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ON THE FUNDAMENTAL DIFFERENCE
BETWEEN THERMOELECTRIC COMPOSITES AND
DOPED THERMOELECTRIC MATERIALS AND THE

CONSEQUENCES IT IMPLIES

It is shown that if the effect of doping impurities on a thermoelectric material is reduced only
to a change in the concentration of free charge carriers in it, then, for example, for a material
based on bismuth telluride even at a temperature of 400 K, it is impossible to obtain a value of
the dimensionless thermoelectric figure of merit, which would be far in excess of 1. On the
other hand, the dimensionless thermoelectric figure of merit of thermoelectric composites
based on semiconductor materials with metal nanoclusters or nanoparticles can significantly
exceed 1, if they are indeed composites, that is, materials, each component of which, having
entered the composition of the composite, retains its inherent macroscopic values of kinetic
coefficients and their temperature dependences. In this case, the increase in the figure of merit
of such a thermoelectric composite is reduced to optimizing its composition and solving the
problem of the technological possibilities of manufacturing this particular composite.
However, it should be borne in mind that the answer to the question about the practical
application of such composites, even if they are created and their parameters are stably
reproducible, depends on the possibility of creating devices in which they are used, that should
have not only high consumer characteristics, but also the corresponding stability, reliability,
durability and service life. Bibl. 6, Fig. 6.

Key words: thermoelectric material, doping, dimensionless thermoelectric figure of merit,
percolation threshold, composite, nanoparticles, optimal composition of the composite.

Introduction

Today, significant efforts of specialists in the field of thermoelectric materials science are
aimed at solving both theoretical and practical problems related to finding ways to increase the
dimensionless thermoelectric figure of merit of both doped thermoelectric materials and
composites. However, despite these efforts, significant progress in this direction has either not been
achieved, or some high results are not consistently reproducible. From this point of view, efforts
aimed, for example, at creating superlattices or quantum well materials, deserve a separate
analysis. But the purpose of this paper is an unbiased analysis of the situation in the field of
creation and application of TEM based on "traditional" alloys of Bi (Sb) - Te (Se) system.
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About the limited potential of doped TEM

To prove this limitation by calculation, we investigate the effect of the concentration of
doping impurities on the dimensionless thermoelectric figure of merit of TEM under the following
model assumptions:

1) the band spectrum of charge carriers in TEM is parabolic and isotropic with the

temperature-independent effective mass;

2) quasi-elastic scattering of charge carriers in the relevant temperature area occurs on a

deformation potential of acoustic phonons with the energy-independent cross-section and mean

free path inversely proportional to temperature;

3) the lattice thermal conductivity of semiconductor is determined by phonon-phonon

scattering with Umklapp and is inversely proportional to temperature, obeying the Leibfried-

Schlemann law [1, 2];

4) doping impurities do not affect anything except the concentration of free charge carriers in
material.

Given the validity of these assumptions, the scattering index of charge carriers = - 0.5.

For further calculations, we assume that at a certain temperature 7o we know the
thermoelectric parameters of the undoped TEM, namely its thermoEMF as, electrical
conductivity o5y and thermal conductivity k5. Assume also that the relative increase in the
concentration of free charge carriers in the TEM after the introduction of a doping impurity
is equal to x.

The construction of the necessary temperature dependences and concentration dependences
of the characteristics of the doped TEM on the basis of known general relations [1] is carried out in
the following order.

From the relation for thermoEMF

k[ 2 () }
0 =—| (1)
“s0 Q{Fo(ﬂo) o

we find a reduced chemical potential 77, of charge carrier gas in the undoped material at a

temperature of 7.
Then from equation

TI'SFo.s (77)
(1 + X)T()I'SFO.S (’70 )

=1 )

we determine the temperature dependence of reduced chemical potential 77 of charge carrier gas on

temperature 7 in given temperature range at an arbitrary concentration of doping impurities.
From the relation

. _5{21”1_(77)_,7} G)

T Fo(ﬂ)

we determine the temperature dependence of the thermoEMF of doped TEM.
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From the relation

L(7)= (92{35(’7) _ 41?12(77)} @)

F0(77) F02(77)

we determine the temperature dependence of the Lorentz number of doped TEM.
The temperature dependence of the electrical conductivity of doped TEM under the above
model assumptions is determined as follows:

S ”)(TOJ " Ry )Fs(m) 5)

T Fys (77)F0 (770)

The temperature dependence of the electrical conductivity of doped TEM with regard to
everything said above is determined as:

T,
Ky = GSLS (U)T + [KSO - GSOLS (770 )TO ]70 : (6)

In formulae (1) — (5), Fm(n) denote the Fermi integrals which are determined by the

following relation:

m

X expx 77 +1] dx. (7

O'—oS

Relations (1) — (7) fully determine the temperature dependences of the thermoEMF,
electrical conductivity and thermal conductivity of doped TEM.

The calculated concentration dependences of the dimensional thermoelectric figure of merit
of doped TEM at temperatures 200 and 400 K are shown in Fig. 1.
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Fig. 1.Concentration dependences of the dimensional thermoelectric
figure of merit of doped TEM at temperatures:1 — 400 K (left axis), 2 — 200 K (right axis)
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When constructing plots, the following parameters of TEM were taken: oso=200p V/K,
oso =800 S/cm, Kso=1.4 W/(m-K) [1].

The plots show that at a temperature of 400 K even the highest value of the dimensionless
thermoelectric figure of merit of the doped material, which corresponds to its "optimal"
composition near x = 0.2, is only about 0.01, i.e. less than 1 % higher than the value of the
thermoelectric figure of merit of the source material. The existence of the optimum in this case is
explained by two competing factors: an increase in electrical conductivity and a decrease in
thermoEMF with increasing concentration of charge carriers. At lower temperature, when the gas
of free charge carriers is quite degenerate, the concentration dependence of the dimensionless
thermoelectric figure of merit is also weak (the highest value differs from the lowest in the
considered range of concentrations of charge carrier by about 5.5%), but this dependence is
entirely determined by the decrease in thermoEMF.

Thus, we clearly see the limited potential of doped TEM. The best results are achieved when
doping simultaneously reduces the lattice thermal conductivity. Moreover, doping of TEM by
isovalent impurities is effective, because in this case the electrical conductivity, the electron (hole)
part of thermal conductivity and thermoEMF of the material change relatively little, and the lattice
thermal conductivity changes to a greater extent, quite often in the direction of decrease.

On the fundamental difference between thermoelectric composites and doped TEM
and their potential

Thus, we have seen that the fundamental role of doping impurities in the traditional sense of
the term is that they, changing their state, either "supply" free charge carriers of this or other sign,
or do not supply carriers, but affect the scattering or spectrum of phonons in TEM, changing in this
or other direction the lattice thermal conductivity and even the nature of its temperature
dependence, on which we will also dwell later. It is clear that in this case the characteristics of the
doped material cannot be described in any way due to the macroscopic characteristics of its
components. The principal feature of the composite, in contrast to the doped material, is the ability
to determine at least its kinetic coefficients, namely electrical conductivity, thermal conductivity
and thermoEMF due to the relevant characteristics of individual components (phases) and the
composition of the composite without going deep into the microscopic mechanisms of these
characteristics. That is why the theory of composites is quite often identified with the theory of the
"effective medium", which is understood as a purely macroscopic object. It is clear that in this case
only that material can be called a composite whose components (phases), when incorporated into
the composite, regardless of its composition, retain their inherent macroscopic properties and their
temperature dependences. The "rules of mixing" macroscopic characteristics, according to which
the characteristics of the composite as a whole are determined, depend on the concept of "effective
environment" followed by the researcher. For example, if we follow the concept, according to
which the percolation effect is insignificant, then for a two-phase system the TEM - metal kinetic
coefficients are defined as follows [2]:

O, =0V, +0g (1 Vi ) > (3)

K, =KuVn +K‘S(1—Vm). )

28 Tepmoenexmpuxa Ne 1, 2020 ISSN 1726-7714



Gorskyi P.V.
On the fundamental difference between thermoelectric composites and doped thermoelectric materials...

‘6 »”

The indices and “m” refer to TEM and metal, respectively, v,, —the volume fraction of metal.

The thermoEMF of composite is determined as [3]:

a, :(am/Km)Vm+(as/’<s)(l_vm). (10)
K‘;lll/m +K‘S_1(1—Vm)

However, if percolation effect is essential, formulae (8) and (9), respectively, acquire the
form [3, 4]:

o, _025{5 2-3v, )+, (v, —1)+4[o.2-3v, m(3vm—1)]2+80mas}, (i1

K, —025{,< 2-3v, )+x,,(3v, \/ (2-3v, m(3vm—1)]2+8;<mz<s}, (12)

and formula (10) remains unchanged.
Consider the difference between these two concepts using an example of composite, even
though hypothetical, which consists of bismuth telluride and nickel. The plot of the electrical

conductivity of the composite depending on the volume fraction of the metal v,, =v in accordance

with formulae (8) and (11) is shown in Fig. 2. In this case, the electrical conductivity of nickel is
taken equal to 1.3 - 10° S/cm.
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Fig. 2.Dependence of the electrical conductivity
of “bismuth telluride-nickel”
composite on the volume fraction of nickel:

1 —in the presence of percolation;

2 —in the absence of percolation
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The figure shows that in the presence of percolation, as the content of nickel particles in the
composite increases, the electrical conductivity of the composite increases first more slowly and
then faster than in its absence.

Let us consider the question of what size of the nickel fraction can be considered
macroscopic. If we consider, for example, a cluster with a radius of 35 nm, then taking into account
that the nickel lattice constant is equal to 0.5 nm [5] and this lattice is body-centered, we obtain
that such a cluster can accommodate approximately 2.9 x 10° atoms, which means that the relative
deviation of the macroscopic parameters of the cluster from their average values is less than 0.1%,
that is, this or larger clusters can be considered macroscopic and one can ascribe to them the
conductivity of nickel. Based on the conductivity of nickel and the concentration of electrons in it
[5], we can find that the free path of electrons in nickel at 300 K is 4.18 nm. Then at an arbitrary
temperature the electrical conductivity of the metal cluster is approximately equal to:

O-CZ:UO(TO/T)W' (13)

In this formula, 6y — electrical conductivity of the bulk nickel sample at a temperature of 7,
r. — cluster radius, /p — mean free path of electron in the bulk nickel sample at 300 K.

Fig.3 shows the dependences of the thermoelectric figure of merit of TEM-nickel clusters
composite on its composition with regard to the percolation effect at temperatures 200 and 400 K.
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Fig. 3. Thermoelectric figure of merit of composite with
regard to the percolation effect
at temperatures:1 — 400 K, 2 — 200 K.

It was assumed that the thermal conductivity of nickel is 90 W/(m-K) and by virtue of the
Wiedemann-Franz law does not depend on temperature. The thermoEMF of nickel was considered
to be equal to 23 pV/K and temperature independent.
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From the figure it is seen that up to nickel content almost 30% by volume, i.e. within the percolation
threshold, the thermoelectric figure of merit of the composite at 400 K retains a value equal to 1, but after
this threshold increases rapidly, reaching a value of almost 3 at about 60 volume % of nickel, goes to the
"plateau", and then rapidly decreases to the value inherent in pure nickel.

Fig.4 shows the same dependences as in Fig.3, but without regard to percolation effect.
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Fig. 4. Thermoelectric figure of merit of the composite without
regard to the percolation effect at temperatures:1 — 400 K, 2 — 200 K.

The figure shows that neglect of the percolation has little effect on the maximum
thermoelectric figure of merit of the composite, although it significantly affects the rate of reaching
this maximum, the length of the "plateau" and the rate of further decline to a small value inherent in
pure nickel. Note that Figs. 3 and 4 correctly reflect the physical situation if the temperature
dependence of the lattice thermal conductivity of TEM is subject to the Leibfried-Schlemman formula.
Instead, the following plots in Figs. 5 and 6 are constructed for the case when this formula is violated in
such a way that the lattice thermal conductivity increases approximately linearly with temperature [6].
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Fig. 5. Thermoelectric figure of merit of the composite with regard to the percolation
effect and a deviation of TEM lattice thermal conductivity from the Leibfried-Schlemann
formula at temperatures: 1 — 400K, 2 — 400 K.
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Fig. 6. Thermoelectric figure of merit of the composite without regard to the percolation
effect, but with regard to a deviation of TEM lattice thermal conductivity from the
Leibfried-Schlemann formula at temperatures: 1 — 400 K, 2 — 200 K.

The figures show that even the linear increase in the lattice thermal conductivity of TEM
with temperature does not affect the maximum value of the thermoelectric figure of merit of the
composite. From this we conclude that such a significant advantage of composites over doped
materials, at least in principle, is achievable precisely because the components that make up the
composites retain their macroscopic characteristics. If this does not happen, then such an advantage
will not be obtained. Therefore, those materials that have a relatively low thermoelectric efficiency
should be considered as specially doped materials rather than the composites, despite the fact that
the authors consider them to be the composites. Consider from this point of view, for example, the
results of [6]. Its authors report that they obtained for the graphite/ BiopsSbisTes composite an
increase in thermoelectric figure of merit to 1.05 or 35 % compared to the "pure" TEM with a
graphite content of 0.05 mol.%. And such an increase in the composite is impossible if the
percolation effect occurs (Fig. 5), but it is possible if the percolation effect is absent (Fig. 6).
However, since this effect occurs, and according to [6] the electrical conductivity of the material
with the addition of graphite generally decreases, although insignificantly, thermoEMF increases
slightly, and the lattice thermal conductivity decreases by more than 1.5 times, it should be
assumed that we are dealing not with a composite, and with a specially doped material, the main
role of graphite in which is the rearrangement of the phonon spectrum of TEM and phonon
scattering mechanisms in it, which leads to a significant decrease in lattice thermal conductivity
and changes in the nature of its temperature dependence.

However, it should be noted that we do not consider in this paper either the technological
aspects of the manufacture of the composite thermoelectric materials, taking into account the above
requirements for them, or their strength characteristics and service life. And these aspects are no
less, if not more important than the actual thermoelectric figure of merit. Therefore, the trend in
the development of thermoelectric materials and devices, albeit very slowly, is shifting towards the
development of a kind of "compromise" materials and structures, in which, with given consumer
characteristics, minimum mechanical stresses, and, consequently, maximum reliability, durability
and service life of both materials and devices would be achieved.
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Conclusions

1.

It is shown that the dimensionless thermoelectric figure of merit of materials based on bismuth
telluride cannot increase by more than 1%, if the role of the doping impurity is only to
increase the concentration of charge carriers.

Unlike doped thermoelectric materials, the composites that contain highly conductive, such as
metal, clusters with a diameter of 70 nm or more, have significantly greater thermoelectric
capabilities making it possible to obtain at 400 K the dimensionless thermoelectric figure of
merit about 3. This value is not affected by the percolation or possible increase of lattice
thermal conductivity of TEM with temperature. This is possible primarily because in the
composites, in contrast to doped materials, their components retain the thermoelectric
characteristics, including their temperature dependences, which were inherent in these
components before entering the composite. This feature for the composite is fundamental. If
the preservation of the characteristics of the components does not take place, then we are not
dealing with a composite, but with a special doped material, which cannot offer such
significant advantages.

From this point of view, it is important to dope TEM primarily with such impurities and in
such quantities that little change the electrical conductivity and thermoEMF of TEM, but
significantly reduce its lattice thermal conductivity, even if changing the nature of its
temperature dependence.
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ITPO MPUHIMUITIOBY BI/IMIHHICTDb TEPMOEJIEKTPUYHUX
KOMITIO3UTIB BI/{ JJETOBAHUX TEPMOEJIEKTPUYHUX
MATEPIAJIIB TA HACJIJIKHU 3 HEQ

Iokazano, wo AKWO 6NIUB Ne2YIoUUX OOMIUOK HA MepMOoeleKmMpPUdHULl Mamepian 3600UMbCsl
Juuie 00 3MIHU KOHYeHMpayil GiNbHUX HOCIi6 3apsdy y HbOMY, MO, HANPUKIAo, OJisi Mamepiary
Ha OCHO8I menypudy egicmymy Hasimv 3a memnepamypu 400 K wuemoociueo ompumamu
3HaueHnsi 6e3po3MIpHOT mepmoenekmpuunoi epexmusnocmi, sike 6 icmommno nepeguwyéano 1.
3 iHwozo 00Ky 6e3po3smMipHa MmepMOeNeKmpUuUHa e eKmusHicms  mepmoeneKmpUyHUX
KOMNO3UMI8 HA OCHOBI HANIGNPOGIOHUKOBUX MAMepIianié 3 MemaiesumMu HaHokiacmepamu abo
HAHOYACTNUHKAMU MOdce ICTMOMHO nepeguwyyeamu I, AKwo 60HU cnpasdi € KOMRO3UMAMU,
mobmo mamepianamu, KOJNCHA CKIA008A SKUX, VBIUWLO8WU 00 CKIady Komnozumy, 30epicae
NPUMAMAanHi il MAKpOCKONIYHI 3HAYEHHA KIHeMmU4HuUX Koegiyienmie ma ix memnepamypHi
sanescHocmi . B yvomy paszi nidsuwjenus 000pomHOCMI MAK020 MEPMOEIEKMPUUHO20
KOMRO3UMY 38600UMbCA 00 ONMUMI3AYii 1i020 CKAady i 8UPIUEHHA NUMAHHA NPO MEXHONO02IUHI
MOJICTUBOCHT BULOMOBILEHHA came Ybo2o Komnosumy. OOnax ciio mamu Ha yeasi, wjo 8ionoeios
Ha NUMAHHA NPO NPAKMUYHE 3ACMOCYBAHHA MAKUX KOMNO3UMIB, AKUO 80HU HA8IMb OYOymb
cmeoperi I ix napamempu 0yO0ymov cmadilbHO GIOMEOPIOSAHUMU, 3ATEAHCUMb 810 MONCTUBOCMI
CMBOpeHHsA 3 iX 3AcCmOCy8aHHAM NpUCmMpois, AKi O Malu He Juuie BUCOKI CHONCUBYI
xapakmepucmuxu, a U 6IOn0GiOHy CMAOINbHICMb,HAOIUHICMb, 008208IUHICMb MA PECyPCHY
cmixicmo. bioa. 6, puc. 6.

Kurro4oBi cioBa: TepMOCICKTPUYHUN Martepiai, JIeTyBaHHS, Oe3po3MipHa TEPMOCICKTPHYHA
e(eKTUBHICTb, MOPIT MEPKOJIALi, KOMIIO3UT, HAHOYACTHUHKH, ONITUMAIBHUN CKJIa]l KOMIIO3UTY.
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O ITPUHOUIINAJIBHOM OTJIMYUHU TEPMOJSJEKTPHUYECKHUX
KOMIIO3UTOB OT JJETUPOBAHHBIX TEPMOJJIEKTPUYECKHX
MATEPHAJIOB U CJIEACTBUAX U3 HEI'O

Iokazano, umo eciu GuusAHUE Ae2UPYIOWUX NpUMecell HA MEPMOINEKMPUYECKUTT MAMepua
(TOM) ce00umcs moabKo K UsMeHeHUr KOHYeHmpayuu c80000HbIX Hocumenell 3apsaoda 6 HeM,
mo, Hanpumep, Ol MAMepUaLa Ha 0CHose meanypuoa gucmyma oasce npu memnepamype 400
K nego3mooicno nomyuums 3nauenue 0e3pazMepHOU MEPMOINEKMPUYEcKoll dhdexmusnocmu,
Komopoe Ovl  cywecmgenno npesviwaro 1. C  Opyeoii  cmopoHvl,  6e3pazmepHast
MmepMOodIeKmpudeckas IPHeKmusHoCmsb  MePMOIIEKMPULECKUX KOMHO3UNMOE HA OCHOGe
NOJIYNPOBOOHUKOBLIX MAMEPUANOE C MEMALIULECKUMU HAHOKAACMEPAMU TUOO HAHOYACMUYAMU
Modcem CyujecmeenHo npegvluiams 1, eciu OHU OelucmeUmenbHO SGIIOMCS KOMROZUMAMU,
m.e. Mamepuanamu, Kaxcods COCMAGISAIOWAs KOMOPbIX, 60UOsL 6 COCMA8 KOMNO3UMA,
coxpamusiem npucywjue eil MakpoCKONUYecKue 3HAYeHUsl KUHeMU4eckux Kodp@huyuenmos u ux
memnepamypuvie 3agucumocmu. B omom cayuae noegviwenue 0obpomHocmu  makozo
MEPMOIIEKMPULECKO20 KOMNOZUMA CE0OUMCSL K ONMUMUZAYUU €20 COCMASd U peuleHuu
80NPOCA O MEXHONOSUYECKUX BO3MONCHOCIAX U320MOBACHUSL UMEHHO 2MO020 KOMNO3UMA.
Oonako credyem umems 6 GUAY, YMO OMEEN HA GONPOC O NPAKMUYECKOM NPUMEHEHUU MAKUX
KOMNO3UmMos, eciu OHu oadxce 0yOym co30ambl U ux napamempuvl 0OyOym cmabuibHo
60CNPOU3EOOUMBIMU, 3AGUCUM 0N BO3MOJICHOCMU CO30AHUSL C UX NPUMEHEHUeM YCMpOUCHS,
Komopvle O00NICHbl UMEMb He MOIbKO BblCOKUE NOmpedumenbcKue Xapaxmepucmuki, HO U
COOMBEMCMBYIOWYI0  CMAOULLHOCHb,  HAOENHCHOCMb,  O0J208€YHOCHb U PECYPCHYIO
yemouuugeocms. bubn. 6, puc. 6.

KitoueBble  cjioBa: TEPMOXJICKTPUYSCKHUI  MaTepuan, JerHpoBaHue, Oe3pa3MepHas
TepMOdJIeKTpUUeckas 3(PQPEKTUBHOCTh, MOPOr TMEPKOJSAIUH, KOMIIO3UT, HAHOYACTHIIHI,
ONTUMAJIbHBIH COCTaB KOMITO3UTA.
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