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MEASUREMENT OF ELECTRICAL CONTACT RESISTANCE
OF THE “METAL - THERMOELECTRIC MATERIAL”
STRUCTURE USING THE PELTIER EFFECT

The paper describes a method for determining the contact resistance of a “metal — thermoelectric
material” using compensation for the cooling action of the Peltier effect, which occurs when a direct
electric current passes through the contact of two dissimilar materials, by Joule heat released at the contact
resistance. A physical model of such a process and the results of computer simulation are presented,
confirming the possibility of its implementation in practice. 30 sources, 9 figures.
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Introduction

The development of methods and equipment for analyzing the quality of contact structures in
thermoelectric energy converters is a task both crucial and topical. This is stipulated by the need to
reduce the size of thermoelectric energy converters, significantly reducing thus their cost and providing
for their availability for wide practical application. The main obstacles here are certainly the large values
of contact resistances, since their impact on the efficiency of thermoelectric energy converters increases
with a decrease in the height of the thermoelement legs of the module [1 — 14].

To develop technologies for manufacturing contact structures with optimal contact resistance
values, it is necessary to conduct a number of experimental studies, which are possible only with the
availability of accurate methods and modern equipment for measuring contact resistances. At the same
time, as the analysis of the literature [15, 16] shows, such equipment has not yet been created. The
developed methods for measuring electrical contact resistance in thermoelectrics can be divided into
those based on measuring the characteristics of “bundled” contact structures, those being a number of
serially connected thermocouples with contact resistances; probe and microelectronic methods that
require the manufacture of test structures.

In particular, in [17] the probe method for measuring electrical contact resistance “metal —
thermoelectric material” is considered and the results of the analysis of possible measurement errors and
computer optimization of this method to achieve their minimum values are presented.

One of the promising attempts of determining the contact resistance of a “metal — thermoelectric
material” is to use the Peltier effect, occuring as a direct electric current passes through the contact of
two dissimilar materials. Depending on the direction of the current, the contact is either cooled or heated.
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The change in the contact temperature depends on the ratio of Peltier heat and Joule heat and is
determined by the magnitude of the amplitude of the current that has passed through the contact. For
thermoelectric materials with high values of the thermoelectric EMF coefficient, the cooling impact of
the Peltier effect at low currents will prevail over Joule heat. However, as the current increases, due to
the quadratic dependence of Joule heat on the current value and the linear dependence of Peltier heat on
it, at a certain current value these heats will be equal. Then the value of the contact resistance can be
found from the heat balance equation. The thermoelectric EMF that occurs in the sample after the
passage of a current pulse can serve as an indicator of the change in the contact temperature (Fig. 1).
Curves /1, I in Fig. 1 correspond to the case when Peltier heat prevails over Joule heat, whereas curves
11, I, — to cases when Joule heat prevails, and curve /5 to cases when these heats are approximately equal.

Fig. 1. Typical appearance of thermoEMF pulses for different values
of current amplitude through the contact under study.

The possibility of implementing this method is influenced by various factors, such as Joule heat
generated in the sample volume, heat exchange with the surrounding environment, etc.

Therefore, the goal of this work was to analyze the possibilities of determining the contact
resistance of a “metal — thermoelectric material” using compensation for the cooling impact of the Peltier
effect by Joule heat released at the contact resistance, through a detailed analysis of its physical model
of such a process and computer simulation.

For this purpose, an approach was used that consists in analyzing a detailed physical model of the
measurement process and computer modeling of the distributions of physical fields in the studied
samples and structural elements of the measuring device. This approach was previously successfully
applied at the Institute of Thermoelectricity (Ukraine) to create high-precision equipment for measuring
thermoelectric parameters of materials [18 — 27].

1. Description of the measurement process and its physical model

The physical model of the process of measuring electrical contact resistance using the Peltier effect
is shown in Fig. 2. It contains two samples of dissimilar materials, between which there is a transitional
contact layer, an adjustable source of current pulses, current leads, an oscilloscope for recording the
thermoEMF that occurs in the sample after the passage of a current pulse, and potential probes.
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Fig. 2. Physical model of the process of measuring electrical contact resistance using
the Peltier effect: 1, 2 — samples of dissimilar materials under study;
3 — transition contact layer, 4 — adjustable source of current pulses;
5, 6 — metal contact plates; 7 — oscillograph, 8 — potential probes.

Fig. 2 also shows the heat flows Q;, occurring in the structure under study: QO is Joule heat released
at the contact resistance between the samples under study; O, is Peltier heat absorbed at the contact
between the samples; O3, Qs is Peltier heat released at the contacts of the samples with the current leads;
05,05 is Joule heat released in the volume of the samples; 07,0z are heat flows by thermal conductivity
in the samples; Qo to Qi» are heat flows from the contact structure under study to the environment
through current conductors and potential probes; O13, Q15 are heat flows from the contact structure under
study to the environment by convection; Q1a, Q16 are heat flows from the contact structure under study
to the environment by radiation.

According to the idea of the measurement method, the value of the contact resistance is found
from the balance of Peltier and Joule heats at the contact.

O =0 (M

or IR, = (oc1 -a, )IOT , 2)
where [y is the current at which the cooling impact of the Peltier effect is compensated by Joule heat (i.e.
at zero thermoEMF after passing a current pulse); R is the contact resistance; oy, oy are the
thermoEMEF coefficients of the sample material (determined separately).

Accordingly, the specific contact resistance pcon. can be determined by the formula

(o, —a,)T

pCUﬂL = ]—S > (3)

0
where S is the contact area.

To analyze the influence of heat fluxes Q; on the possibility of applying formula (3), a computer
simulation of the measurement process was carried out, which corresponds to the physical model shown
in Fig. 2.
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2. Computer model

The temperature distributions 7(x,y,z,¢) and electric potential ¢(x,y,z¢) in the structure under study
can be obtained based on the laws of conservation of electric charge and energy.

To do this, it is necessary to solve a system of differential equations with the corresponding
boundary conditions, for each element of the physical model shown in Fig. 2, written in the form

pC%—:—V((K+a20T+a(pG)VT)—V((aGTJr(pG)V(p):O,

; : )
V(sVa—(tpj—V(GV(p)—V(GaVT) =0.

where a is the thermoelectric power coefficient, ¢ is the electrical conductivity, k is the thermal
conductivity, p is the density, C is the heat capacity, € is the dielectric constant.

The computer model was built using the COMSOL Multiphysics application package [28], which
uses the finite element method for calculations [29, 30]. The boundary conditions for such a model are:

— the side surfaces of the samples, contact plates, current leads and potential probes are electrically
insulated

n-j=0;
— arectangular current pulse /(¢) flows through the power supply lines
n-j=I1(:)/S,,;
— the ends of the power cables are maintained at an ambient temperature of 7

T=T1,;

— the lateral surfaces of the samples, contact plates, current leads and potential probes are in a
state of heat exchange with the environment

n-q=n7,-T),

where # is the heat transfer coefficient.
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Fig. 3. Example of the time dependence of the temperature at the point of contact of two samples
of Bi-Te based thermoelectric material of different types of conductivity
when passing a rectangular current pulse through it.
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As an example, Fig. 3, 4 show the results of computer calculations of the time dependences of
temperature and electric potential in the studied contact structure in the case of contact between two
samples of Bi-Te based thermoelectric material of different conductivity types (a1 = 200 puV/K;
o2 = — 200 uV/K; k1 = 12 = 2 W/(m*K); 61 = 62 = 1000 Q'-cm™") with a length of 2 mm and a cross-
sectional area of 1x1 mm?. The ambient temperature is 7o = 300 K, the contact resistance is 1-10° Q-cm?,
the amplitude of the rectangular current pulse is 400 A, and its duration is 1-10°s.
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Fig. 4. Typical view of temperature distributions (a) and electric potential (b) in two
contacting samples of Bi-Te based thermoelectric material of different conductivity
types when a rectangular current pulse is passed through them.

3. Computer simulation results

To analyze the possibilities of determining the contact resistance of the “metal — thermoelectric
material” using the Peltier effect, the case of contact between a sample of a Bi-Te based thermoelectric
material (a =200 pV/K; 6 = 1000 Q'-cm™; k = 2 W/(m*-K)) and a nickel sample was considered. The
length of the samples is 2 mm, the cross-sectional area is 1x1 mm?® The ambient temperature is
To =300 K.

Fig. 5 shows the time dependences of the thermoEMF for different values of the amplitude of
current pulses through the studied contact with the value of the electrical contact resistance of
5-10° Q-cm?; the duration of the current pulses is 1-ps.

From the figure it is clear that Peltier heat absorbed at the contact of the two samples is completely
compensated for by the Joule heat released at the contact resistance, at a current pulse with an amplitude
of 120 A, which corresponds to the specified value of the contact resistance.

Fig. 6 shows similar time dependences of thermoEMF for the case of a contact electrical
resistance of 1-10°® Ohm-cm?. The duration of the current pulses is 1-ps, the amplitude of the current
pulse, at which neither heating nor cooling of the contact is observed, is 1200 A.

As can be seen from the comparison of the dependences shown in Fig. 5 and 6, the value of the
thermoEMEF signals after the passage of current pulses increased, and, therefore, the sensitivity of the
measurements increases with a decrease in the contact resistance, in contrast to the probe method of
measuring the contact resistance.
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Fig. 5. Time dependences of thermoEMF for different values of the amplitude
of current pulses through the studied contact “Bi-Te — Ni based material”
(contact resistance value 5-10° Ohm-cm?, pulse duration 1-us).

A further decrease in contact resistance requires greater amplitude of current pulses. This leads to
significant heating of the samples by Joule heat released in their volume and an increase in the influence
of this heat on the temperature in the contact area of the samples. This problem is solved by reducing
the duration of the current pulse.
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Fig. 6. Time dependences of thermoEMF for different values of the amplitude
of current pulses through the studied contact “Bi-Te — Ni based material”
(contact resistance value 1-10° Ohm-cm?, pulse duration 1-us).

Fig. 7 — 9 shows the time dependences of thermoEMF for contact resistances of 5-107 Q-cm?,
1-107 Q-cm? and 5-10® Q-cm?, respectively (current pulse durations are 0.2, 0.1 and 0.05 ps).

The values of the current amplitude determined in this way, at which Peltier heat is compensated
by Joule heat released at the contact resistance, are within 10% of those corresponding to the contact
resistance values specified in the model.
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Fig. 7. Time dependences of thermoEMEF for different values of the amplitude of current pulses
through the studied contact “Bi-Te — Ni based material”
(contact resistance value 5-107 Ohm-cm?, pulse duration 0.2-us).

E, },lV To=4kA

1000 : : : —lo-sika
1 1 1 —l0=

i ! i To = 7kA

600 : : ; —1lo = 8kA

200 : ! T T T

200 foozooe : i =TT ==

T | : : :

-600 !
0,1 03 0,5 0,7 09 1,1 1,3 tops

Fig. 8. Time dependences of thermoEMF for different values of the amplitude of current pulses
through the studied contact “Bi-Te — Ni based material”
(contact resistance value 1-107 Ohm-cm?, pulse duration 0.1-us).
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Fig. 9. Time dependences of thermoEMF for different values of the amplitude of current pulses
through the studied contact “Bi-Te — Ni based material”
(contact resistance value 5-10° Ohm-cm?, pulse duration 0.05us).
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The obtained computer simulation results confirm the possibility of measuring electrical contact
resistance using the Peltier effect and are the basis for elaborating appropriate measuring equipment.

Conclusions

1. A detailed physical model of the process of measuring the electrical contact resistance "metal —
thermoelectric material" was built using compensation of the cooling impact of the Peltier effect, which
occurs when a direct electric current passes through the contact of two dissimilar materials, by the Joule
heat released at the contact resistance. A computer model was developed on its basis.

2. Using computer modeling, the time dependences of the thermoEMEF that occurs after the passage
of a current pulse through the contact "Bi-Te- nickel based material " were obtained for different values
of the contact resistance in the range from 5-10° Q-cm? to 5-10™® Q-cm?, as well as the amplitude of the
current pulses and their duration. The possibility of measuring electrical contact resistance using the
Peltier effect was confirmed.

3. It has been established that the value of thermoEMF, and, consequently, the sensitivity of
measurements increases with the decrease in contact resistance, which differs from the data obtained by
the probe method of measuring contact resistance.
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