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CONTACT RESISTANCE DUE TO
POTENTIAL BARRIER AT THERMOELECTRIC
MATERIAL-METAL BOUNDARY

The theoretical aspects of estimating the resistance due to carriers passing through a potential
barrier at the boundary between thermoelectric material and metal are considered. The
temperature dependences of boundary resistivity were calculated for thermoelectric legs of Bi,Tes
based materials with the deposited anti-diffusion nickel layers. It was established that the value of
boundary resistance in such legs varies with temperature from 0.5-107 to 2.5-107 Ohm-cm?. It was
shown that boundary resistance can be reduced by increasing carrier concentration in the ultra-
thin nickel contact layer of thermoelectric material due to doping. It was established that
increasing the concentration of doping impurities in the near-contact zone by one order of
magnitude with respect to its optimal value results in decreasing electrical boundary resistance by
two orders. Under these conditions, the resistance value approaches minimum possible value and
is 10"° Ohm-cm?. Bibl. 35, Fig. 6, Tabl. 1.
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Introduction

The efficiency of thermoelectric modules is mainly determined by the figure of merit of
semiconductor materials of which the thermoelement legs are made. However, the efficiency of a real
thermoelement essentially depends on the electrical resistance of a contact between semiconductor
material and metal interconnect layers [1 — 3] connecting the thermoelectric legs of module. The Joule
heat released in the contact zone reduces the energy efficiency of thermoelectric converters and leads
to its dependence on the height of the thermoelement legs [4]. The negative influence of contact
resistance on the characteristics of thermoelectric devices is especially perceptible in the conditions of
miniaturization of the thermoelement legs, when the thickness of the transient contact layer between
thermoelectric material (TEM) and metal becomes commensurate with the height of the
thermoelement leg, and the contact resistance commensurate with the resistance of the leg itself [5,6].

The miniaturization of thermoelectric energy converters is a modern direction of their
improvement, aimed primarily at reducing the cost of thermoelectric materials and cheapening due to
this of thermoelectric modules [6-12]. Therefore, reducing the value of contact resistance to increase
the energy efficiency of thermoelectric converters in miniaturization is an urgent task.
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In [13], a model of TEM-metal contact structure was considered. It was shown that the contact
resistance is formed by its two main components. This is, first, the electrical resistance of the transient
layer at the boundary between semiconductor material and metal. This resistance depends on such
factors as mutual diffusion of atoms or molecules of contacting materials, their chemical interaction,
which results in the formation of new phase [14,15] and even multilayer [16,17] microstructures. Also,
some action is exerted by the non-ideality of TEM-metal boundary which is due to roughness,
chemical contamination of leg surface prior to deposition of metal thereupon, and other factors [18-
20]. Modern technologies of manufacturing TEM-metal contacts, in particular in micromodules, by
spraying, chemical deposition of anti-diffusion metal layers on the cleaned, polished and specially
treated ends of thermoelectric legs allow minimizing the height of the transient layer and, therefore, its
electrical resistance, and to obtain actually “ideal” (without transient layer) TEM-metal boundary.
However, the sharp difference between the energy band structures of the semiconductor and the metal
leads to the formation of a potential barrier at the TEM-metal boundary [21]. A potential barrier
impedes the movement of current carriers across the boundary and is the cause of the second
component of contact resistance, commonly called the electrical boundary resistance [22,23].

The purpose of this work is to consider theoretical methods for estimating the TEM-metal
boundary resistance and the factors affecting this resistance, to calculate the potential barrier
resistance for thermocouples from traditional Bi.Tes-based materials and to identify ways to reduce the
boundary resistance to a minimum possible value.

Methods for calculating the electrical resistance of TEM-metal boundary

Methods for calculating the electrical resistance due to carriers passing through semiconductor -
metal boundary are described in [21-27]. We consider the main results of these works and apply them
to calculate the specific, that is, related to unit area, resistance of TEM-metal boundary.

For example, consider the contact of a metal with an n-type semiconductor for the case of such
current polarity when electrons move from metal to semiconductor. When a metal collides with a
semiconductor, due to the difference between their Fermi levels, a contact potential difference arises
that distorts the energy bands of the semiconductor [26]. If the difference between the Fermi levels is
such that part of the electrons from metal pass to semiconductor, then the so-called anti-locking layer
is created in semiconductor near the boundary and the bands are bent down (Fig.1a). It is obvious that
such contact will not interfere with the movement of electrons. If, however, the difference between the
Fermi levels is such that part of the electrons at the boundary will pass from semiconductor to metal, a
locking layer is formed, the bands bend upwards (Fig. 1b) and a potential barrier [27] is created for
electrons moving from metal to semiconductor. As noted, this barrier is the cause of the electrical
boundary resistance.

The diagram of TEM-metal energy bands in the presence of a potential barrier is shown in Fig.
2. In this figure, E, =9¢,, —x, —Ag, is the height of potential barrier, ¢m is electronic work function, y,

is affinity of semiconductor electrons, Ay is the energy of barrier reduction due to the non-ideal
metal-semiconductor contact.

The electrical boundary resistance depends on the mechanism of carriers passing through the
potential barrier. Carriers can overcome the potential barrier by thermionic emission over the barrier
(TIE) or tunneling through the barrier. There are two types of tunneling: tunneling of carriers with
energies close to the Fermi energy in a semiconductor, the so-called field emission (FE) and tunneling
of carriers with higher energies, the so-called thermionic field emission (TFE) (Fig.2). [27].
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Fig.1. Bending of semiconductor energy bands in the zone of contact with metal.
a) anti-locking layer, b) locking layer.
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Fig.2. Diagram of energy bands of metal contact with thermoelectric n-type material.
Mechanisms of electrons passing through potential barrier:
FE — field emission, TFE — thermionic field emission,
TIE —thermionic emission.
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The criterion of the mechanism for carriers passing is the ratio of thermal energy kT to
parameter Eqo, which was proposed by Padovani and Stratton [28] and is defined as

_en [N,
2 \m'eg,

. (1)
where e is electron charge, Nq is impurity concentration in semiconductor, m* is the effective mass of
charge carriers, g is the dielectric constant, g is the relative permeability of semiconductor. Under
high temperature conditions in weakly doped semiconductors, when KkT/E, 0 1, the thermionic
emission mechanism without tunneling prevails. For heavily doped (degenerate)
semiconductor at low temperatures kT/E, 0 1, the field emission (FE) is predominant. When
kT/E, ~1, the thermionic field emission (TFE) mechanism is operating.

In case of thermionic emission, the ratio for estimating the boundary resistivity ry, is obtained on
the basis of standard equations of thermionic emission and is given by [21,25,27]

k E,
r=——exp| = |, 2
AT p(kTJ )
em‘k?

where Azﬁ is the effective Richardson constant.
7T

In the cases of tunneling of carriers, for the calculation of r, one can use the approximate
analytical expressions [27-29]:

p = KSR ool Bo | when kT/E, 0 1, (3)
eTEAT Eoo
K2 COSN(Eyy /KT)/COM(Eqy /KT -
- cosh(E,,/ )mexp( E, — ¢ +(P_F], when kT/E,, ~1, 4)
eATE, — 0 )EL E,, Coth(E,, /kT) KT

4E . . . .
where ¢, =Lln[ > ] or are the energies of semiconductor Fermi level (pr is counted from
00 —0Pr

the bottom of conduction band and for the degenerate semiconductors is a negative value).
Thus, from the analytical expressions (2) — (4) it is clear that the value of TEM-metal boundary

resistivity r, depends on the temperature, the height of potential barrier E, and the impurity

concentration in TEM Ng. In the mode of thermionic emission the value of ry is actually independent

KT
In tunneling mode, the exponential dependence of r, on barrier height is supplemented by the

of the impurity concentration and is determined only by the height of potential barrier: r, [ exp(ij.

dependence on impurity concentration. For the mechanism of FE r, [ exp(Eb/JNd ) and for TFE

r, exp[Eb/(‘/Nd cothﬁ)n [29]. Under the condition of high impurity concentration Ng, when the

mechanism of FE is operating, r, assumes low values. With decreasing impurity concentration, the FE
tunneling mechanism is substituted by TFE and goes over to thermionic emission TE, and the
resistance ry in this case increases.
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It also follows from (2) — (4) that the values of r, will be low under conditions of low potential
barriers. In [30], it was studied which boundary values can be reached by resistance r,. The expression
for estimating the minimum boundary resistance ry min Was obtained which is given by [30]

_ k 1 _ k 1 5)
" eAT In[1+exp(—pp /kT)] "™  eAT In[1+exp(-oq /KT)]’

For the nondegenerate semiconductors . [1 kT, the relation (5) is transformed into classical
formula for calculating the resistivity of anti-locking contact [25, 30]:

K N, _(2nm’kT)¥?

-~ kT) = =
exp (9 /KT) eAT N, e’N,

r . =
bmin eAT

, (6)

(2mm*kT)¥?
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For the case of degenerate semiconductors with ¢ <—KT [30] the expression for ruymin iS given

where N, =2 is the effective density of energy states in conduction band.

by
k KT

forin = AT [1+20(~0¢ ) ] (—0¢ ) (7)

where a is a nonparabolicity parameter of semiconductor conduction band.

The value of the Fermi energy ¢r, required for estimating r, by the formulae (3), (4) and romin
by formula (5), is a solution of electroneutrality equation, which for impurity semiconductor with the
impurity concentration Ng on the assumption that all impurity atoms are single ionized, is of the form
[30,31]

N2 ], Q

where F, dx is the Fermi integral.

-[1+ exp(x—mn)

Thus, in order to obtain a low TEM-metal boundary resistivity, the impurity concentration in the
near-contact region should be high and the height of potential barrier - low. These are classical
requirements for improving the ohmicity of semiconductor-metal contact. It should be borne in mind
that the barrier height Ep depends on semiconductor energy gap ¢g (Fig. 2). For wide-gap
semiconductors it is difficult to achieve good ohmic contacts. In the majority of metals, the value of
work function o is high, which also does not contribute to formation of low TEM-metal potential
barriers, and, accordingly, good ohmic contacts. Therefore, to get a low TEM-metal boundary
resistivity, one can recommend traditional technologies for improving the ohmicity of contacts [27].
One of the methods is to make heavily doped a narrow layer of thermoelectric material which is in
contact to metal.

Consider the results of calculating TEM-metal boundary resistivity for classical thermoelements
based on Bi;Tes and analyze the effect of heavier doping of the near-contact layer on this resistivity
value.
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Results of calculating the resistivity of TEM-metal boundary

The electrical boundary resistivity was estimated for thermoelectric legs of traditional n-type
materials Bi,Te27Seo3 and p-type materials BiosSbisTes that are in contact to nickel anti-diffusion
layers. The parameters of these TEM required for calculations are given in Table 1.

Table 1
TEM parameters
TEM
Parameter Bi2Te275€0.3 Bios SbisTes | Reference
n-type p-type

Optimal impurity concentration in 3.10% 2.10% [32]

TEM Ny opt, M

Carrier mass m* 1.25mo 0.6mo [32]

(mo — electron mass)

Relative dielectric constant & 98 62 [23]

To estimate the effect of heavier doping of near-contact TEM layer, calculations were performed
for different values of impurity concentration in this layer, which was increased by the order of
magnitude with respect to its optimal value.

To calculate the electrical resistance of TEM-metal boundary ry, it is primarily necessary to
determine the mechanism of carriers passing through the potential barrier. For this purpose, the
Padovani-Stratton Eq was calculated (1), and the temperature dependence of effective mass m* and
dielectric constant was not taken into account. The temperature dependences of dimensionless
criterion kT/Eqo of the mechanism of passing the barrier for different values of impurity concentration
Nq in the near-contact layer of n- and p-type TEM are shown in Fig.3a. It follows from the figure that
in the temperature range of 200 — 350 K under condition of optimal impurity concentration Ngop: for n-
type thermoelectric leg kT/Eq > 1, and for p-type leg — KT/Eqo ~ 1. If the near-contact concentration of
impurities, hence of carriers, will be of the order of 102°m3, then for n-type leg kT/Eq ~ 1, and for p-
type leg kT/Eqo < 1. Thus, in order to calculate the electrical boundary resistance of n-type leg with the
optimal impurity concentration, it is expedient to use relation (2), valid for TIE mechanism of passing
the barrier, and for the leg with impurity concentration in the near-contact layer of the order of
102 m= — formula (4) for TFE mechanism. For p-type leg with optimal concentration use was made of
formula (4), and for high concentrations — formula (3) for FE mechanism to overcome the barrier.

Also, for the calculations one should first of all determine the value of the Fermi energy ¢r in TEM
and the height of potential barrier E,. The temperature dependences of the dimensionless Fermi energy
or/KT for Bi,Tes-based TEM with different impurity concentrations calculated on the basis of Eg. (8) are
shown in Fig. 3b and were used to calculate the boundary resistance r, for these TEM contacts with nickel.

The height of potential barrier can be estimated by simple relations, namely for metal-n-type
semiconductor boundary E, =¢,, —,, for metal-p-type semiconductor boundary E, =o¢, — (¢, —%,)

[27]. However, these relations are almost never satisfied [27]. This is due to such major reasons as the
presence of a contact gap between metal and semiconductor, the existence of contact energy states, the
lowering of the barrier height due to the forces of images, etc.

Therefore, the height of TEM-metal barrier should be determined experimentally. In [33],
potential barriers between individual metals and semiconductors are presented. It is shown that the
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height of barriers E, <0.1eV, including the boundary between two TEM Bi,Tes/Sh,Tes (Ex=0.035 eV).
In [22], the barriers between Bi;Tes and Sh,Te; with metal were taken to be Ex=0.1eV. In [34], for the
contacts between Ni and solid solutions (Bi,Sh).(Se, Te)s, the value of barrier height Ex=0.13eV was
proposed, which we used to calculate the electrical boundary resistance between nickel and Bi.Tes -
based TEM.

. kT/E00

25

15— e

0 !
200 250 300 T, K 350

200 250 300 T.K 350
b)

Fig.3. Temperature dependences of the dimensionless criterion KT/Eqo of barrier passing
mechanism (a) and the dimensionless Fermi energy @r/kT (b) for n-type Bi,Te2 7Seqs
(solid lines) and p-type BiosSb1sTes (dashed lines). Impurity concentration Ng in
TEM contact layer: 1 — optimal concentration in TEM, 2 — Ng=10%° m3,
3 - Ng=1.5-10% m3, 4 — Ng=2-102 m*3,

The temperature dependences of the electrical boundary resistance ry(T), calculated for different
concentrations of doping impurities in the near-contact layer, are shown in Fig. 4. As the temperature
decreases from 350K to 200 K, under optimal concentration of impurities in TEM, the value of ry,
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increases from 0.5-107 to 2.5-10" Ohm-cm?2. With a rise in impurity concentration, the boundary
resistivity drastically decreases and actually is temperature-independent.

My 10" Ohm cm?

Fig.4. Temperature dependences of boundary resistivity r, for contacts of nickel with
n-type Bi;Te27Seo s (solid lines) and p-type Bio.sSbh1sTes (dashed lines), calculated for
different concentrations of doping impurities Ng in the near-contact
TEM layer: 1 — optimal concentration in TEM, 2 — Ng=10% m3,
3 - Ng=1.5-10% m3, 4 — Ng=2-102 m*3,

Fig.5 shows the temperature dependences of minimum resistivity rp min(T) of TEM-Ni barrier,
calculated by relation (5) for different values of Ng. r, min Weakly depends on temperature, and the
order of magnitude of this resistance is 10° — 102 Ohm-cm? 1y min is a boundary value to which the
value of TEM-Ni boundary resistance tends under condition of lowering the height of potential barrier.

r_min, 10" Ohm cm?
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Fig.5. Temperature dependences of minimum boundary resistivity r, min for contacts
of nickel with n-type Bi,Te, 7Seo 3 (solid lines) and p-type BiosSh1sTes (dashed lines),
calculated for different concentrations of doping impurities Nq in the near-contact TEM layer:
1 — optimal concentration in TEM, 2 — Ng=102° m3, 3 — Ng=1.5-10%6 m™3, 4 — N4=2-10%° m"3.
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Fig.6 shows the dependences of boundary resistivity on impurity concentration Ng under
conditions of heavier doping of near-contact layer. The same figure shows a similar dependence of
minimum boundary resistance. If we increase the concentration of doping impurities in the near-
contact TEM layer by one order with respect to its optimal value, the electrical boundary resistance is
actually decreased by two orders. Under these conditions, its value rp approaches minimum value of ry
min, and its order will make 10° Ohm-cm?.
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Fig.6. Dependences of boundary resistivity r, on impurity concentration Ng in the
nickel contact layer of p-type BigsSbisTes (1) and n-type BizTez7Seo3 (2) under
condition of T=300 K. 3 — dependences of minimum resistivity ro min(Nq)
practically coincide for p- and n-type TEM.

Thus, the creation at the boundary between the Bi,Tes-based material and the nickel of a thin
contact layer with a high concentration of charge carriers neutralizes the effect of the potential barrier
and reduces the electrical boundary resistance and the contact resistance as a whole. This is confirmed,
in particular, by the experimental results described in [34]. To obtain such heavily doped near-contact
layers, special technologies are used, for example, ion implantation of impurities [34].

In [35], the results of theoretical and experimental studies of contact resistance in Bi.Te; -based
thermoelectric legs with anti-diffusion nickel layers were analyzed. It was shown that the value of
contact resistance does not exceed 5-10°® Ohm-cm?. Creating “ideal” contacts allows reducing this
value to 10 Ohm-cm?. Using the Comsol Multiphysics thermoelectric software package, we estimated
the effect of contact resistance on the efficiency of a Bi,Tes-based thermoelectric converter with
miniature legs 0.5 mm high. It was concluded that improving the contact technology which would
reduce the contact resistance from 5-10° Ohm-cm? to the minimum possible 10° Ohm-cm?, helps to
increase the converter efficiency by 20 %.

Conclusions

1. Methods for calculating the electrical resistance of TEM-metal boundary arising due to formation
of potential barrier in the zone of contact between thermoelectric material and metal are proposed.
The temperature dependences of the boundary resistance for thermoelectric legs made of Bi,Tes-
based materials with the deposited anti-diffusion nickel layers are calculated.
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2. Itis established that boundary resistance in such structures under optimal impurity concentration in
TEM reaches the value from 0.5-107"to 2.5-10”7 Ohm-cm? and is a function of temperature.

3. It is shown that the impact of potential barrier at the TEM-metal boundary can be effectively
neutralized by creating a thin near-contact layer with a high concentration of carriers due to doping.
This requires special technologies, such as ion implantation technique.

4. It is established that increasing the concentration of doping impurities in the nickel contact zone of
TEM by one order of magnitude with respect to its optimal value results in decreasing the electrical
boundary resistance actually by two orders of magnitude. Under these conditions, its value
approaches the minimum possible value, and its order is 10°° Ohm-cm?, which helps to increase the
efficiency of thermoelectric energy conversion by 20 %.
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KOHTAKTHHUH OIIP 3YMOBJIEHUHM MOTEHIIAJIBHUM
BAP'€POM HA IT'PAHUIII TEPMOEJIEKTPUYHOI'O
MATEPIAJY 3 METAJIOM

Poszenanymo meopemuuni acnexmu oyinIO8aAHHA 8eNUYUHU eAEKMPUUHO20 ONOPY, AKUL 3YMO8IeHUl
nepexodom Hociie 3apsady uepe3 NOMeHYIANbHUll 6ap ’€p HA 2panuyi MIdC mepmoerekKmpudHuMm
Mmamepianom i memanom. Pospaxosani memnepamypui 3anedcnocmi nuUmomo2o onopy epanuyi 0
mepMoeieKmPUUHUX GimoK 3 mamepianié Ha ocHoel BiyTes 3 nanecenumu anmuougysiinumu
wapamu Hikeno. Bcemawnoéneno, wo eenuuuna onopy epamuyi 6 makxux GimKax 3MIHIOEMbCA 3
memnepamypoio  6i0 0.5-107 0o 2.5107 Om-cm?. Ilokazano, wo 3menwumu onip epanuyi MoxicHa
WAAXOM NIOBUUJEHHA KOHYeHMpayii HOCiie 3apady 8 YIbmpamonKoMy NPUKOHMAKMHOMY 3 HIKelem
wapi mepmoereKmpuyHo20 Mamepiany 3a pAxXyHoK Jaecy8awHs. Bcmawnosneno, wo nioguujenus
KoHyenmpayii ne2yioyux OOMIWOK 6 NPUKOHMAKMHIL 30Hi HA OOUH NOPAOOK GIOHOCHO ii
ONMUMANbHOZO 3HAYEHHS NPU3800UMb 00 3MEHUIeHHs eleKmpUudHo20 ONnopy 2pawuyi Ha 08d
nopaoKu. 3a yux ymo8 GeiuduHd ONopy HAOIUNCAEMBCA 00 MIHIMANLHO MOXNCIUBO2O 3HAUEHHS, I

cmanosums 107 Om-cm?. Bibn. 35, puc. 6, maébn. 1.

Ku1i04oBi c10Ba; KOHTaKT TEPMOCICKTPUIHUN MaTepiai - MeTall, MOTeHIiallbHUI Oap’ep,

€JEKTPUYHHUH OIip TPAHUILII.
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KOHTAKTHOE COITPOTUBJIEHUE, OBYCJIOBJIEHHOE
INOTEHIUAJIBHBIM BAPBEPOM HA I'PAHUIIE
TEPMODJEKTPUYECKHUINA MATEPHUAJI - METAJLI

Paccmompenvr meopemuueckue acnexkmuvl OYeHKU GeNUHUHBL CONPOMUBLEHUS, O00YCI08NEHHO 20
nepexodom Hocumeneu 3apada  yYepe3 NOMEHYUANbHLIN OaApbep HaA  2paHuye  MexHcoy
MepMOINeKMPUYECKUM MAMEPUANOM U Memaniom. Paccuumanvl memnepamypuvle 3aeucumocmu
VO0enIbH020 CONPOMUBLEHUA 2PAHUYDBL 0I5 NEPMOILEKMPULECKUX 8eMaell U3 MAMepudios Ha 0CHO8e
BioTes ¢ wnanecennvimu anmuoug@ysuonnvix croamu Hukeis. YCmamoeieno, umo GeIuYUHA

CONpOMUGTEHUs 2PANUYLL 6 MAKUX 6eMEAX usMensemcs ¢ memnepamypoii om 0.5-107 0o 2.5-107

OM'CMZ. Iloxazano, umo YMEHbWUNb CONpOmMuUBIeHUe cpaHuybl MOINICHO nymem NnoeblULeHU

KOHYenmpayuu Hocumerneil 3apsoa 6  YIbIMPAMOHKOM NPUKOHMAKINHOM cnoe
MepMOINeKMPUYECKO20 MaAmepuanla 3a Ccuem Jaecuposanus nociednezo. Ycmauoeneno, umo
NOBbIUIECHIEe KOHYEHMPAYUU J1e2upyowux npumecell 6 NPUKOHMAKMHOU 30He HA OOUH NOPAOOK
OMHOCUTNENLHO ee ONMUMATbHO20 3HAYEeHUA 6 Mamepuane 8 YeioM Npugooum K YMeHbUleHUIO
NeKMPUYEeCcKo20 CONPOMuUBLeHUs 2panuybl Ha 08a nopaoxka. bubn. 35, puc. 6, maon. 1.

KiroueBble ci10Ba: KOHTaKT TEPMOIICKTPUUIESCKUI MaTepual — MeTajll, HOTEHI[MAIBHBINH Oapbep,

QJICKTPUICCKOC CONPOTHUBJICHUC I'PAHUIIBI.
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