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ON THE EFFECT OF INTERMETALLICS ON
THE ELECTRICAL AND THERMAL CONTACT
RESISTANCES THERMOELECTRIC
MATERIAL - METAL

1t is shown that the electrical and thermal contact resistances thermoelectric material (TEM) - metal in
structures with anti-diffusion layers increase significantly, if transient contact layer consists of a sublayer
of intermetallic and a sublayer of TEM-intermetallic composite. In a couple of bismuth telluride-nickel,
NiTe; is a dominant intermetallic. With a total thickness of transient layer of bismuth telluride-nickel
ditelluride of 40 um its electrical resistance will vary in the range from 1.28-10° to 3.46-10"° Ohm-cn?’,
and thermal —in the range from 0.131 to 0.195 K-cm?/W. Over time, this layer can grow and, for
instance, with a total thickness of 200 um its electrical contact resistance will vary in the same
temperature range from 6.40-10°to 1.73-10° Ohm-cm?, and thermal — in the range from 0.655 to 0.975
K - cm? /W. This growth significantly affects not only the consumer characteristics, but also the
reliability, life and durability of thermoelectric energy converters. In addition, it is shown that nickel
ditelluride - bismuth telluride composite is not a highly efficient thermoelectric material, but the
dimensionless thermoelectric figure of merit of the bismuth telluride - high-conductivity metal clusters
can become significantly higher. The boundary thermoelectric figure of merit of such a composite was
found. Bibl. 9, Fig. 5.

Key words: contact resistance, nonstationary diffusion, intermetallic, thermoelectric material, doping,
metallized composite, percolation threshold, nanoclusters, optimal composition of composite, boundary
dimensionless thermoelectric figure of merit, high-temperature superconductivity.

Introduction

It is known that the electrical and thermal contact resistances TEM - metal have a significant
impact on the consumer properties of thermoelectric energy converters, especially under conditions of
miniaturization. But if contact structures, and, consequently, transient contact layers, are created by
soldering, the possibility of lowering these resistances is significantly limited by the formation of
intermetallics, which have significantly lower electrical conductivity and thermal conductivity than
"pure" metals. It should be noted that nickel itself diffuses into bismuth telluride and alloys based on it
relatively slowly [1]. On the other hand, during the manufacture and aging of contact structures,
tellurium intensively diffuses into nickel, forming due to thermally activated reactions at the interface,
layers of nickel telluride, among which nickel ditelluride NiTe, dominates [2]. The thermoelectric
properties of nickel ditelluride formed in this way have not been studied. However, the thermoelectric
properties of specially prepared alloys of the Ni-Te system of various compositions were studied
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[3, 4]. Therefore, in [3], in particular, it is noted that NiTe, at 300 K has an electrical conductivity of
7500 S/cm and a thermoEMF of about 10 pV/K. Thus, to a certain extent, its properties are similar to
those of a metal.

It is the formation of this intermetallic that primarily causes a significant increase in the
electrical and thermal contact resistances of transient contact layers. Moreover, intermetallic layers are
able to grow under the influence of temperature, and, consequently, electric current. This leads to an
increase in the electrical and thermal contact resistances. In addition, intermetallics formed as a result
of interfacial reactions have significantly lower mechanical strength than alloys of the same
composition. Thus, the formation of intermetallics has a negative effect not only on consumer
characteristics, but also on the reliability, life and durability of thermoelectric energy converters.
However, the purpose of this paper is mainly to study the temperature dependences of the electrical
and thermal contact resistances of transient layers formed by intermetallics.

Calculation of contact layer structure

The distribution of intermetallic molecular clusters in TEM will be found from the equation of
nonstationary diffusion which in the case of zero intensity of the source is given by:

on o*n
o Ve .

where 7 —concentration of intermetallic clusters at depth xfrom TEM-metal interface, #—time,
D — diffusion coefficient which we consider independent of the coordinate, time and concentration of
intermetallic clusters. For the unambiguous solution of Eq. (1) we make the following model

assumptions: 1) at the beginning of the process, a thin layer of cluster atoms of thickness 0 with

concentration 7, is created; 2) near the interface, concentration 7 is maintained all the time. Under

assumption 1, Eq.(1) has the following solution:

n(x,t)= no{erf(z—\/xD_t] = erf(%ﬂ : 2)

where erf () —the so-called error integral.
But in order for assumption 2 to be satisfied, a layer of thickness ¢ must change with time

according to the law O = 6+/Dt . It is this change that actually happens in many cases. In this case,
this is a layer of intermetallic. It follows from formula (2) that the actual contact structure consists of
two parts: a layer of intermetallic of thickness 64/ Dt and a layer of TEM of thickness 6+/ Dt with

interspersed clusters of intermetallic, the concentration of which decreases to zero. This coordinate

distribution in the structure of total thickness 12+/ Dt is schematically shown in Fig.1.

6 Journal of Thermoelectricity Ne5, 2019 ISSN 1607-8829



Gorskyi P.V.
On the effect of intermetallics on the electrical and thermal contact resistances thermoelectric material - metal

n/ng

0.81 1

0 5 10/ Dt

Fig. 1.Distribution of intermetallic clusters in transient layer

This distribution is matched by distribution of the volumetric fraction of intermetallic in
transient layer normalized to transient layer thickness:

(/7,1 —erf3y)]
4,y i—erfGy)]+ (4, /7, Jerf(By)’

vi(y)= ( (3)

where A4, A, 7;, 7, — molecular masses and densities of intermetallic and TEM, respectively,

erf(z)—the so-called error integral. Assuming by convention a cluster of intermetallic to be

spherical, we define its minimum diameter. It is equal to:
64N

d_. =3/—2ilmin 4

where N , —Avogadro’s number, N ., — the minimum number of atoms in a cluster required to

attribute to it the macroscopic properties of intermetallic as a whole. If a cluster comprises, for
instance, 10° atoms, then such macroscopic properties can be attributed to it with an accuracy of 0.1%.

Assuming 4; =312, y; =7750kg/m’, we obtain d;, =50.3nm. Hereinafter, we will assume that

the clusters have a diameter of 100 nm.

Calculation of the electrical and thermal contact resistances and discussion of the
results

Taking into account that in the context of the above approach a transient layer is considered as a

composite where the percolation effect occurs, its electrical conductivity o, and thermal conductivity

K, will be determined as [5, 6]:
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o, =025, (2=, )+ 0,0, 1)+ [0, =3, )+ 0, (v, - )F +80,0, | (5)

K, = 0.25{/(,. (2=3v, )+, (3v; = 1)+ [, (2= 3v, )+ &, Bv, — 1) +8x,xc, } ©)

The thermoEMF of transient contact layer will be determined as:

e )+ Y=

o, = (7
-1 -1
v () + e v )y
0
The electrical and thermal contact resistances will be determined for the formulae:
Ld
oo =d[ 2, (8)
00,
1 dy
he=d[—. )
0K,

In addition, to these values we add the electrical and thermal contact resistances of intermetallic
layers proper.

Approximation of the necessary temperature dependences of the kinetic coefficients of TEM
and intermetallic on the basis of known general relations [7,8] according to the model assumptions
presented in [6,9] will be carried out in the following order.

According to known thermoEMF value &, of TEM at a certain temperature 7o from equation:

k 2Fl(770) }
ay =~ = (10)
° {Fo(ﬂo) °

we determine the value 77, of reduced chemical potential of carrier gas at this temperature.

Using the condition of constant charge carrier concentration, from the equation

1.5
]115F0.5(77) =1 (11)
Ty F0.5(770)

we determine the temperature dependence of reduced chemical potential 77 in given temperature

range.
From the relation

F@)  Fn)

Ly(n)= (S]TFZ(U) - 4F12(77)} (12)
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we determine the temperature dependence of TEM Lorentz number.
The temperature dependence of TEM electrical conductivity is determined as

1.5
o, :O'so(ij FO(U)FOAS(UO) . (13)
T Fos (77)F0(770)
The temperature dependence of thermal conductivity is determined as:
TO
Ky = GSLS(U)T+ [KSO _O-SOLS(UO)TO]_' (14)

T

In formulae (8) — (11), F,, (77) denote the Fermi integrals that are determined by the following

relation:
E,(17)= Ix”’[exp(x—n)+l]_ldx. (15)
0

In conformity with [3], the NiTe, intermetallic will be considered as metal, and its electrical
conductivity will be assumed to be inversely proportional to temperature:

O, =Uio(T0/T)a (16)

and its thermal conductivity, in accordance with the Wiedemann-Franz law, will be considered mainly
due to free charge carriers, independent of temperature and equal to:

K, = (72236 o, Ty (17)

Moreover, taking into account the scattering of charge carriers in the intermetallic at the cluster
boundaries, the values of electrical and thermal conductivity of the intermetallic "bulk sample" will be
multiplied by the following correction factor:

LU (d, T /1, Ty W1+ x* -2
K.=15[] [T [l Ty N1+ 7~ 22y x*dydx .
0-1(d T /1,Ty W1+ x* = 2xy +2

In this formula, d_. —cluster diameter, /, — mean free path of electron in the intermetallic at a

(18)

temperature of 7, .

Note that we use this correction factor exclusively for transient layer with clusters. We consider
the intermetallic layer to be solid, and, therefore, for it we assume the correction factor equal to 1.

Results of calculations of the temperature dependences of the electrical and thermal resistances
of bismuth telluride-nickel in the presence of intermetallics in transient layer are given
in Figs. 2 and 3.
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Fig.2. Temperature dependences of electrical contact
resistance of transient contact layer 40 um thick: 1,2 —
prior to levelling the concentration of intermetallic
clusters excluding and taking into account charge
carrier scattering at the boundaries of clusters, 3,4 —
after levelling the concentration of intermetallic
clusters excluding and taking into account charge

carrier scattering at the boundaries of clusters
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Fig.2. Temperature dependences of thermal contact
resistance of transient contact layer 40 um thick: 1,2 —
0.19] prior to levelling the concentration of intermetallic

clusters excluding and taking into account charge
0.16| carrier scattering at the boundaries of clusters, 3,4 —

after levelling the concentration of intermetallic
clusters excluding and taking into account charge

carrier scattering at the boundaries of clusters

200 250 300 350 TK

When plotting, it was assumed that 79=300 K, a5=200 uV/K, 65=800 S/cm, «s=1.4 W/(m-K),
0i0=7500 S/cm, /;=5 nm.

The plots show that for the total thickness of bismuth telluride - nickel ditelluride transient layer of 40
um its electrical contact resistance will vary in the range from 1.28 - 10 to 3.46:10° Ohm-cm? and thermal
- in the range from 0.131 t0 0.195 K - cm* / W. Over time, this layer can grow, and, for example, with a total
thickness of 200 pm, its electrical contact resistance will vary in the same temperature range from 6.40-10°
to 1.73-10° Ohmem?, and thermal - in the range from 0.655 to 0.975 K-cm?W. This growth has a
significant impact not only on consumer characteristics, but also on the reliability, life and durability of
thermoelectric energy converters. Note also that after levelling the concentration of clusters in transient layer,
the electrical and thermal contact resistances somewhat decrease in comparison with the non-uniform
distribution, which is dictated by the processes of nonstationary diffusion; therefore, this levelling can be
considered to be a positive factor. The scattering of charge carriers at the boundaries of clusters as a whole
increases the electrical and thermal contact resistances, although only slightly.

During the calculations, we had to assume that the intermetallic in the contact layer has the same
properties as the alloy of the corresponding composition. But this is a very significant approximation,
because the conditions of formation of this intermetallic due to interfacial reactions in the contact layer are
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radically different from the conditions that occur during the direct fusion of nickel with tellurium. This
difference can only lead to an increase in the electrical and thermal contact resistances compared to their
calculated values.

Can nickel ditelluride-bismuth telluride composites serve as thermoelectric materials?

To answer this question, the dependence of the dimensionless thermoelectric figure of merit of
the aforementioned composites at a temperature of 400 K on the volumetric content of nickel
ditelluride in them was calculated, which is shown in Fig. 4.
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Fig. 4. Dependence of the dimensionless thermoelectric figure of merit of nickel ditelluride-
bismuth telluride composites at a temperature of 400 K on the volumetric
content of nickel ditelluride in them

When plotting, it was assumed that the thermoEMF of nickel ditelluride is equal to 10 pV/K and
does not depend on temperature. The plot shows that when the content of nickel ditelluride is
approximately 50 vol.%, the thermoelectric figure of merit increases by approximately 20% compared
to pure bismuth telluride. Then it rapidly decreases to the small value inherent in pure nickel
ditelluride. But this is true only when our hypothetical material is really a composite and the nickel
ditelluride in it has the properties of an alloy of appropriate composition. Only in this case, you can
consider the feasibility of manufacturing and using such material, also taking into account the other
aspects mentioned above.

On the boundary opportunities of “metallized” thermoelectric composites

Note that even at first glance a slight increase in thermoelectric figure of merit of the above
hypothetical composite compared to pure TEM, shown in Fig.4, is possible mainly because the
addition of highly conductive, and hence highly thermally conductive, impurity to the original TEM at
a fairly large interval of the volumetric content of the impurity has relatively little effect on the
thermoEMF of the composite as a whole. Therefore, assuming that the thermoEMF of an impurity is
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small or even equal to zero in absolute value, it makes some sense to investigate the effect of this
impurity on the thermoelectric figure of merit of the composite with increasing electrical conductivity.
The results of this study are shown in Fig. 5.
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Fig.5. Dependence of thermoelectric figure of merit of metal impurity-bismuth telluride
composites on the volumetric fraction of impurity at a temperature of 400 K and the value of impurity
electric conductivity at 300 K in S/cm: 1 — 7500, 2 — 75000, 3 —5-10°, 4 — 5-107.

From the plots we see that with an increase in the electrical conductivity of a metal impurity,
firstly, the percolation threshold becomes sharply expressed, and secondly, the maximum
thermoelectric figure of merit of the “metallized” composite rather quickly tends to the maximum
attainable value. Obviously, the boundary value of thermoelectric figure of merit of a "metallized"
thermoelectric composite at a certain temperature T is equal to:

aX(T)e,,T 3¢’a(T)
ZT . = =
e (7[2 / 3Xk/ 6)2 o, T (721{)2

(19)

It is important that this formula includes the thermoEMF of semiconductor TEM at a given
temperature, but the electrical conductivity, thermal conductivity, hence the Lorentz number, of metal.
It is clear that this approach correctly reflects physical situation if and only if the semiconductor and
metal, when incorporated into the composite, whatever its composition, retain their inherent
macroscopic values of the kinetic coefficients, including their temperature dependences.

Then, substituting, for instance, as(400) =235 uV / K, we obtain ZTmax = 2.236, which more
than twice exceeds the thermoelectric figure of merit typical of traditional alloys based on
Bi(Sb) — Te(Se) system. An even more striking result can be obtained by taking as TEM, for example,
zinc antimonide, for which the thermoEMF can be considered equal to, say, 700 uV / K.

Then the maximum value of thermoelectric figure of merit of a "metallized" thermoelectric
composite based on it is 19.8, while, as usual, alloys of the Zn-Cd-Sb system have more than 1 -2
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orders of magnitude lower thermoelectric figure of merit. Thus, the question arises about the
technological feasibility of manufacturing such metallized composites, rather than just alloyed with
metal impurities materials, which, unlike composites, obviously will not have such advantages, their
stability, durability and the possibility of being used for creation of thermoelectric energy converters
taking into account the specificity of their operation.

It should be noted that the reactions between metal and TEM components with the formation of
intermetallics with relatively high electrical resistivity are a significant obstacle to significantly
increase the thermoelectric figure of merit and efficiency of TEM both by doping them with metal
impurities and by creating "metallized" thermoelectric composites. Based on the results of the study,
we can formulate the following list of requirements for materials suitable for obtaining highly efficient
"metallized" two-phase thermoelectric composites:

1) the semiconductor TEM must have the highest possible absolute value of thermoEMEF in the
operating temperature range;

2) the metal must have the lowest possible electrical resistivity and either not react with the
components of the TEM, or form with them intermetallics, the electrical conductivity and thermal
conductivity of which would differ as significantly as possible from the electrical and thermal
conductivity of the TEM upward;

3) the thermoEMF of a metal or intermetallic under these conditions is not critical can be small
in the absolute value.

However, even if these requirements are compatible with each other and technologically
feasible, the composite must still have such thermal and mechanical properties and such compatibility
with other materials that would allow it to be used to create specific devices.

In connection with all of the above, the reader may ask what will happen if, instead of metal
impurities, specially made granules based on high-temperature superconducting ceramics are used.
At this stage, the author is not ready to give a well-argued answer to such a question. There are two
reasons for this. The first is that superconductivity, for example, at room temperature has not yet been
achieved. The second reason is that the traditional concepts of thermoelectric figure of merit and
efficiency of TEM, no matter how “good” or “bad” it is, have a certain meaning, not least because the
charge transfer in it is described by Ohm's law. And in the superconducting state, Ohm's law is
applicable only to the "normal", that is, not the superconducting part of the material. The
electrodynamics of the superconducting part is fundamentally different. And, as can be seen from Fig.
5, there is no urgent need for unlimited electrical conductivity of the "metal” part of the composite. On
the other hand, superconducting ceramics, as a component of TEM, may be useful in creating high-
quality cooling materials and devices, especially miniature ones, for cryogenic temperatures, but this
issue requires special thorough research, which is not the subject of this paper.

Conclusions

1. It is shown that the formation of intermetallics in the TEM-metal transient contact layer
significantly increases the corresponding thermal and electrical contact resistances.

2. Conditions of high figure of merit for two-phase "metallized" thermoelectric composites are
established and requirements to materials from which it is expedient to make them are
formulated.

3. In general, the boundary value of the thermoelectric figure of merit is found for “metallized”
thermoelectric composites.
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Toxaszarno, wo enekmpuyHuil ma Meniosull KOHMaxkmHi onopu mepmoenexmpuunuti mamepian (TEM )
Meman 'y CMpYKmypax 3 aHmuOugpy3iuHUMU wapamu iCmOmHO 3pOCMAarOmy, AKWO NepexioHull
KOHMAKMHUIl wap CcKiadaemsvcs 3 niowapy inmepmemanioy ma niowapy xomnosumy TEM —
inmepmemaunio. Y napi menypuo sicmymy — Hikeib maxum OomiHanmuum inmepmemanioam € NiTe,. 3a
302ANbHOI  MOBWUHU  NEPexiOHo20 wapy menypuo eicmymy-oimenypud Hikemo pisHoi 40 mrwm
eneKmpudHUtl KOHMAaKmuutl onip 3miniocmoca 6 inmepeani 60 1.28:10° 0o  3.46-10° Om-en?, a
mennosuii — 6 inmepeani 6i0 0.131 0o 0.195 K-cv?/Bm. 3 uacom yeii wap modice pocmu, i, Hanpuxnao, 3a
sazanvroi mogugury 200 MM 11020 eneKmpudHull KOHMAKMHUL ONip 3MIHIOEMbCA Y TOMY CAMOMY
memnepamypHomy inmepsai 6i0 6.40-10° 0o 1.73-107° Om-cw’, a mennosuii — 6 inmepeani 6i0 0.655 0o
0.975 K-cm?/Bm. Lle spocmanns icmommo 6niueac e auiue Ha CHOJICUEHT XapaKmepucmuky, a i Ha
HAOWIHICMb, 008206IMHICIb MA PECYPCHY CIMIUKICIMb MEPMOETIEKMPUYHUX NePemEOPIO6aUie eHepeil.
Hopao 3 yum nokazamo, w0 KoOMnoO3um OIMeTypuo HiKemo — Mmenypuo  GiCMymy He €
BUCOKOEHEKMUBHUM — MEPMOCTEKMPUYHUM — MAmepianom, —ane Oe3posMipHa  mepMOoeneKmpuyta
ehexmusHicmos KOMNO3UMy mMenypuo GicMymy — BUCOeIeKMPONPOBIOH Memanesi Kiacmepu Moxice
cmamy icmomHo  Oinbuioro. 3HalideHo epanuuHy Oe3po3MIpHY — TepMOeNeKmpUiHy edexmueHicnb
maxkoeo komnosumy. bion. 9, puc. 5.

KnrouoBi ciioBa: KOHTaKkTHHMM ormip, HecranjioHapHa audy3is, IHTEpMeTais, TEepMOENEKTPUUHHUIA
Marepia, JIeryBaHHs, METaJli30BaHUI KOMIIO3HT, TTOPIT ePKOJIALLi, HAHOKIIACTEPH, ONITUMAITBHIH CKITa
KOMIIO3UTY, TpaHM4Ha Oe3po3MipHa TEpMOENIEKTpHYHA e(EeKTUBHICTb, BHUCOKOTEMIIEPATypHA
HaJIIPOBIAHICT.
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'MuctutyT TepMmodniekTpuuectsa HAH u MOH Ykpaunsi,
yi. Hayku, 1, UepnoBupsl, 58029, Ykpauna
*YepHOBHIIKHIT HALIMOHANEHBIN YHUBEpCUTET nMeHH FOpus denpkoBHya
yi1. Komrobunckoro 2, YepHosusl, 58012, Ykpaunna

O BJIMSAHUUN UHTEPMETAJIVIMIOB HA SJIEKTPUYECKOE "
TEIIJIOBOE KOHTAKTHBIE COITPOTUBJIEHUA
TEPMODJIEKTPUUECKHN MATEPHUAJ - METAJLT

Hoxaszamno, umo snekmpuyeckoe u meniogoe KOHMAKNHbLE CONPOMUBGTLEHUS. MEPMOILEKMPUYECKUTL
mamepuan (TOM) — memann 6 cmpykmypax ¢ aHmMuOUP@Y3UOHHbIMU CLOSAMU CYUECMBEHHO
803pacmaiom, eciu NepexooHblil KOHMAKMHbILIL CAOU COCHOUM U3 NOOCLO0S UHMEPMEMALIUOA U
noocnosi komnosuma TOM - unmepmemannuo. B nape mennypud eucmyma - Hukeib maxum
OoMuHanmubim unmepmemaniudom sgusiemcs NiTer. [lpu obweil monyune nepexooHo2o clos
Mmenypuo eUCMYma-oumennypuo Huxeis pasuou 40 mxm 6 memnepamyprom unmepsaie 200 —
400 K e20 anekmpuueckoeoe KOHMAKMHOE CONPOMUGIEHUE UBMEHIemcs. @ UHmepeane om
1.28 - 10° 00 3.46 - 10°° Omcm?, a mennosoe - 6 unmepsane om 0.131 do 0.195 K-cu?/Bm. Co
8peMeHeM 3MOom CIOU Modcem pacmu, u, Hanpumep, npu obdueti monwgure 200 mrm ezo
NeKmpuyeckoe KOHMAKMHOE CONPOMUBNIEHUE USMEHAEemcs 6 MOM Jice MmMeMnepamypHom
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unmepeane om 6.40 - 10° 0o 1.73 - 107 Om-cm ?, a mennosoii - 6 unmepsare om 0.655 0o
0.975 K-cm?’/Bm. Dmom pocm cywecmeenno 6enusem He MONbKo HA Nompebumensckue
XapaxkmepucmuKu, HO U Ha HAOEHCHOCMb MEePMOIIEKMPUYECKUX npeodpazosameneti SHepaul.
Hapsody ¢ smum nokasano, 4mo koMnosum oumennypuo HUKeis - meinypuo UCMYma He sA61sAemcs
8bICOK0IPexmusHbIM MepMOdIEKMPULECKUM mamepuanom, HO be3paszmepHas
MEepMOIIeKMPULECKAs apppexmusnocmo KoMno3uma mentypuo sucmyma -
BbICOINEKMPONPOBOOHbIE MEMANIUYECKUe KIACepbl MOXCem CMmamb Cyuwecmsenno Ooavule.
Haiidena npedenvnas  6espasmepnas — mepmodnekmpuyeckas  dQ@exmusHocms — maKoco
xkomnozuma. bubn. 9, puc. 5.

KnioueBble c10Ba: KOHTAKTHOE CONPOTHBIIEHNE, HECTallMOHApHAs AN dy3ns, HHTEPMETaIUTUIb,
TEPMORJIEKTPUUECKMH ~ MaTepuall, JIETMPOBaHHE, METAJUIM3UPOBAHHBIH  KOMIIO3UT, IOPOT
MEPKOJSIINY, HAHOKJIACTEPhl, ONTHMAJIBHBIA COCTaB KOMIIO3HMTA, IIpeAeibHas Oe3pasMepHas
TepMOdJIeKTpUuecKas 3pHEeKTHBHOCTh, BBICOKOTEMIIEPATYPHAS CBEPXIIPOBOJUMOCTb.
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