with literature datz.
electrical resistivity for the nanocomposites can be ascribed |t should be noted that the absolute values of the TEP of
to classical finite-size effects, as the mean free path is effeahe polycrystalline samples lie entirely above the average
tively limited by the crystallite boundaries. At low tempera- values of the Bi single crystal. For the nanocomposites, the
ture, the carrier concentration and the mean free path, hen(r,_ﬁesence of silica cannot, however, be responsible for such
the electrical resistivity, become temperature indepertdent. an increase of the TEP since, in the case of small volume
The increase of the silica volume fraction for the nano-fractions of insulating inclusions, it is well established that
composites, which have similar grain size, leads only to ahe TEP is not sensitive to that of inclusioffsDue to the
shift of the electrical resistivity. KlemelShas shown that large anisotropy of the thermopower the increased absolute
the effect of insulating inclusions on the electrical resistivity value of the TEP could be linked to a preferential orientation
is given by of the grains. However, x-ray analysis do not show any tex-
Af ture. A possible explanation could be a charge-selective scat-
1+ —], (2 tering mechanism which affects holes stronger than elec-
3 trons. Scattering by potential barriers could contribute
wherep, and p, are the electrical resistivity of single- and significantly®! The grain boundaries are known to be crystal
two-phase material, respectively, ahi the inclusions vol- regions containing many intrinsic defedisoint or line de-
ume fraction. The relative variations for the Bi—SiOb- fects, open bondsor extrinsic defectgsegregation, impuri-
served in Fig. 5 are quite well described by E?). ties). Consequently, potential barriers are formed at grain
In Fig. 8, thermoelectric powdTEP) values are plotted boundaries because the chemical potential is not the same in
as a function of temperature for polycrystalline Bi andthe grain boundary region as in the grains of the matéfial.

pP2=pP1
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Bi SINGLE CRYSTAL mean free path decreases and grain boundary scattering is

Bi POLYCRYSTALLINE less efficient, whereas the electronic contribution increases

Bi-0.5 VOL.% SiO, which explains the decrease of the slope.
Bi- 4 VOL.% SiO;

Bi - 15 VOL.% SiO;

e » (0

The thermal conductivity of the Bi—Sinanocompos-
ites is sharply reduced compared to that of polycrystalline
20 bismuth. The addition of 0.5 vol. % of silica is sufficient to
i reduce the thermal conductivity by a factor 2. Increasing the
volume fraction of silica from 0.5 to 15 vol. % seems to have
no influence. The value for each nanocomposite is the same
and is approximately 5 W/mK. It is quite surprising that the
L thermal conductivity of the Bi—Si©does not depend on the
- volume fraction of silica. Theoretical calculatidigredict
i that the addition of randomly dispersed nanoinclusions
should lead to a progressive decrease of the thermal conduc-
tivity. This effect was experimentally confirmed on alumi-
num nitride containing silica inclusiori§.In the case of our
nanocomposites, microstructural investigations have clearly
shown that the silica is primarily dispersed at the grain
boundaries. Hence, we believe that the reduction of the ther-
mal conductivity for the nanocomposites is not due to the
phonon scattering expected. We may offer two possible ex-
planations. The first is based on boundary scattering of
o b b Lo L b L 1 phonons. Given the great difference of grain size between the

50 100 150 200 250 300 360 polycrystalline Bi and the nanocomposites, boundary scatter-
ing of phonons will be more pronounced for the nanocom-
posites. This effect should be comparable for each nanocom-
FIG. 9. Temperature dependence of the thermal conductivity of polycrysposite since the grain size is almost the same. The second
talline Bi and Bi—SiQ samples betwegn .65 and 300 K. The line representSpOSSib|e exp|anati0n is based upon mass-difference scatter-
the computed average values for a Bi single crystal. ing. It was shown in a previous stu%fi’ythat silica was dis-

sociated in the arc during the preparation of the powders. It

can be envisaged that Si atoms substitute to Bi atoms. In this
The enhancement of the TEP for the polycrystalline bismuttcase, we would have to take into account a mass scattering
could be explained by the presence of such barriers. Thevhich could affect the lattice vibrations. This effect is well
effect is more pronounced for the nanocomposites since, firgstablished in the case of Bi—Sb solid solutions. Alloying
of all, the number of grain boundaries is more important, ancdismuth with a small quantity of antimor{@.06 wt. %9 leads
secondly, the silica around the bismuth grains probably into a noticeable decrease of the thermal conductiVitylass
duces additional barriers. scattering is all the more intensive that the mass ratio of the

Figure 9 presents the values measured for the thermalvo kinds of atom is high® In the case of bismuth and
conductivity of polycrystalline Bi and Bi—SiOsamples, as antimony, this ratio equals 1.7 and it is more than 4 times
well as the computed average values of the thermal condugrigher for bismuth and silicon. The solubility of silicon in
tivity of a single crystal of Bi are also reportdthe anisot-  pismuth is very low(about 0.03 wt. % but given the high
ropy is near 2 The thermal conductivity of polycrystalline mass ratio, the addition of even a small quantity of silicon to
Bi is reduced in the whole temperature range compared t@ismuth could explain the strong reduction of thermal con-
that of the single crystal. ductivity for the Bi—SiGQ nanocomposites. The high inten-

In Bi, the thermal conductivity is principally the sum ity of mass scattering could mask the other scattering
of two terms: an electronic contributiore (including both  echanisms and thermal conductivity should then become
unipolar and bipolar termsand a contribution\ associated ,sensitive to the volume fraction of silica.
with the lattice vibrationgphonons The deduced figure of merit from previous results for
3) polycrystalline bismuth and the three nanocomposites stud-

ied is reported Fig. 10. For polycrystalline bismuth, the fig-
Because of the low carrier concentration, heat in Bi is esserire of merit is much lower than the computed mean value of
tially carried by phonong® These phonons have a very long the single crystal below 150 K. At higher temperature, the
mean free path, which can reach several hundred micromeneasured value approaches that of the single crystal. In spite
ters at 5 K3 and are consequently strongly scattered byof the strong reduction of thermal conductivity and the in-
extended defects. The strong reduction of thermal conductiverease(in absolute valueof the TEP, the figure of merit of
ity below 150 K for the polycrystal can thus be attributed tothe nanocomposites is lower than the polycrystalline bis-
the presence of grain boundaries which limit the phonormmuth’s one due to a dominating concurrent increase of the
mean free path. When the temperature increases, the phonelectrical resistivity.

-
o
I

THERMAL CONDUCTIVITY (W.m.K-1)
o °
[
(oY)

TEMPERATURE (K)
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