Gorskyi P.V. doc. phys.-math. science'??

'Institute of Thermoelectricity of the NAS and MES of Ukraine,
1, Nauky str., Chernivtsi, 58029, Ukraine;
*Yu.Fedkovych Chernivtsi National University,

2, Kotsiubynskyi str., Chernivtsi, 58012, Ukraine

EFFECT OF NONPARABOLICITY DESCRIBED BY THE FIVAZ
MODEL ON THE ELECTRICAL RESISTANCE OF
THERMOELECTRIC MATERIAL-METAL CONTACT

The temperature dependences of thermoelectric material-metal electrical contact resistance
were investigated in the case when a band spectrum of free charge carriers in material is
described by the Fivaz model. A transient contact layer formed by the deviation of the surface
of superlattice semiconductor thermoelectric material (SL TEM) from the ideal plane and
transient contact layers with and without clusters formed in the process of steady-state
diffusion of metal particles in SL TEM were considered. It was established that contact
resistance drastically decreases with increase in the degree of nonparabolicity of SL TEM
band spectrum, which is determined as the ratio of the Fermi energy of ideal two-dimensional
electron (hole) gas with a quadratic dispersion law to the miniband width describing
translation motion of charge carriers in the direction perpendicular to the plane of layers.
This decrease is explained by blocking of free carrier scattering in the direction
perpendicular to the plane of layers. It is shown that in the range of degrees of
nonparabolicity K from 0.1 to 10, transient layer thicknesses from 20 to 150 um,
dimensionless intensities of metal atoms entering the volume of transient layer A from 0 to 1
and temperatures from 200 to 400 K, the electrical contact resistance of transient layer due to
the deviation of SL TEM surface from the ideal plane varies from 8-10° to 1.9-107Ohm-cm’,
transient layer due to steady-state diffusion of metal into SL TEM without formation of
clusters — from 8-10° to 4-107 Ohm-cm?, transient layer due to steady-state diffusion of metal
in SL TEM with formation of clusters — from 8107 to 4.5-107 Ohm-cm?.

Key words: Fivaz model, superlattice, Fermi energy, miniband, degree of nonparabolicity,
thermoelectric material-metal contact, electrical contact resistance of transient layer,

deviation of thermoelectric material surface from the ideal plane, steady-state diffusion,
intensity of metal particles entering semiconductor, clusters.

Introduction

The thermoelectric material (TEM)—metal electrical contact resistance, all other conditions
being equal, essentially depends on the resistivities of metal and TEM. In turn, the resistivity of
TEM depends not only on the concentration and scattering mechanisms of free charge carriers in
it, but also on the nature of the TEM band structure, because the mobility of free charge carriers
depends not least on it.

Layered TEM, which, in particular, include bismuth telluride and alloys on its basis, are
more or less prone to the formation of superlattices. In turn, thermoelectric converters from these
materials are usually made so that the planes of the contact electrodes are perpendicular to the
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planes of layers. Therefore, the TEM-metal electrical contact resistance in this case depends
essentially on the resistivity of TEM in the plane of layers. But it is known that the formation of a
superlattice, that is, a gradual transformation of a material with a three-dimensional parabolic
band spectrum into a material with a quasi-two-dimensional substantially non-parabolic band
spectrum, reduces the TEM resistivity in the plane of layers. The study of the influence of the
degree of quasi-two-dimensional TEM with a superlattice (SL TEM) on the electrical resistance of
TEM-metal electrical contact resistance under different conditions is the purpose of this article.

The resistivity of TEM described by the Fivaz model

The energy spectrum of charge carriers in SL TEM is rather often described by the Fivaz
model [1]. Within this model, the motion of electrons and holes along the layers is described by
the effective mass approximation, and across — by the tight-binding method. It can be presented as
follows:

ek, k, k. )= ;Z* (€2 + £2)+ A(1 —cos ak.), (1)

where kx,ky,kz — the quasi-momentum components of electron (hole), m" — the effective mass of

electron (hole) in the plane of layers, A—the half-width of the mini-band that describes the
motion of electrons (holes) in the direction perpendicular to the layers, a—the distance between
the translation equivalent layers.

Therefore, the electrical resistivity of “superlattice” thermoelectric material (SL TEM) in
the plane of layers as determined as follows [2]:

eoly/4

_ yexp{[y+K_1(l—cosx)—y*]/t20} dvd )
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where o, =87z5/2e211/n0a/(ahtw),l—mean free path of electrons (holes), n,—concentration of

electrons (holes), t,p =kT/Cpops Sonp = hznoa/47zm* —the Fermi energy of an ideal two-
dimensional Fermi-gas with a quadratic law of dispersion at the absolute zero temperature,
K=Cop/A, 7" =C¢/Cop » € —chemical potential of electron (hole) gas in SL TEM. Parameter K

characterizes the degree of quasi-dimensionality of SL TEM, or, in other words, the degree of
openness of its electron (hole) Fermi surface.
Chemical potential is determined from the equation:

V4 * =11
tz—DJ'In|:l+eXp£y K (1 Cosx)]]dx—lzo. (€))
V4

0

bhp

It is believed that scattering of charge carriers mainly occurs on the deformation potential of
acoustic phonons, and, hence, the mean free path of charge carriers is inversely proportional to
temperature and does not depend on the energy of charge carriers. To calculate the temperature
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dependences of SL TEM resistivity at different values of the degree of nonparabolicity K , the
following parameters of SL TEM were taken: n, =3- 1019cm'3, a=3nm, m" =m,, T, =300K,
[y =20nm.

Based on these dependences, the temperature dependences of the SL TEM-metal electrical
contact resistance were calculated for two cases: when transient contact layer is due to the
deviation of the SL TEM surface from the ideal plane and when it is due to steady-state diffusion
of the metal in SL TEM without the formation of intermetallic compounds.

SL TEM-metal electrical contact resistance due to a deviation of SL TEM surface
from the ideal plane

The calculations were performed on the assumption that “hollows” and “humps”, caused by
the deviation of SL TEM surface from the ideal plane, are distributed evenly over it. Therefore,
for the thickness /4 of the damaged layer which is recognized at the vertical distance between the
deepest “hollow” and the highest “hump”, the TEM-metal electrical contact resistance caused by

this deviation was determined through the resistivities of semiconductor p, and metal p,, as

follows [3]:

. _hloy—p,) @

«“ c_ln(ps/pm),

\
If

and the resistivity of metal was considered to be directly proportional to temperature. Nickel was
taken as the metal whose resistivity at 300 K is 8-10° Ohm-cm.

The results of calculations of the temperature dependences of thermoelectric material-metal
contact resistance caused by the deviation of TEM surface from the ideal plane are shown in Figs.
1 and 2.
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Fig.1.Temperature dependences of TEM-metal electrical contact resistance at damaged layer
thickness: a) h=20 um, n) h=150 um. 1 — K=0.1; 2 - K=0.5; 3—-K=1; 4 - K=5; 5 - K=10.
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It can be seen from the figures that with an increase in the degree of nonparabolicity of the
band spectrum of free charge carriers, and, consequently, in the degree of openness of the Fermi
surface (FS) of TEM, the TEM-metal electrical contact resistance, due to the deviation of TEM
surface from the ideal plane, decreases significantly, and with a rise in temperature grows in
conformity with the temperature dependences of the resistivities of both metal and SL TEM. In
the whole temperature range of 200 — 400 K at the degree of openness 0.1 < K <10 the specific
electrical resistance of TEM — metal contact varies from 8-10” to 2.5:10® Ohm-cm? at the
thickness of damaged layer 20 pm, and from 6-10® to 1.9-107 Ohm-cm?® at the thickness of
damaged layer 150 um, which is not only in qualitative, but also in quantitative agreement with
the experimental data. The larger contact resistances observed by the authors can be explained by
the lower degree of nonparabolicity of the band spectrum of bismuth telluride-based alloys used
for the manufacture of thermoelectric legs.

SL TEM-metal electrical contact resistance due to steady-state diffusion of metal in
SL TEM without formation of clusters

If transient contact layer is formed in the process of steady-state diffusion of metal in SL
TEM, then the distribution of metal atoms over the depth of this layer is determined as [4]:

n(x):noll—(l—A)x—AxZJ, (5)

where x —depth normalized to layer thickness, n, —concentration of metal atoms close to metal-

transient layer boundary, 4 —dimensionless parameter which characterizes the mode of contact
creation as is determined as:

A=0n’ [2Dn, (6)

where Q —the intensity of metal entering TEM, D —coefficient of metal diffusion in TEM.

From formula (5) follows the distribution of the relative volumetric fraction of metal in the
transient layer:

ox)= (4 /ra = (1= a)v— 4] -

" Uy 7= (= Ape = ax (4, 1= A+ A7)

where 4, , A

N

Vm»> Vs —atomic (molecular) masses and densities of metal and TEM,

respectively. So, if there are no clusters in transient layer, the dependence of its electrical
conductivity on the depth is determined as:

o,(x)=0, +(o, —o Mx). )

and, thus, the SL TEM-metal electrical contact resistance with the uneven distribution of metal
atoms in transient layer is determined as:
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1
dx
-y . 9)
o

If, however, the distribution of metal atoms in transient layer becomes uniform, for
instance, due to annealing of contact structure, its electrical conductivity is determined as:

60=0s+(6m_o-s)V0’ (10)

where

, m/}/m [1 Ax - Ax] -
2 (4 /7 1= (1= A)x Ax2J+ (4, /7,1~ Ax+Ax2J

'—.»—A

Hence, in this case
1. =hloy. (12)

The results of calculation of the electrical contact resistance of transient layer without
clusters are shown in Figs.2 — 5.
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Fig.2. Temperature dependences of TEM-metal electrical contact resistance at uneven

distribution of metal particles in transient layer without clusters at the value of A=0: a) h=20 um,
b) =150 um. 1 — K=0.1; 2-K=0.5; 3—-K=1;, 4-K=5; 5—-K=10.
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Fig.3. Temperature dependences of TEM-metal electrical contact resistance at uneven
distribution of metal particles in transient layer without clusters at the value of A=1:
a) h=20 um, b) h=150 um. 1 — K=0.1; 2 - K=0.5; 3-K=1; 4 - K=5; 5 - K=10.
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Fig.4. Temperature dependences of TEM-metal electrical contact resistance after levelling
the distribution of metal particles in transient layer without clusters at the value of
A=0: a) h=20 um,b) h=150 um.1 — K=0.1; 2 - K=0.5; 3 - K=1; 4 - K=5; 5 - K=10.
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Fig. 5. Temperature dependences of TEM-metal electrical contact resistance after
levelling the distribution of metal particles in transient layer without clusters
at the value of A=1: a) h=20 um, b) h=150 um. 1 — K=0.1;
2-K=0.5;3-K=1;4-K=5;5-K=10.
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It can be seen from the figures that the electrical contact resistance decreases with an
increase in the degree of nonparabolicity of SL TEM band spectrum and the intensity of metal
entering transient layer during its creation, and increases with a rise in temperature. Moreover, it
also decreases after levelling the distribution of metal particles in transient layer. On the whole, in
the considered range of degrees of nonparabolicity (openness of SL TEM FS), the intensities of
metal particles entering transient layer, the thicknesses of contact layers and temperatures, the
electrical contact resistance due to steady-state diffusion of metal particles without formation of
clusters varies in the range of 8-10” to 4-107 Ohm-cm?. This interval is broader than in the case when
transient contact layer is formed due to the deviations of SL TEM surface from the ideal plane.

SL TEM-metal electrical contact resistance due to steady-state diffusion of metal in
SL TEM with formation of clusters

Due to the large number of defects in layered SL TEM, clusters of atoms can form in the
interlayer space. In this case, the conductivity calculation should be performed using percolation
theory. In accordance with this theory, taking into account the depth dependence of the
concentration of metal atoms in transient layer, the electrical conductivity of transient layer is
determined as [5]:

al(x)=0.25{as[2—3v(x)]+a [3v \/ 2 3v(x ]+O' [3v( )— 1]}2+86mO'S }, (13)

and in the case when the distribution of atoms over the depth of transient layer becomes uniform, as:

oy = 0.25{as (2=3vy)+ 0, (3 = 1)+ /[, (2= 3vy )+ 7, (3v = F + 80,0, } (14)

Further, the calculation of the electrical contact resistance is performed in the same order as
in the case of transient layer without clusters. The results of calculating the temperature
dependences of the SL TEM-metal electrical contact resistance in the case of transient contact

layer with clusters are shown in Figs. 6 - 9.
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Fig.6. Temperature dependences of TEM-metal electrical contact resistance at uneven
distribution of metal particles in transient layer with clusters
at the value of A=0: a) h=20 um, b) h=150 um. 1 — K=0.1;2 - K=0.5;
3-K=1;4-K=5;5-K=10.
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Fig.7. Temperature dependences of TEM-metal electrical contact resistance at uneven
distribution of metal particles in transient layer with clusters at the value of
A=1:a) h=20 um, b) h=150 um. 1 — K=0.1;2 — K=0.5;
3-K=1;4—-K=5;5-K=10.
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Fig.8. Temperature dependences of TEM-metal specific electrical
contact resistance after levelling the distribution of metal particles in
transient layer with clusters at the value of
A=0: a) h=20 um, b) h=150 um.
1-K=0.1; 2—-K=0.5; 3 - K=1;
4-K=5;5-K=10.
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Puc.9.Temperature dependences of TEM-metal specific electrical contact resistance
after levelling the distribution of metal particles in transient layer with clusters at
the value of A=1: a) h=20 um, b) h=150 um. 1 — K=0.1; 2 - K=0.5;
3-K=1;4-K=5;5-K=10.

From the figures it is seen that just as in the case of transient contact layer without clusters,

the electrical contact resistance decreases with increase in the nonparabolicity degree of the band

spectrum of SL. TEM and the intensity of metal entering transient layer in the process of its

creation, and increases with a rise in temperature. In so doing, it also decreases after levelling the

distribution of metal particles in transient layer. On the whole, in the considered range of degrees

of nonparabolicity (openness of SL TEM FS), the intensities of metal particles entering transient

layer, the thicknesses of contact layers and temperatures, the electrical contact resistance due to

steady-state diffusion of metal particles with formation of clusters varies in the range from 8-107

to 4.5-107 Ohm-cm?. This range is somewhat broader than in the case when transient contact

layer formed in the process of steady-state diffusion of metal atoms in SL TEM has no clusters.

Conclusions

1.

It was established that, just as in the case of formation of SL TEM-metal transient contact
layer due to the deviation of SL TEM surface from the ideal plane, in the cases of said
transient contact layer formation due to steady-state diffusion of metal in SL TEM with or
without formation of clusters, SL TEM-metal electrical contact resistance decreases
essentially with increase in the degree of nonparabolicity of SL TEM band spectrum, or,
which is the same, the degree of openness of SL TEM FS.

As in the case of TEM with a parabolic band spectrum, the TEM-metal electrical contact
resistance decreases with increasing intensity of metal entering transient layer and as a result
of subsequent levelling the distribution of metal atoms in transient layer, for instance, due to
annealing.

At the thickness of transient layer 20 pum and the degree of nonparabolicity of SL TEM band
spectrum K=10, which corresponds to strongly open SL TEM FS, the electrical contact
resistance at a temperature of 200 K tends to the asymptotic value equal to 8-10° Ohm-cm?.
This value can be considered as minimum for this temperature. Though the character of
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temperature dependence of the electrical contact resistance even at such degree of
nonparabolicity depends on contact creation conditions, at 400 K this contact resistance does
not exceed 2-10® Ohm-cm?.

4. On the whole, in the range of degrees of nonparabolicity K from 0.1 to 10, the thicknesses of
contact layers from 20 to 150 pm and temperatures from 200 to 400 K, the electrical contact
resistance of transient contact layer due to the deviation of SL TEM surface from the ideal
plane varies from 8-10” to 1.9:10”7 Ohm-cm?, the electrical contact resistance of transient
contact layer due to steady-state diffusion of metal in SL TEM without formation of clusters —
from 8-107 to 4-107 Ohm-cm?, the electrical contact resistance of transient contact layer due
to steady-state diffusion of metal in SL TEM with formation of clusters — from 8-107 to
4.5-107 Ohm-cm?. Therefore, in the case of SL TEM the formation of clusters affects the SL
TEM-metal electrical contact resistance significantly less than in the case of SL TEM with a
parabolic band spectrum.
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BJIMSIHUE HEMTAPABOJIUYHOCTH, OMAUCBIBAEMOM MOJEJBIO
OUBA3A HA DJIEKTPUYECKOE KOHTAKTHOE
COMNPOTUBJIEHUE TEPMOJJIEKTPUUECKHI

MATEPHAJI - METAJLJI

Hccredosanvi memnepamypHule 3agucumocmu INEKMPULECKO20 KOHMAKMHO20
CONPOMUBNIEHUS. MEPMOIIEKMPUYECKUTl MAMEPUAT - MEMAN 8 CAyYae, K020d 30HHbII CHEeKmp
€60600HbIX HOCumeNell 3apsda 8 mamepuaie onucvleaemcs mooeivio Dugaza. Paccmompervl
nepexooHvlll  KOHMAKMHuIU  C1O0l, 00pa3zo6anHbIL  OMKIOHEHUEeM  NOBEPXHOCHIU
NOIYNPOBOOHUKOBO2O MEPMOIIEeKMpUyeckKo2o mamepuana co ceepxpewemroi (CPTOM) om
UOeanbHOU NIOCKOCU U NepexoOHble KOHMAaKmuvie Ciou Oe3 Kiacmepog u ¢ Kiacmepami,
obpazosannvlie 6 npoyecce cmayuoHapuou ougp@ysuu uacmuy memairra ¢ CPTOM.
Yemanosneno, umo xonmakmmuoe conpomuenieHue pe3Ko CHUNCAEMCS C POCMOM CHeneHu
Henapabonuunocmu 30nHo20 cnekmpa CPTOM, xomopas onpedensemcs kax omHoulenue
anepeuu Depmu udeanbHO20 08YMEPHO2O INEKMPOHHO20 (ObIPOUHO20) 2A3d ¢ KEAOPAMUYHbIM
3aKOHOM Oucnepcuu K WUPUHE MUHUZOHbL, ONUCLIGAIOWeEl MPAHCISYUOHHOE OBUIICEHUE
Hocumenell 3apsoa 6 HAnpasieHuu, NePReHOUKYIAPHOM naockocmu croes. Takoe chudicenue
o00vAcHAemcA ONOKUPOBAHUEM pACCeAHUA CB0O00HBIX Hocumenell 3apaod 8 HANpasieHul,
NepneHoOuKyIapHomM  niaockocmu — cioeg. Ilokasamo, umo 6 uHmepgaie cmeneneu
nenapaboauynocmu K om 0.1 0o 10, monwun nepexoonoco cnos om 20 0o 150 mxm,
0e3pazmMepHbIX UHMEHCUBHOCMEN NOCMYNIeHUS AMOMO8 Memanid 8 00bem nepexoono2o cios
A om 0 0o I u memnepamyp om 200 oo 400 K asnexkmpuueckoe KOHMaKmHoe conpomusieHue
nepexooHoeo cios, 00ycliosieHH020 omkioHenuem nosepxrocmu CPTOM om udeanvhou

naockocmu meusemea om 8107 0o 1.9-107 Om-cm?®

, nepexooHo020 Cc10s, 00YCNl08NeHHO20
cmayuonapnoii oupghysueti memarna ¢ CPTOM 6e3 obpazosanus xnacmepos - om 8-107 do
4-107 Om-cM?, nepexoonozo cnos, obycro61eHHO20 CmMayuonapHol Oug@ysueii memaina 6
CPTOM c obpazosanuem kracmepos - om 8-107° 00 4.5-107 Om- cm?.

KiaroueBbie ciaoBa: monens ®uBaza, cBepxpeueTky, sHeprus PepMu, MUHU3OHBI, CTEIIEHb
HermapaboIMYHOCTH, KOHTAaKT TEPMOAJIEKTPHYSCKHHA MaTepuan - MeTallul, DJISKTPUYECKoe
KOHTaKTHOE COINIPOTHBIICHHE MEPEXO0JHOTO cIos, OTKJIOHEHHS MOBEPXHOCTH
TEPMOIJICKTPHUECKOT0 MaTepuaja OT HICaJbHON IUIOCKOCTH, cTamuoHapHas nuddysus,

MHTCHCHUBHOCTD IMMOCTYIJICHUA YaCTUL] ME€TaJlJIa B IOJIYIIPOBOAHHUK, KJIACTEPHI.
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Hocnidoceno  memnepamypHi — 3a1edCHOCMI — el1eKMPUYHO20  KOHIMAKMHO20  ONOpY
mepmMoereKmMPUdHULL Mamepian — Meman y GURAOKY, KOAU 30HHULL CHEeKmp GLIbHUX HOCIig
3apady y mamepiani onucyemscsa mooenno Digaza. Pozenanymo nepexionuil KOHMAKMHUL
wap, YmeopeHull GIOXUNEHHAM NOGEPXHI HANIBNPOBIOHUKOBO2O  MEPMOENEKMPUUHO2O
mamepiany 3 Hadepamkorw (HI'TEM) 6i0 ideanvHol niowunu ma nepexioni KOHMAaKmHi wapu
be3 knacmepis i 3 K1acmepamu, ymeopeni y npoyeci Cmayionaproi oughy3ii uacmuHox memany
y HI'TEM. Bcmanogneno, wo KOHMAKmMHuuLl Onip pi3ko 3HUNCYEMbCA 31 3pOCMAHHAM CHLYNeHs
Henapaboniunocmi 30HH020 cnekmpy HI'TEM, axuil eusnHauaemvcs 5K GIOHOULeHHS eHepaii
Depmi i0eanbHo20 080BUMIPHO20 eNeKMPOHHO20 (0ipK08020) 2a3y 3 K8AOPAMUUHUM 3AKOHOM
oucnepcii 00 WUPUHU MIHI30HU, KA ONUCYE MPAHCIAYIUHUL PYX HOCII8 3apsdy y HANPIMKY,
nepneHOUuKyIApHomMy 00 niowunu wapie. Taxke 3HUNCEHHS NOACHIOEMbCA OIOKYBAHHAM
PO3CII08AHHS GIILHUX HOCII8 3aps0y V HANPAMKY, NEePReHOUKVIAPHOMY 00 NIOUWUHU Wapis.
Ilokazano, wo 6 inmepseani cmynenié Henapaboniyunocmi K 6io 0.1 oo 10, moswun
nepexionozo wapy 6io 20 0o 150 mxm, 6e3p0o3MipHUX iHmeHcusHOCmel HA0X00NCEHHS AMOMIE
memany 6 00’em nepexionozo wiapy A 6i0 0 0o I ma memnepamyp 6i0 200 oo 400 K
eleKmpUYHUl KOHMAKMHUL ONnip nepexionozo wapy, 3YMOGNEH020 GIOXUNEHHAM NOBEPXHi
HI'TEM 6i0 ideanvioi nrowunu sminoemocs 6i0  8-10° oo 1.9-1070m-cm?, nepexionozo
wapy,3ymosieHo2o cmayionapuoio ougysiero memany y HITEM 6e3 ymeopenusa xkiacmepis —
6i0 8:107° 0o 4:107 Om-cm’, nepexionozo wapy,3ymMo6nenozo cmayionaproio ougysicio
memany y HTTEM 3 ymeopennam kiacmepis — 6io 8107 0o 4.5-107 Om-cm?.

KawuoBi caoBa: wmomens @iBaza, Hanrpatka, eseprisi @epwmi, MiHI30Ha, CTYIiHb
HenapaboIiYHOCTi, KOHTAKT TEPMOCICKTPHIYHAN MaTepiall — MeTal, CIeKTPUYHIA KOHTAaKTHHH
OIIip MepeXiHOTO APy, BIAXUICHHS HOBEPXHI TEPMOEIIEKTPUYHOTO MaTepially BiJl ileanbHO1
IUIONIMHYU, CcTamioHapHa nudy3is, IHTEHCHUBHICTh HAAXOMKCHHS YaCTHHOK MeETaly ¥y

HaIIBIIPOBIIHUK, KJIACTEPH.
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