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METHODS FOR MEASURING CONTACT RESISTANCES
OF “METAL — THERMOELECTRIC MATERIAL” STRUCTURES (PART 1)

An overview of existing methods for measuring electrical contact resistance is presented. An
analysis of their accuracy, advantages and disadvantages, as well as the possibilities of using them
in thermoelectricity for the study and optimization of "metal — thermoelectric material” structures
is conducted. Bibl. 11, Figs 14.

Key words: electrical contact resistance, measurement, accuracy, thermoelectric power converters.

Introduction

Reducing the cost of manufacturing thermoelectric power converters is a pressing issue in
thermoelectricity. Solving this issue will significantly increase the competitiveness of both cooling and
generating thermoelectric modules and expand the areas of their practical use.

In particular, the use of thermoelectricity for waste heat recovery is important. Almost all
technological processes in industry, as well as the production of electrical energy, are associated with
the use of fuels, including nuclear, to produce thermal energy. Most of this energy in industry, after the
implementation of technological processes, is dissipated into the environment by gaseous or liquid heat
carriers.

In heat engines, only 25 —40 % of thermal energy is converted into mechanical energy. The
remaining more than 50 % is given to the environment, which leads to its thermal pollution and
disruption of the Earth's heat balance. This thermal power can be converted into electrical energy. The
use of thermoelectric recuperators allows to extract from this heat as much electrical energy as all
nuclear power plants generate. Thus, thermoelectric recuperators can become an important factor in the
overall environmental improvement, and therefore are important for the interests of the human
community.

At the same time, the main obstacle to the widespread practical use of thermoelectricity for the
recovery of waste heat is the high cost of thermoelectric energy converters, the largest share of which is
the cost of thermoelectric material. The cost of thermoelectric energy converters can be reduced by tens
of times and approach the required for wide practical applications due to their miniaturization.

However, attempts to create miniature modules encounter the growing influence of contact
resistances, which cause a catastrophic decrease in the quality of the modules.

The development and optimization of technologies for creating contact resistances necessary to
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meet practical needs is carried out experimentally by studying the influence of various technological
factors on the value of contact resistance. The latter is possible only if reliable methods and equipment
for measuring contact resistances are available.

The purpose of this work is to analyze existing methods and equipment for determining the values
of contact resistances and the possibilities of their use for the study and optimization of "metal —
thermoelectric material" structures.

1. Methods for measuring electrical contact resistance
1.1 Methods used in microelectronics

The most modern methods for measuring electrical contact resistance include the Cox-Streck
method, the transmission line method, the Kelvin method, and the boundary probing method. These
methods are successfully used in microelectronics [1 — 10].

The authors of [1] proposed contacts made of silver alloy with indium and germanium for n-type
gallium arsenide and contacts made of silver alloy with indium and zinc for p-type gallium arsenide.
Depending on the specific resistance of gallium arsenide, the resistance of such contacts is from 10 to
107 Ohm-cm?.

In [2], it is shown that the contact resistance is significantly affected by the technology of cleaning
the semiconductor surface. In particular, sputtering cleaning instead of chemical etching significantly
reduces the contact resistance.

In [3], various methods for measuring contact resistance and common sources of error are
discussed. A number of methods are described, in particular the transmission line method. The results
of measuring contact resistances for aluminum-silicon contacts over a wide range of doping levels of
the silicon surface layer are presented and discussed.

In [4], a method for separating the contact resistance from the resistance of a bulk sample was
proposed. This method is based on measuring the angular dependence of the geometric
magnetoresistance. Its efficiency was tested on the Gunn diodes. The error is less than 0.5 % of the total
resistance of the device.

In [5], a setup for simultaneous measurement of electrical and thermal contact resistances between
metals is described. It allows measuring electrical contact resistance with an error of 0.003 % and
thermal contact resistance with an error of 4.4 %. The measurement results for real contacts are in good
agreement with theoretical calculations available in the literature.

In [6], a device for measuring electrical contact resistance is described. It can be used to measure
contact resistances of the order of 10 uQ. It uses a current through the contact of about 1 mA, which
prevents the formation of an electric arc.

In [7], it is indicated that the measurement of the contact resistance of a “metal-high-resistance
semiconductor” is associated with significant difficulties, so that the error can reach five orders of
magnitude. It is shown that the transmission line method is inapplicable if the contact resistance is less
than 10°Q-cm’.

In [8], a device was developed for measuring the contact resistance between metal wafers as a
function of pressure and the corresponding dependence for a pair of copper wafers was investigated.

In [9], the electrical contact resistance between contacts made of Fe-Cr alloy and thermoelectric
material Ca;Co4O9 was measured. The maximum contact resistance obtained was 1.2:10”"Ohm-cm?.

The essence of the main methods for measuring contact resistance in microelectronics is presented
in [10]. Methods for measuring contact resistance are divided into four categories:
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1) two-contact two-terminal;

2) multi-contact two-terminal,

3) four-terminal,

4) six-terminal.

None of these methods are applicable to the measurement of surface resistivity p,. Instead, the
specific contact resistance p_is determined, which is not the actual surface resistance of the metal-
semiconductor interface, but it is a practically applicable numerical characteristic that describes the real
contact. From this point of view, comparing theory and experiment is quite difficult, since theory cannot
accurately predict p_, and experimentally it is difficult to accurately measure p, . It is often difficult even

to unambiguously measure p,. We will limit ourselves to discussing experimental techniques.

1.1.1 Two-contact two-terminal method

This method is the earliest. Its accuracy is rather questionable and it is rarely used. Its simplest
schematic implementation is shown in Fig. 1.

—l r

-
-
QT_

o i

P . .

(h)

Fig. 1. Vertical two-terminal structure (a) and surface two-terminal structure (b)
for measuring contact resistance [10].

For a homogeneous semiconductor with resistivity pand thickness ¢, the total resistance
R, =V /I measured according to diagram (a) by passing current / through the sample with determination
of the voltage V" between the contacts is equal to:

RT=RC+RS,)+RC,)+RP. (1)

When measuring according to diagram (b), instead of (1), the following relation is used:

R, =2R +2R, +2R,. )

In these formulae, R, — the contact resistance of the upper contact, R, —the spreading resistance
directly under the contact, R, —the contact resistance of the lower contact, R, —the resistance of the

probe or wire. Typically, the lower contact has a large area, and, therefore, a relatively low associated
contact resistance. Therefore, the contact resistance of the lower contact is often neglected. Similarly,
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the probe resistance is also assumed to be low.
The spreading resistance of a flat non-penetrating contact of circular shape with radius » on the
surface of a semiconductor with resistivity pand thickness ¢ is equal to:

p
R _=——arctg(2¢t 3
= 5aretg(21/7) ®

In the case 2¢ >>r the following relation is valid:

Cp
L= 4
= “)

In this formula, C is the correction factor, which depends on p,r and current distribution. For widely

spaced contacts, as in diagram (b), located on a homogeneously doped semi-confined substrate, C =1. If the
current flows vertically into the upper contact, as in diagram (a), then the contact resistance is:

R =p. /4 =p  mr Q)

Relation (1) shows that with low R, and R, the contact resistance will be the difference between

the total resistance and spreading resistance. But the spreading resistance cannot be measured
independently. Therefore, even small errors in the spreading resistance will lead to significant errors in

the value of contact resistance. Hence, the two-terminal method works best when R, << R_, that is, in

the case of contacts of small radius.
A modification of the two-terminal method is the use of upper contacts of different diameters.

Therefore, from the known values of R, it is possible to determine and plot the dependence of R, on
1/ 4, and to determine p, by the slope of the corresponding plot. Alternatively, it is possible to plot the
total resistance as a function of 1/7 . Using contacts of different diameters, from the shape of the curve

it is possible to determine whether the data are anomalous.
The two-terminal method is most often implemented using the horizontal (surface) structure
shown in Fig. 2.

* ay » by
H 1
— —
n-Type: Ry, (€/square)
p-Type
_—
z W n-Type
+ |
“ d ol p-Type

Fig. 2. Surface (horizontal) structure for implementing the two-terminal method of measuring
contact resistance in section and plan view [10].
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It differs from the structure shown in Fig. 15 in that the current is limited by an n-type island. The
test structure consists of two contacts separated by a distance. In order to limit the current, the area in
which the contacts are located must be isolated from the rest of the substrate by doping or diffusion so
that, for example, an n-type region is formed in the p-substrate by planar technology or by chemical
etching of the region surrounding the island, leaving a “mesa”. The island in this example has a width
W and ideally the contacts should have the same width. However, this is difficult to do, so the width of
the contacts Z usually differs from # . In this case, the analysis is complicated by the horizontal flow
of current, the increase in its density near the contacts and the geometry of the sample. For the geometry
shown in Fig. 2, the total resistance is:

R, =R,d/W+R,+R, +2R, . (6)

In this formula, R, — the surface resistance of the n-layer, R, — the correction for the current

change near the contact, R — the correction for the contact width, if Z <W . The expressions for the

resistances appearing in formula (6), are given in [10].

For the case of many contacts, the so-called “contact chain method” is used, the diagram of which
is shown in Fig. 3.

In this diagram, the total resistance between each pair of contacts is defined as the sum of the
semiconductor resistance, the contact resistance, and the metal resistance. The semiconductor resistance
is calculated from the known surface resistance and the geometry of the circuit. Subtracting the
semiconductor resistance from the total resistance gives the total contact resistance. The contact
resistance of each contact is obtained by dividing the result by twice the number of contacts.

m

R'Z AAA §R

Fig. 3. Diagram of the "contact chain" method and images of the test structure in plan and section [10].

In this diagram, the total resistance between each pair of contacts is defined as the sum of the
semiconductor resistance, the contact resistance, and the metal resistance. The semiconductor resistance
is calculated from the known surface resistance and the geometry of the circuit. Subtracting the
semiconductor resistance from the total resistance gives the total contact resistance. The contact
resistance of each contact is obtained by dividing the result by twice the number of contacts. For a
contact chain consisting of NV islands and 2N contacts of width ¥, separated by a distance, and neglecting
the metal resistance, the following relation is valid:

ISSN 1607-8829 Journal of Thermoelectricity Ne2, 2022 9
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R
R, =N73”d+2NR,. (7)

[&

This method is too rough for accurate assessment of contact resistance. However, it is often used
for process control.

1.1.2 Multi-contact two-terminal method

The diagram of the method is shown in Fig. 4, the test structure for its implementation is shown
in Fig. 5.

Grounded?
Fig. 4. Diagram of multi-contact-two-terminal method [10].

L L

n-Type: Ry, (€/square)

p-Type

—Pl L— (11

Fig. 5. Test structure for the implementation of multi-contact two-terminal method [10].

This method was developed to overcome the shortcomings of the two-contact two-terminal
method. It creates three identical contacts to the semiconductor, separated by distances d and d,.

Assuming that the contact resistances of all three contacts are the same, the total resistance can be
determined as follows:

R,d
Ry =—L242R . (8)

4

Therefore, substituting i=1,2and solving the corresponding system of equations for R , we

obtain:
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R - R,d, - R,d, ' ©)
2(d, - d,)

This test structure does not have the uncertainties of a simple two-terminal structure, since it is
not necessary to know the volume and surface resistance of the semiconductor. The assumption that the
contact resistances of all three contacts are the same is somewhat questionable, but it is justified if the
sample is not very large. The contact resistance is determined by the difference of two large values. This

can be difficult, especially for contacts with low resistance. The determination of distances d, and d, is

an additional source of inaccuracies. Incidentally, this method can also give a negative value for the
contact resistance.

The structure in Fig. 5 allows only the contact resistance to be determined. The specific contact
resistance cannot be directly determined from two resistance measurements. The determination requires
a more detailed assessment of the current distribution in and outside the horizontal contact region. Early
studies of the two-dimensional current distribution in diffusion resistors by Kennedy and Marley showed
that there is current concentration at the contacts. Analysis under the assumption of zero contact
resistance showed that only a portion of the contact length is active in the transfer of current from the
semiconductor to the metal and vice versa. This portion was found to be approximately equal to the
thickness of the diffusion semiconductor layer.

Let us now consider some test structures for measuring contact resistance, which are shown in
Fig. 6.

I~ N I =N\
J/ /

O—1v

—
o
0.0 0 0
Z R2 w 3 2 S
de ke B

—»l [ e

(a) (b)

(c)

Fig. 6. Test structures for measuring contact resistance: a) conventional; b) for measuring contact resistance
of the end contact; c) Kelvin test structure of the “cross bridge” type [10].

In all of these structures, the current flows from contact 1 to contact 2. In the test structure for
implementing the line transmission method shown in Fig. 6a, which is also called the structure for
measuring the front contact resistance, the voltage is measured between the same contacts as the current.
In the test structure shown in Fig. 6b, the voltage is measured between contacts 2 and 3. In the test
structure for measuring contact resistance by the Kelvin method (Fig. 6¢), which is considered to be one

ISSN 1607-8829 Journal of Thermoelectricity Ne2, 2022 11
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of the most accurate, the voltage is measured at right angles to the current.
Let us now consider the expressions for the resistances in these circuits. In diagram 6a, the
resistance of the front contact is:

VRaP. P
R, =V/I= Thcth(L/LT )= T cth(L/L, ), (10)

T

if Z =W . If the sample is wider than the contact, then formula (10) is only approximate.

It is usually considered that R, =R . The general formula (10) allows for a number of

simplifications.
For instance, if L <0.5L; ,then cth(L/L,)~ L, /L, hence,

P,

R =—%. 11
© Lz (1
If L>1.5L,,then cth(L/L,)~1, hence
p
R =—=. 12
*=7 7 (12)

In the first case, the true contact area coincides with its effective area. However, in the second
case, the effective contact area is smaller than the true one. This leads to a number of important
consequences. For example, consider a structure with a surface resistance of 20 Ohm/sq and a contact
resistance of 10”7 Ohm-cm?. In this case, the “characteristic transmission length” is 0.7 um. For a contact
10 um long and 50 pm wide, the true contact area is 5-10° cm?. However, the effective contact area is
only 3.5-107 cm”.

Thus, the current density in the contact becomes 14 times higher than in the case when the entire
contact is active. This increase in the current density in the contact causes problems associated with
contact degradation. The reduced contact area burns out in extreme cases and the active area of the
contact gradually shifts until it is completely destroyed.

The contact model shown in Fig. 6 may be oversimplified in the case of a series of contacts. For
example, in the case of alloy contacts, the contact region consists of the metal, the alloy region, and an
adjacent semiconductor layer. Contacts obtained by sputtering a metal onto a thin layer of a narrow-gap
or wide-gap semiconductor also fall into this category. This requires a more complex transmission line
model, and a symmetrical layer model. Then the corresponding equations become significantly more
complicated.

When voltage is measured between contacts 2 and 3, while current flows between contacts 1 and
2 (Fig. 6b), the corresponding contact resistance is:

—V/I VRshpc _ P.

“ T zsh(L/L,)  LzZsh(L/L,)

(13)

The measurement of contact end resistance can be used to determine the specific contact
resistance by measuring R, and iterating the relation (13). In the case of short contacts, R is sensitive

to changes in the contact length, so the error in the determination of L limits the accuracy of the method.
For long contacts R, becomes small and the accuracy of its determination is limited by the error of the

12 Journal of Thermoelectricity Ne2, 2022 ISSN 1607-8829
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instruments. This can be seen by constructing the relation

R 1
oo (14)
R, ch(L/LT)

which becomes very small for L >> L, .

For the case of the Kelvin test structure (Fig. 6¢), contact 3 is located away from contact line 1-2.
Therefore, the measured voltage is the average value of the potential along the length of the contact, i.e.:

L
V:L_IIV(x)dx, (15)
0
Integrating, we get:

R(,=V/I=p", (16)
' LZ

Equation (13) assumes that the width of contact Z is equal to the width of the semiconductor layer.
This is rarely realized in practice. Usually Z < W . Experiments at Z=5 um and W in the range from 10
to 60 pm show that the method of measuring the resistance of the end of the contact gives a falsely large
contact resistance. The error increases if p_ decreases. Or if R, increases.

The source of error is the potential difference between the front and rear edges of the contact, as
a result of which the current can flow around the edges of the contacts. The measured resistance is
proportional to the surface resistance and is insensitive to the contact resistance for large 6. For the
validity of a simple one-dimensional theory, the test structure must satisfy the conditions L<L,,Z >> L
and 8 << Z . The "one-dimensional" analysis is not suitable if the specified conditions are not satisfied.
However, an accurate determination of p_is possible if the numerical calculations (simulation) are
properly adjusted to the measurement data.

The problem associated with W = Z can be prevented by using a circular (annular) test structure
consisting of a leading inner region of radius L, a gap of width d, and an inner contact region. The
leading regions are usually metallic, and the gap width varies from a few microns to tens of microns.
The structure is shown in Fig. 7.

O000

(a) (h)

Fig. 7. A separate element of the circular structure (a) and the structure as a whole (b).
Black areas — metal [10].

If the surface resistances of the semiconductor layer under the metal and in the gap are the same,
then the following expression is valid for the total resistance between the external and internal contacts:

R, L L(LL) L, K,(L/L;) N
"o T L) Lrd K (L) (H H

(17)
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In these formulae, 7, (z) and K, (z)— Bessel functions of imaginary argument and modified

Bessel functions of corresponding indices.
For the circular transmission line test structure shown in Fig. 7, under the condition L >>4L, the

ratios /,/1, and K, /K, tend to unity, and, hence, expression (17) is simplified:

R Ry ﬁ+i+ln 1+i (18)
2n| L L+d L

T

If, in addition, L >> d , the expression (25) takes on the form:

_R,C

R d+2L.), 19
=S (aaty) (19)
where
C= £ln(l +£j (20)
d L

For practical radii of about 200 um and gap widths in the range of 5 — 50 um, a correction factor
d/L is needed to compensate for the difference between the results of the linear transmission line

method and the consideration according to the circular diagram in order to obtain a linear smoothing of
the experimental data. Without the correction factor, the specific contact resistance is underestimated.
Similar to the case of the linear structure, the corrected data allow the characteristic transmission length
and hence the specific contact resistance to be estimated.

The circular test structure has one significant advantage. It is that there is no need to isolate the
semiconductor layer during measurements, since current can only flow from the centre contact to the
surrounding contact. In a linear test structure, for the transmission line method, current can flow from
contact to contact through the area outside the test structure, if it is not isolated. The circular test structure
with four metal contacts is very similar to the Kelvin cross-bridge resistor discussed earlier (see Fig.
6 ¢).

Equations (10) and (13) were obtained on the assumption that p, >0.2R ¢*, where ¢ — layer

thickness. For R, =200hm/sq and ¢=1pum this condition leads to inequality p, >4 x 10 Ohm-cm?.

The transmission line method must be modified if this condition is not satisfied, which is verified by
experiments and simulations. However, most contact resistances are much larger, so the transmission
line method is suitable.

The difficulty in deciding where to measure the voltage in the diagrams in Fig. 6 led to the
emergence of the test structure shown in Fig. 8 and the corresponding “transmission length method”
proposed by Shockley.

The structure for implementing this method is very similar to the structure shown in Fig. 2, but
contains more than 3 contacts. The two contacts at the ends of the test structure serve to allow current
to enter and exit the original "ladder" structure, and the voltage is measured between one of the large
contacts and each of the successive narrow contacts as in Fig. 8a. Later, the structure shown in Fig. 8b
was proposed, in which the voltage is measured between adjacent contacts.

14 Journal of Thermoelectricity Ne2, 2022 ISSN 1607-8829
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BILILITTEN:
AR A R

(bh)

Fig. 8. Test structures for implementing the “transmission length method” [10].

The structure in Fig. 8b has certain advantages over the structure shown in Fig. 8a. If the voltage
in the “ladder” structure is measured, for example, between contacts 1 and 4, then there is a current
disturbance due to the presence of contacts 2 and 3. The influence of contacts 2 and 3 depends on the
“characteristic transmission length L, and contact length L. If L << L, the current does not penetrate
noticeably into contact 2 and, therefore, contacts 2 and 3 do not affect the measurement results. If,
however, L >> L, , current flows in the metal and the contact can be imagined as two contacts of length

L., which are located in a metal conductor Shunting the current by metal strips obviously affects the

measured voltage value, and therefore the resistance. From this point of view, the structure in Fig. 8b is
better, since it has a “pure” semiconductor between every two contacts (in the sense that the
corresponding gap is sufficient for the current not to penetrate into the adjacent contact).

For contacts that satisfy the condition L >1.5L,, the following expression is valid for the

measured resistance of the front contact:
R,
R,=R,d Z+2RL,z—Z' (d+2L,), (21)

where we used the same approximation that leads from formula (10) to formula (12).
The dependence of the measured contact resistance on d is shown in Fig. 9.

L8
1111l
Z W
~ |

L |a,| | 4, e—di—  fe—d,—»

RT /
/Slopc =Ry/Z
2Ly

&

-’

i AR,
-

0 d

Fig. 9. Test structure for implementing the “characteristic transmission length” method and the dependence of
the measured total resistance on d [10].
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The slope of the line Ad/d =R, /Z allows one to determine the surface resistance R, , if the

contact width Z is known from independent measurements. The intersection of the plot with the vertical
axis, given d =0 allows one to determine the total contact resistance. The intersection of the plot with

the horizontal axis, given R, =0 allows one to determine the “characteristic transmission length”, and,
hence, the specific contact resistance, since the surface resistance R, is known from the slope of the

line. Thus, this method gives a complete characterization of the contact, including the surface resistance
of the semiconductor layer, the total contact resistance and the specific contact resistance.

This method is usually used to measure contact resistance, but it has its own problems. For
example, the point of intersection of the plot with the horizontal axis is not always clearly defined, which
leads to an incorrect value of L, , and, hence, of p_. However, a more serious problem is the uncertainty

of the surface resistance of the semiconductor layer under the contacts. Eq. (21) is valid assuming the
same surface resistance of the semiconductor layer under the contacts and between them. However,
these resistances can differ from each other due to effects associated with the formation of the contact.
This is true for alloy and "silicide" contacts, when the semiconductor region under the contact is
modified in the process of obtaining the contact. In this case, the following expressions are valid for the
resistance of the front edge of the contact and the total resistance:

R, =p—Cthh(L/LTk) . (22)
Tk
R,d R,d 2R,L, R
Rt AL o] ey

In formula (23), R, — the modified surface resistance of semiconductor layer under the contact,
Ly = m . The slope of the dependence of R, on d , as before, is determined by R,/Z and the
point of intersection with the vertical axis gives 2R.. However, the point of intersection with the
horizontal axis gives 2(Rsk / Rsh)LTk, therefore, the specific contact resistance is now impossible to
determine, since R, is unknown. Nevertheless, determining Rcf by the method of “characteristic
transmission length” and R, by “contact end resistance” method, where:

JR
wPe P. R, 1 (24)

“ Zsh(L/L,) ZLysh(L/Ly) R, ch(L/L,)

one can determine L, and p,. Thus, it becomes possible to determine the contact resistance and specific

contact resistance in addition to the resistance of the surface layer of the semiconductor between and
under the contacts. It is also possible to separate R, from R, by etching the semiconductor between
the contacts.

The determination of electrical parameters of contacts by the transmission line method is based
on the assumption that the electrical and geometric parameters of the contacts are uniform across the
sample cross-section. However, these parameters are usually scattered across the chip (wafer). Statistical
simulation shows that the usual data acquisition procedure can lead to errors even if there are no errors

in the measurement of electrical and geometric parameters. For the case of short contacts (L <L, )p.

can be determined, despite the scattering of other parameters, whereas the error in the determination of
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R, and R, occurs only when p, is scattered across the wafer. In the case of long contacts, the found
values of p.and R, have an error when there is a measurement error. The best results are obtained
when L2>2L,.. If a wafer has a non-uniform distribution of electrical parameters with fluctuations of
10-30%, then the error in the determination of p_and R, can reach 100-1000%. The use of more than

one test structure makes it possible to reduce the errors.

1.1.3 Four-terminal method for measuring contact resistance

The methods of measuring contact resistance considered earlier require knowledge of the value
of the specific or surface resistance of the semiconductor layer. However, such methods of measuring

R and p, that would minimize the contribution of the resistance of the semiconductor layer or eliminate

it altogether are preferable. The measurement method that is most suitable for this purpose is the Kelvin
method, which is based on the Kelvin structure with “crossing bridges”. This test structure was first used
in 1972, but it was not until the early 1980s that it was seriously evaluated. In principle, this method
allows the actual contact resistance to be measured, uncorrupted by the resistances of the semiconductor
and metal. The measurement principle is illustrated in Fig. 10.

1
A - n-Type

(b)

Fig. 10. Kelvin test structure in section A-A and in plan [10].

Current is passed between contacts 1 and 2, and voltage is measured between contacts 3 and 4.
There are three voltage jumps between contacts 1 and 2. The first is between wafer 1 and the
semiconductor layer, the second is along the surface of the semiconductor layer, and the third is between
the n-layer and wafer 2/3. The high input impedance of the voltmeter causes very little current between
contacts 3 and 4. Therefore, the potential at contact 4 is the same as the potential of the n-region directly
below wafer 2/3, as illustrated in Fig. 10a by placing point 4 directly below contact 3. Thus, the measured
voltage V, is entirely due to the jump at the metal-semiconductor contact. The contact resistance is then:

R =Vu/I, (25)

therefore, the specific contact resistance is equal to
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pu = Rc Ac ’ (26)

where A, — contact area.

This method is considered to be the most accurate, but the relation (26) does not always agree
with the experimental data. The specific contact resistance calculated in accordance with (26) is an
imaginary contact resistance distorted by the surface current concentration in the case when the contact
windows are smaller than the diffusion gap, denoted as & in Fig. 10. The curvature of the contact
window to the diffusion layer and the horizontal diffusion of the dopant are taken into account under the
condition &> 0. The ideal case §=0 is illustrated in Fig. 11a. In a real contact, part of the current,
shown by the arrows in Fig. 11b, flows around the metal contact. In the ideal case, when &=0, the

potential jump V,, = IR .

(a) (b)

Fig. 11. Kelvin test structures. a) ideal; b) taking into account horizontal current flow around
and under the contact [10].

In the case of & # 0the horizontal current creates an additional voltage jump, which is included
in V,, and leads to a higher value of the measured voltage. According to relation (26) p_increases if the
true contact area is used. The thus obtained value of p_is known as the imaginary specific contact
resistance. The error introduced by the above geometric factor is greater for lower values of p, , and (or)
higher R, and less for higher values of p,, and (or) lower values of R, . The vertical voltage jump in

the semiconductor, normal to the contact plane, is usually not taken into account, although it also
introduces a correction.

1.1.4 Six-terminal method for measuring contact resistance
The diagram of the six-terminal method for measuring contact resistance is shown in Fig. 12.
The appropriate test structure is a four-terminal Kelvin test structure with two additional contacts
to provide additional capabilities not available in the conventional Kelvin structure. This structure allows
the determination of contact resistance, contact resistivity, contact start resistance, contact end resistance
and semiconductor surface resistance. In the case of a conventional Kelvin structure, current is pumped

between contacts 1 and 3 and voltage is measured between contacts 2 and 4. Then R, =V,,/I, and,
hence, p,=R./A, . The problems arising from consideration within the framework of a two-

dimensional model remain for the six-terminal structure.
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\ 3 4
\ 5 —V:/

.\ 1% =

Fig. 12. The diagram of the six-terminal method for measuring contact resistance, allowing simultaneous

determination of R,,R,,,R, R, [10].

e

To measure the resistance of the contact end in conformity with relation R, =V, /I current is

passed between contacts 1 and 3, and voltage is measured between contacts 5 and 4. Given the contact
resistance and the specific contact resistance known earlier, the surface resistance of the semiconductor

under the contact can be determined through the resistances R, and R, from relations (10) and (24).

2. Measurement of electrical contact resistance in thermoelectricity

It is known that the influence of contact resistance on the efficiency of a thermoelectric device
increases as it is miniaturized. Popular methods for measuring contact resistance in microelectronics are
suitable for thin films, but cannot be directly transferred to the case of bulk TE materials. The authors
of [11] propose a method for measuring contact resistance for the case of bulk TE materials by
manufacturing and testing stacks of TE material wafers covered with metal using a traditional
technological process for manufacturing thermoelectric devices. The thermoelectric figure of merit Z of
the stack is used to isolate the contact resistance and reduce the sensitivity of the results to the resistance
of the TE material. The advantage of this technique is that it reflects the real technological process of
manufacturing TE devices and copies structures similar to real TE devices with maximum accuracy.
The smallest values of the electrical contact resistance that were measured by this method at 300K were
1.1-10° and 1.3-10° Q-cm? for n- and p-type materials, respectively. The measurement error for each
sample is from 10 to 20%, which is acceptable when measuring contact resistances of the order of 10
Q-cm?’.

The improved method for measuring contact resistance by thermoelectric figure of merit in
cooling mode, described in [11], is as follows. It is known that the maximum cooling capacity of a
thermocouple is defined as:

1 (XZTL,Z
Qmax = Z{m - kAT:| . (27)

In this formula, L —the length of the thermoelectric leg, a —the Seebeck coefficient, 7, —the
cold junction temperature, p — the resistivity of the semiconductor, p, — the contact resistance, k — the

thermal conductivity, AT —the temperature difference. The influence of contact resistance on the
performance of the refrigerator is considered to be significant when the leg lengths are 200 pum or less.
Specific contact resistance is difficult to measure when it is less than 10°® Ohm-cm?® In order to
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quantitatively evaluate the contact resistance on Bi,Tes, a stack structure simulating a real device was
developed and applied. The technological process of manufacturing a stack-like structure was similar to
that of a real thermoelectric cooler, so that the contact resistance was well reproduced. The stack-like
structure was made of several wafers of thermoelectric material. The wafers were soldered together in
a single process and cut into “cubes”, as shown in Fig. 13.

Fig. 13. Method of measuring contact resistance by the figure of merit [11]: a) — control sample,
b) — stack-shaped structure, c) — general view of the measuring setup.

The process of sample manufacturing is shown in Fig. 14.

(a) ;
Au . S

E*—-—’l ~
Contact -}’ :gf
Bi,Te; wafer
= ———
L —
(b) (c) (d)

Fig. 14. Sequential stages of sample manufacturing process [11]: a) — single wafer after lapping;,
b) — wafer after etching and deposition of contact layer, c) — finished stack of 10 wafers after soldering,
d) — stack of wafers cut into cubes.

The samples were manufactured as follows. First, the wafers were ground to a thickness of
250 um. The composition of the TE materials was approximately as follows: n-type -
(BixTe3)o.o(BixSes)o.1, p-type — (ShaTes)o.75-080(BiaTes)o2-025. After lapping, the wafers were subjected to
surface treatment and metal deposition. Gold was deposited on the surface of the metal contacts to
prevent surface oxidation and to ensure wetting with solder. After metal deposition, the wafers were
placed in a special clamping device. Solder was applied manually using ceramic strips to ensure a flat
and smooth surface. Then one wafer was placed on top of the other and carefully pressed. Excess solder
was removed. The process continued until a stack of 10 plates was formed. Tin-antimony solder was
used to form the stacks. After that, the finished stacks were inserted into the furnace. The uniformity of
the solder and the reproducibility of the technological process of forming the stacks were checked by
numerous tests. After that, the finished stacks were cut into squares with a side of 3.8 mm. Copper pads
with conductive wires were soldered to the end of each stack. In order to produce control samples with
the same thermoelectric properties, solid wafers 2.5 mm high were made from an adjacent piece of each
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corresponding ingot. The control samples and stacks were placed in a figure of merit measurement setup
and the thermoelectric properties were measured in the temperature range from 260 to 340 K.

The thermoelectric figure of merit was measured by the modified Harman method. The Seebeck
coefficient o and the resistivity p were also measured. The measuring setup was calibrated to ensure a
measurement error of no more than 2 %.

The essence of the measurement method is as follows. The figure of merit of the control sample
is:

o’L
Lol =TT A (28)
k(pL+2p,)
At the same time, the figure of merit of the device in the form of a stack is equal to:
2
z ¢ (29)

stack k(p+2pc/t) .

It is clear that due to the small average distance ¢ between the wafers in the stack the difference

between Z_ ., and Z  , can be made quite noticeable and, therefore, the accuracy of determining the
specific contact resistance p, is significantly increased. Dividing (28) by (29) and solving the resulting

equation for p,, we obtain:

pL( Z. -1
= ratio . 30
pc 2 (Ltl _Zratio ( )
In this formula,
Zratio = Zcontrol/ Zslack . (3 1)

To improve accuracy, it is necessary to make several control samples and stacks and take the
average values of the corresponding figures of merit measured by the modified Harman method.

The authors of [11] used averaging over 5 stacks and 3 control samples. Thus, in each experiment,
averaging was performed over more than 100 interfaces. Due to the main contribution of contact resistance
to the change in the figure of merit of the stack, the temperature effect of the solder layers was not taken
into account in the calculations. The results of the contact resistance calculations show that when using the
standard process 1, the contact resistance is on average 3.6:10° Q-cm?” and 2.7-10° Q-cm? for p- and n-
type materials, respectively. For process 1, the accuracy of the contact resistance determination is
consistent with the models and the results of measuring the cooling capacity of real coolers with leg lengths
of 0.45 mm. Initial results for process 2 showed a significant decrease in the contact resistance. Namely,
the contact resistances for p- and n-type materials were 1.1-10° Q-cm? and 1.3-10° Q-cm?.

The maximum uncertainty in the contact resistance values does not exceed 20 %, which is good
enough for determining contact resistances of the order of 10° Q-cm? As the contact resistance
decreases, the calculated value of p. becomes more sensitive to variations in the figure of merit of the
samples. Therefore, to measure contact resistances within 5-107 Q-cm?, the samples should be pre-tested
for a decrease in the standard deviation of the measured figure of merit values. One of the many
advantages of this method is the ability to determine contact resistance over a wide temperature range,
and Table 1 shows the decrease in contact resistance with decreasing temperature, which clearly reflects
the temperature dependence of volume resistances in accordance with “narrowing effects”.
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Conclusions

1. The most accurate method for measuring electrical contact resistance is the Kelvin method in its six-

terminal modification. This method is successfully used in microelectronics. There is no information
in the literature about its application in thermoelectricity.

2. The only known method for measuring the contact resistance of soldered metal contacts to a

thermoelectric material is a modified method based on measuring the figure of merit of a stack of

TEM wafers with many contacts. This method needs improvement to reduce the error in measuring

the contact resistance, which is 20%.
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EXPERIMENTAL STUDIES OF THERMOELECTRIC
PARAMETERS OF MATERIALS FORMING PART
OF THERMOELECTRIC MODULES

The design of equipment for measuring the parameters of thermoelectric generator and cooling modules
is presented, as well as a description of the method for determining the thermoelectric properties of
materials used in these modules. The equipment was created on the basis of the absolute method, which
makes it possible to determine the parameters of modules in real conditions of their operation and allows
instrumental minimization of the main sources of measurement errors. The results of experimental studies
of the parameters of thermoelectric modules carried out using the developed equipment are presented.
Key words: thermoelectric module, electrical conductivity, thermoEMF, thermal conductivity,
thermoelectric material, measurement.

Introduction

General characterization of the problem

Quality control of thermoelectric converters of modules plays an important role in their
development, as well as in the creation on the basis of these modules of thermoelectric devices for
cooling and generation of electricity. Such control is carried out by measuring the parameters of
thermoelectric modules - cooling capacity, coefficient of performance and temperature difference on the
module for thermoelectric coolers; efficiency, electric power — for thermoelectric generators. One of the
best measurement methods in this case is the absolute method [1, 2], which allows one to determine the
parameters of modules in real conditions of their operation, makes it possible to instrumentally minimize
the main sources of measurement errors, and also obtain information about the properties of the material
forming part of the module, namely thermoEMF, electrical conductivity and thermal conductivity of a
pair of thermoelectric legs [3 — 5].

The Institute of Thermoelectricity of the National Academy of Sciences and the Ministry of
Education and Science of Ukraine has developed a universal electronic control system and automated
measuring equipment based on it, which makes it possible to measure the parameters of thermoelectric
modules and the thermoelectric properties of materials forming part of them for a wide range of
operating temperatures: from — 50 to 100 °C for cooling modules and from 30 to 600 °C for generator
modules [6 — §].
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The purpose of this work is to conduct experimental studies of the developed equipment and
confirm its expected capabilities.

1. Description of method and equipment for determining the properties of thermoelectric
materials forming part of thermoelectric power converters

The appearance of the developed equipment for measuring the parameters of thermoelectric
modules and determining the thermoelectric properties of materials forming part of them is shown in
Fig. 1.

Fig. 1. Appearance of equipment for measuring parameters of thermoelectric modules.

Diagrams of the absolute method, taken as a basis for creating equipment for determining the
parameters of generator and cooling thermoelectric modules, are shown in Fig. 2 and Fig. 3, respectively.

To determine the parameters of the generator thermoelectric module, the latter is placed between
two heat-equalizing plates, which in turn are located between the electric heater and the heat meter
(Fig. 2). The other side of the heat meter is in contact with the thermostat. With the help of an electric
heater, a given temperature difference is created on the module and the EMF Etem which occurs at the
module wires, is measured. Following that, a matched electrical load is connected to the module wires,
whereby the voltage on the module wires will become equal to half the EMF. The values of the electric
current Itgm passing through the module, the voltage on its wires Urgm are measured, and with the help
of a heat meter, the value of the heat flux Q;, removed from the cold side of the module to the thermostat,
is determined. The electrical power of module P and its efficiency 1 are determined by the formulae

P =1y Uspn s (1)
P
n-—"t @
O, + Py

where Item and Urgwm is current and voltage of module, QO is heat flux which is removed from the cold
side of module and determined by means of a heat meter.
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Fig. 2. Absolute method of measuring parameters of thermoelectric generator modules: 1 — thermostat;
2 — heat meter; 3, 5 — heat-equalizing plates; 4 — module under study; 6 — heater,

8 —clamp; 10, 11 — thermocouples.

Fig. 3. Absolute method of measuring parameters of thermoelectric cooling modules: 1 — thermostat,
2, 4 — heat-equalizing plates; 3 — module under study; 5 — reference heater,
6 — thermal insulation; 7 — protective heater; 8 — clamp; 9 — zero thermocouple; 10, 11 — thermolcouples.

When determining the parameters of the cooling modules, a protective heater is additionally used,
which prevents heat loss from the heater through the clamping mechanism (Fig. 3). The values of cooling
capacity Qo, temperature difference AT and coefficient of performance ¢ are determined by the formulae

0,=1,-U,, (3)

AT =T -T,, “)
0,

_ =0 5

£= %)
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where Iy and U is current through the heater and voltage drop thereupon, 77 is the cold side temperature of
module, 75 is the hot side temperature of module, W is electrical power consumption of the module.

To find the properties of the thermoelectric material forming part of the modules, the technique
described in detail in [3, 5] was used.

The average values of electrical conductivity, thermoEMF, thermal conductivity and figure of merit of
the material of thermoelectric module legs are determined by the formulae

hl

1
oO=———F 'K7 (6)
R b
%Nal 1
E
a:@.KZ’ (7)
AT
o
:_41\7_}’1 K. ®)
AT a,-b °
2
z7=29 )
K

where Ry is module resistance measured on the alternating current; a; X b; is cross-section of legs; 4; is the
height of legs; N is the number of pairs; £ is module EMF; ATis temperature difference between
thermocouples placed on heat-equalizing plates with a module under study arranged between them; Q is heat
flux through the module; K; — K3 are correction factors to reduce the magnitude of measurement errors,
calculated for a given design of the module and measuring equipment or determined experimentally.

2. Results of experimental studies

Figs. 4 and 5 show an example of the results of measuring the parameters of an Altec-22 type
thermoelectric module on the developed equipment, namely, the dependence of the cooling capacity

(Fig. 4) and the coefficient of performance (Fig. 5) on the power supply and temperature difference at
T,=20 °C.

\\,

1
[ ]
B

o &

x\

\E\ul
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-

Fig. 4. Dependence of cooling capacity QO of thermoelectric module of the type Altec-22
on the power supply of module W,, and temperature difference thereupon at T, = 20 °C.

ISSN 1607-8829 Journal of Thermoelectricity Ne2, 2022 27



M.V. Havryliuk, V.V. Lysko, O.S. Rusnak

Experimental studies of thermoelectric parameters of materials forming part of thermoelectric modules

gm

1111

6

1111

L1l

1

1

|

1

—

lllll‘llll‘llll

Fig. 5. Dependence of coefficient of performance &, of thermoelectric module of the type Altec-22 on the power
supply of module W,, and temperature difference thereupon at T, = 20 °C.

Figs. 6, 7 show an example of the results of measuring the parameters of an Altec-1061 type

thermoelectric module on the developed equipment, namely, the dependence of the efficiency and

maximum useful electrical power of module on the hot side 7} and cold side T, temperatures of module.
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Fig. 6. Dependence of the efficiency n of thermoelectric module of the type Altec-1061 on the hot side Tj
and cold side T. temperatures of module.

28

Journal of Thermoelectricity Ne2, 2022

ISSN 1607-8829



M.V. Havryliuk, V.V. Lysko, O.S. Rusnak
Experimental studies of thermoelectric parameters of materials forming part of thermoelectric modules

I =300

4 T.=50°C

T.=70°C

T.=90 °C

L = T

o |
100 150 200 250 300 350
75:2C
Fig. 7. Dependence of maximum useful electrical power P of thermoelectric module
of the type Altec-1061 on the hot side Ty and cold side T. temperatures of module.

According to the method detailed in paragraph 1, the thermoelectric properties of materials
forming part of the cooling module of Altec-22 type and the generator module of Altec-1061 type were
determined. The research results are presented in Table 1 and Table 2, respectively.

Table 1
Results of determining the properties of thermoelectric materials used in cooling module
of the type Altec-22

Ty, °C 75,°C | Twe,°C | 6,0hm™-cm? | o, w°C |k, W/(m-=C) | Z-10% 1/°C
100 90 95 661 222.0 1.62 2.02
80 70 75 687 2225 1.59 2.14
60 50 55 780 220.4 1.54 2.45
40 30 35 854 216.0 1.55 2.57
20 10 15 937 209.3 1.58 2.60

0 ~10 -5 1028 200.3 1.64 2.52
~20 ~30 ~25 1078 194.9 1.68 2.44
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Table 2

Results of determining the properties of thermoelectric materials used in generator module
of the type Altec-1061

Ti, °C T», °C Tuve, °C | o, Ohm™-cm’ a, u/°C K, W/(m-°C) | Z-10°, 1/°C
40 30 35 1674 141.0 1.99 1.67
80 30 55 1550 147.3 1.92 1.75
120 30 75 1435 152.7 1.89 177
160 30 95 1328 157.2 1.89 1.74
200 30 115 1231 160.7 1.93 1.64
240 30 135 1142 163.3 2.01 151
280 30 155 1062 165.0 2.13 1.36
320 30 175 991 165.8 2.28 1.19

The errors of the method used (with regard to corrections) are: when determining electrical
conductivity — 2 — 3 %, thermoEMF — 3 — 5 %, thermal conductivity — 5 — 7 %.

Comparison of the obtained results with the properties of the initial materials used to manufacture
these modules, determined on the high-precision equipment "ALTEC-10001", allows obtaining
information about such important module parameters as the effect of contact and interconnect resistance
on its efficiency. This information is extremely important for improving modules design.

Conclusions

1. The design of automated equipment for measuring the parameters of thermoelectric generator and
cooling modules is described, as well as a method for determining the thermoelectric properties of
materials in these modules. The equipment was created on the basis of the absolute method, which
makes it possible to measure the parameters of thermoelectric modules and the thermoelectric
properties of materials in them for a wide range of operating temperatures: from — 50 to 100 °C for
cooling modules and from 30 to 600 °C for generator modules.

2. The developed equipment was used to study the parameters of serial thermoelectric cooling modules
of Altec-22 type and generator modules of Altec-1061 type. The possibility of determining the
properties of thermoelectric materials forming part of these modules has been experimentally
confirmed.
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COMPUTER SIMULATION OF THE WORKING TOOL OF THERMOELECTRIC
DEVICE FOR CRYODESTRUCTION
WITHOUT TAKING INTO ACCOUNT PHASE TRANSITION

The paper presents the results of computer simulation of the working tool of thermoelectric device
Jfor cryodestruction without taking into account phase transition, as well as cyclic temperature effect
on the human skin in dynamic mode. A physical model of the working tool, a three-dimensional
computer model of biological tissue taking into account thermophysical processes, blood
circulation, heat exchange, metabolic processes and phase transitions, is constructed. As an
example, a case is considered when the working tool is on the skin surface, the temperature of which
changes cyclically according to a given law in the temperature range [—50~+ + 50] °C.
Temperature distributions in different layers of the human skin in cooling and heating modes were
determined. The obtained results make it possible to predict the depth of freezing and warming of
biological tissue at a given temperature effect.

Key words: cryodestruction, working tool, temperature effect, human skin, dynamic mode,
computer simulation.

Introduction

Temperature effect is an important factor in the treatment of many diseases of the human body
[1 —12]. However, the devices used for this purpose are in most cases bulky, without adequate
temperature regulation and thermal regime reproduction capabilities. To obtain lower temperatures,
liquid nitrogen systems are used [13 — 17], which significantly limits the possibilities of their use in
medical institutions where the supply of liquid nitrogen is problematic. In addition, the use of liquid
nitrogen or the Joule-Thomson effect during gas expansion does not allow for the implementation of
precisely required temperature regimes, which reduces the overall efficiency of using cold in treatment.

The use of thermoelectric cooling (heating) can solve this problem [12, 18 — 21]. The studies of
thermal effects on biological tissue conducted over many years, the creation of thermoelectric devices
based on them and their use in medical practice confirm their efficiency. Thermoelectric devices are
promising in such areas of medicine as cryotherapy, cryosurgery, ophthalmology, traumatology,
neurosurgery, plastic surgery, urology, dermatology [10 — 12].

However, the experience of using thermoelectric medical devices revealed a number of their
shortcomings. Among them, the most important is the lack of ability to manage cooling and heating
processes in time. The latter significantly narrows the possibilities of heat and cold treatment.
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Studies show that cooling rates (their dynamics) play a decisive role in treatment [16, 22 — 34].
Thus, very fast cooling does not lead to the destruction of biological tissues at all. On the contrary,
moderate but cyclical cooling promotes energetic destruction of tumors. The time functions of cooling
and heating are also important in the treatment of other diseases.

Therefore, the general problem is to develop a thermoelectric device for the destruction of
biological tissue or oncological neoplasms, which will provide the possibility of cyclic temperature
effects on the tumor. This determines the relevance of the problem posed in the present work.

The importance of solving this problem is obvious, otherwise thermoelectric devices for medicine
of a new generation with the possibility of cyclic temperature effects on the human skin cannot be
developed.

Therefore, the purpose of this work is computer simulation of the working tool of thermoelectric
device for cryodestruction without taking into account the phase transition.

1. Physical model of the working tool of thermoelectric device for destruction the walls of
which are made of steel

Fig.1 shows a physical model consisting of housing 1, inside which substance 2 (25 % alcohol
solution) with a phase transition temperature 7' is placed. Housing 1 with a hemispherical end 3 touches
the skin 4 with a plane 5 with a diameter d. Housing 1 is made of medical grade stainless steel. Skin
model 4 takes into account its complex structure.

The model takes into account heat inleak Q; at the ambient air temperature 7> = 25 °C, as well as
heat inleak O, from the ambient air. The upper part of housing 1 is adiabatically insulated (¢ = 0). The
diameter of the thermal contact 5 is 5 mm.

YR

*

Fig. 1. Physical model of the working tool of thermoelectric device for cryodestruction,
the walls of which are made of steel.

2. Computer model

A three-dimensional computer model of biological tissue was created in a cylindrical coordinate
system, on the surface of which there is a thermoelectric medical device for local cooling. The Comsol
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Multiphysics package of application programs [45] was used to build computer models, which makes it
possible to simulate thermophysical processes in biological tissue, taking into account blood circulation,
heat exchange, metabolic processes, and phase transition.

The calculation of temperature distributions and the density of heat flows in biological tissue and
cold accumulator was carried out by the finite element method, the essence of which is that the object
under study is divided into a large number of finite elements and in each of them the value of the function
is sought, which satisfies the given second order differential equation with the corresponding boundary
conditions. The accuracy of solving the given problem depends on the level of division and is ensured
by the use of a large number of finite elements [45].

Thermophysical properties of the skin and the biological tissue of human body [35 — 38] in normal
and frozen states are shown in Tables 1, 2.

Table 1
Thermophysical properties of the biological tissue of human body [35 — 38]
. L . : . Subcutaneou | Internal
Biological tissue layers Epidermis Dermis )
s layer tissue
Thickness, / (mm) 0.08 2 10 30
Specific heat, C 3590 3300 2500 4000
(J-kg™-K™)
Thermal conductivity, «© (W-m'-K™) 0.24 0.45 0.19 0.5
Density, p (kg-m™) 1200 1200 1000 1000
Metabolism, Qe (W/m?) 368 368 368 368
Blood perfusion rate, m; (ml/s-ml) 0 0.0005 0.0005 0.0005
Blood density, ps (kg-m™) 1060 1060 1060 1060
Heat capacity of blood, C, (J-kg ""K™") 3770 3770 3770 3770
Table 2
Thermophysical properties of the biological tissue of human body
in normal and frozen states [35 — 38]
Thermophysical properties of biological tissue Value Units of
measurement
Heat capacity of normal biological tissue (C)) 3600 Jim?°C
Heat capacity of frozen biological tissue (C») 1800 J/m?°C
Thermal conductivity of normal biological tissue (k) 0.5 W/m°C
Thermal conductivity of frozen biological tissue (k2) 2 W/m°C
Latent heat of phase transition (L) 250-10° Jm?
Upper temperature of phase transition (77) -1 °C
Lower temperature of phase transition (7) -8 °C

3. Computer simulation results

Fig. 2 shows temperature distributions in human skin, directly under the center of action of the

working tool
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Fig. 2. Dependences of temperature on time in the human skin at different depths: 1 — point of contact between
working tool and skin; 2 — 0.5 mm; 3 — 1 mm; 4— 1.5 mm; 5—2mm; 6 —2.5 mm; 7—3 mm; 8§ — 3.5 mm;
9—dmm; 10—4.5mm; 11 —5mm; 12—-55mm; 13 —6mm; 14— 6.5 mm; 15— 7 mm.

Fig. 3 shows temperature distributions in the skin directly under the centre of action of the
working tool at time moments: 10 s, 60 s, 140 s, 200 s, 600 s.
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Fig. 3. Dependences of temperature on skin depth at time moments: 10 s, 60 s, 140 s, 200 s, 600 s.
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Fig. 4 represents temperature distributions in the cold accumulator at different depths.
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Fig. 4. Dependences of temperature on time in the cold accumulator at different depths: 1 — point of contact
between working tool and skin: 2 —4 mm; 3 —8 mm; 4 — 12 mm; 5 — 16 mm; 6 — 20 mm, 7 — 24 mm,
8§—28mm; 9—32mm; 10—36 mm,; 11 —40 mm; 12 —44 mm; 13 — 48 mm.

Fig. 5 shows the distribution of temperatures in the cold accumulator at the following moments:
10s, 60 s, 140 s, 200 s, 600 s.
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Fig. 5. Dependences of temperature on time in the cold accumulator at time moments: 10 s,
60 s, 140s, 200 s, 600 s.
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4. Physical model of the working tool of thermoelectric device for destruction the walls of
which are made of copper

Fig. 6 shows a physical model q=0 1
consisting of a housing 1, inside which a o i i i i E i -
substance 2 (25 % alcohol solution) with a L1 ¥ i 2
phase transition temperature T1 is placed. - 5 3 E i L e
Housing 1 with its hemispherical end 3 50 i i l i : % 7
touches skin 4 with a plane 5 of diameter d. - 3 i iwillk i «
Housing 1 is made of copper. The complex SRR
structure of skin 4 is taken into account in the ) W:J i LL J\ 1%
model. w : 4

The model takes into account the heat 51— Fe I
inleak O; at the ambient air temperature 220 8
T, =25 °C, as well as the heat inleak O, from 30 ]

the ambient air. The upper part of the . . )
. . . . . Fig. 6. Physical model of the working tool
housing 1 is adiabatically insulated (g = 0).

] i of thermoelectric device for cryodestruction
The diameter of the thermal contact is 5 mm.

the walls of which are made of copper.

5. Results of computer simulation

Fig. 7 shows temperature distributions in the human skin, directly under the center of action of
the working tool.
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Fig. 7. Dependences of temperature on time in the human skin at different depths: 1 — point of contact between
the working tool and skin; 2 — 0.5 mm; 3 — 1 mm; 4 — 1.5 mm; 5—2 mm; 6 — 2.5 mm,; 7—3 mm; 8§ — 3.5 mm;
9—4mm; 10—4.5mm; 11 —5mm; [2—5.5mm; 13—6 mm; 14—6.5mm; 15— 7 mm.
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Fig. 8 shows temperature distributions in the cold accumulator at different depths.
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Fig. 8. Dependences of temperature on time in the cold accumulator at different depths: 1 — point of
contact between the working tool and skin; 2 — 4 mm; 3 — 8 mm; 4 — 12 mm; 5 — 16 mm; 6 — 20 mm,
7—=24mm; 8§—28 mm; 9—32mm; 10— 36 mm,; 11 —40 mm; 12 —44 mm; 13 — 48 mm.

Fig. 9 shows the dependence of temperature on depth at time moments 60, 120, 240, 600 s and
depending on the location under the working tool.
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Fig. 9. Dependence of the temperature on the depth directly under the center of the working tool at time
moments: 1 —60s,2—120s, 3—240s, 4—600s.
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Conclusions

1. The mechanism of cryodestruction was determined from the analysis of the literature and data
was obtained that the use of excessive cooling is not necessary. It has been established that for
cryodestruction it is sufficient to cool biological tissue to a temperature of — 20 + — 50 °C, and
the optimal cooling rate should be 40 — 50 °C/min. To increase the efficiency of cryodestruction,
it is reasonable to use cyclic cooling and heating up to (+ 39 + + 45) °C, which indicates good
prospects for using thermoelectric cooling in medical practice, since such conditions can be
achieved by using the thermoelectric method of cooling and heating.

2. A method for computer simulation of temperature distribution in the human skin in dynamic

mode has been developed, which makes it possible to predict the results of local temperature
effects on the skin and determine at any moment in time the temperature distribution in different
layers of the skin for a given arbitrary time function of change in the temperature of the working
tool Tj(2).

3. A computer model was developed and a computer simulation of the working tool of the

thermoelectric device for destruction was performed for two design options in order to determine
the temperature in the skin and the cold accumulator without taking into consideration the phase
transition:
a) the working tool made of medical steel without an internal cylinder;
b) the working tool made of copper without an internal cylinder.

4. With the help of computer simulation, the temperature distributions in different layers of the

skin and in the cold accumulator of the working tool of thermoelectric device for destruction at
the initial temperature of — 25 °C were determined. The obtained results make it possible to
predict the depth of freezing of biological tissue.
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KOMII'IOTEPHE MOJEJTIOBAHHSA POBOYOI'O IHCTPYMEHTY
TEPMOEJEKTPUYHOI'O MPUJIALY JJIA KPIOJAECTPYKIIIT
BE3 BPAXYBAHHS ®A30BOI'O IIEPEXOAY

Y pobomi masedeno pezymbmamu KOMH IOMEPHO2O MOOCMOBAHH POOOYO20 IHCMPYMEHMY
mepMOoeNeKmpuiHo20 npuiady 0Jis Kpiooecmpykyii 6e3 epaxysants paz08020 nepexooy, a makoic
YUKTTYHO20 MEMNEPAmypHO20 6NAUSY HA WIKIPY TOOUHU Y OunamiyHomy peosicumi. Tlob6yoosano
Qizuuny moodens poboyo2o iHcmpymMeHmy, mpUsUMIpHY KOMN TOMEPHY MOOeab 0i0N02IUHOT MKAHUHU
3 8PAXYBAHHAM MENIODI3UYHUX Npoyeci, Kposoobicy, meniooOMiny, npoyecie memabonizmy ma
Gazoeozo nepexody. Ak npurknao, posensiHymo GURAOOK, KOAU HA NOBEPXHI WKIPU 3HAXOOUMbCSL
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pobouul inCmpymMenm, memnepamypa AKo20 IMIHIOEMbCS YUKIIYHO 3a Hanepeo 3a0aHUM 3aKOHOM
y dianazoni memnepamyp [— 50 + + 50] °C. Busnaueno po3nodinu memnepamypu y pisHUx wapax
WKipu TOOUHU 8  PEdCUMAax OXO0N00dCeHHs ma Hazepigy. Ompumani pesynvmamu 0aiomo
MOJCIUBICIb NPOSHO3Y8AMU 2IUOUHY NPOMEP3AHHA | NpoSpieanHs OION02IYHOI MKAHUHU NpU
3a0aHOMY meMnepamypHomy GHIUGI.

Kiro4oBi ciioBa: kpiogecTpykiisi, poOounii iHCTpyMEHT, TeMIlepaTypHHid BIUIUB, IIKipa JIOIUHH,
JUHAMIYHUN PEXUM, KOMIT IOTepHE MOJICIFOBAHHS.
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COMPUTER SIMULATION OF THE THERMOELECTRIC HEAT FLOW SENSOR
ON THE SURFACE OF THE HUMAN BODY

This paper presents the results of computer simulation of cyclic temperature effect on the human
skin in dynamic mode. A three-dimensional computer model of the biological tissue has been built
with regard to thermophysical processes, blood circulation, heat exchange, metabolic processes and
the phase transition. As an example, the case is considered when on the skin surface there is a
working tool the temperature of which changes cyclically according to a predetermined law in the
temperature range [-50 +~ + 50] °C. Temperature distributions in different human skin layers in
heating and cooling modes have been determined. The results obtained make it possible to predict
the depth of the biological tissue freezing and heating under a given temperature effect.

Key words: temperature effect, human skin, dynamic mode, computer simulation.

Introduction

It is known that various diseases of the human body are treated with the help of temperature effect
[1 —2]. However, the devices used for this purpose are in most cases bulky, without adequate
temperature regulation and thermal regime reproduction capabilities. To obtain lower temperatures,
liquid nitrogen systems are generally used [3], which significantly limits the possibilities of their use in
medical institutions, where the supply of liquid nitrogen is rather problematic. Moreover, the use of
liquid nitrogen or the Joule-Thomson effect during gas expansion does not allow for the implementation
of precisely required temperature regimes, which also reduces the overall efficiency of using cold in
treatment.

This problem can be solved with the use of thermoelectric cooling (heating) [4 — 13]. The studies
of thermal effect on the biological tissue, creation of thermoelectric devices based on them and their use
in medicine confirm their efficiency. However, thermoelectric medical devices have certain
disadvantages. The main one is the lack of ability to manage cooling and heating processes in time. This
significantly narrows the possibilities of heat and cold treatment.

Studies show that cooling rates play an important role in treatment [4 — 13]. Very fast cooling
does not lead to the destruction of the biological tissues at all. On the contrary, moderate but cyclic
cooling promotes effective destruction of tumours. Therefore, the time functions of cooling and heating
are vital in the treatment of various diseases.
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Thus, the problem lies in the necessity to create scientific fundamentals for the development and
creation of thermoelectric medical devices of a new generation, allowing to reproduce the specified
heating and cooling functions in the biological tissue. It should be noted that in most cases it is quite
difficult to control the cyclic processes of heating and cooling of the biological tissue, therefore it is
necessary to be able to predict the depth of heating and freezing of skin layers under a given temperature
effect at different moments in time.

Therefore, the purpose of the work is to determine, using computer simulation, the temperature
distribution in the layers of the human skin in dynamic mode under a given cyclic effect.

1. Physical model

According to the physical 2D model with axial symmetry (Fig. 1), a section of the biological
tissue of the human body is a structure of three layers of skin (epidermis 1, dermis 2, subcutaneous layer
3) and internal biological tissue 4 and is characterized by the following thermophysical properties
[14 — 20]: thermal conductivity «;, specific heat C;,, density p;, blood perfusion rate w;, blood density
p», blood temperature 75, blood heat capacity C, and specific heat release Qe due to metabolic
processes and latent heat of phase transition L. The thermophysical properties of the skin and the
biological tissue of the human body in normal [21 —25] and frozen states [26, 27] are shown in
Tables 1, 2. The corresponding layers of the biological tissue 1 — 4 are considered as volume sources of
heat g;, where:

4= Qe P G-y (T, =T), i=1.4. (1

J/? il

T T a e
s—4 ‘ T T T,
2 . T4
3 = : T'i

! T,

d——— g=0

Oi C TI ai _)F

Fig. 1. Physical 2D model of the human skin with axial symmetry. 1 — epidermis, 2 — dermis,
3 — subcutaneous layer, 4 — internal biological tissue, 5 — working tool.

The geometric dimensions of each such layer 1 —4 are a, b. On the surface of the skin there is a
round working tool 5, the geometric dimensions of which are as follows: thickness d =1 mm and
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diameter ¢ = 10 mm. According to medical recommendations and analysis of known cryoprobes used
for cryodestruction, it was determined that the diameter of such probes is from 5 mm to 15 mm [28].
Therefore, in this paper, as an example, the average value of the diameter of the probe, which is
¢ =10 mm, is taken. The temperatures at the boundaries of the corresponding layers 1 —4 and the
working tool 5 are T, T», T3, T4, Ts, Ts. The temperature inside the biological tissue is 71 =+ 37 °C. The
temperature of the working tool varies in the range — 77 = [- 50 + + 50] °C. The ambient temperature is
Ts =+ 22 °C. The surface of the human skin with temperature 7 is in a state of heat exchange with the
environment (heat exchange coefficient a and radiation coefficient €) at temperature 7s. The side surface
of the skin is adiabatically insulated.

Table 1
Thermophysical properties of the biological tissue of the human body [21 — 25]

Biological tissue layers Epidermis | Dermis Suls)(i:;aerzou htlit:srj:l
Thickness, [ (mm) 0.08 2 10 30
Specific heat, C (J-kg'"K™") 3590 3300 2500 4000
Thermal conductivity, k (W-m™-K™) 0.24 0.45 0.19 0.5
Density, p (kg'm™) 1200 1200 1000 1000
Metabolism, Qe (W/m?) 368 368 368 368
Blood perfusion rate, ®, (ml/s-ml) 0 0.0005 0.0005 0.0005
Blood density, ps (kg'm™) 1060 1060 1060 1060
Blood heat capacity, C, (J-kg'-K™) 3770 3770 3770 3770

Table 2

Thermophysical properties of the biological tissue of the human body in the normal
and frozen states [26, 27]

Thermophysical properties of the biological tissue Value meli:ise;fem
Heat capacity of normal biological tissue (C}) 3600 Jim®°C
Heat capacity of frozen biological tissue (C>) 1800 J/m?°C
Thermal conductivity of normal biological tissue (k1) 0.5 W/m°C
Thermal conductivity of frozen biological tissue (k2) 2 W/m*°C
Latent heat of phase transition (L) 250-10° Jm?
Upper temperature of phase transition (77) -1 °C
Lower temperature of phase transition (7%) -8 °C
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In this model, the thermal contact resistance between the working tool and the human skin is not
taken into account, since it is estimated to be insignificant and equals R. = 2-10~ m*K/W [29].

2. Mathematical model

In its general form, the equation of heat exchange in the biological tissue is given by [30]:

oT

G = V(6 V)4, G0y (1,=T) 40,y 1214, )

i eti?

where C,, k, are specific heat and thermal conductivity of corresponding skin layers, p, is blood
density, C, is specific heat of blood, ®,, is blood perfusion of corresponding layers, 7, is blood

temperature, 7 is temperature of the biological tissue; Q, . is heat released due to metabolic processes

meti
in each layer.

The term on the left side of equation (2) represents the rate of change of thermal energy contained
in a unit volume of the biological tissue. The three terms on the right side of this equation represent,
respectively, the rate of change of thermal energy due to thermal conductivity, blood perfusion, and
metabolic heat.

The equation of heat exchange in the biological tissue (2) is solved with the appropriate boundary
conditions. The temperature on the surface of the working tool changes according to a given law in the
temperature range 77 = [— 50 + + 50] °C. Inside the biological tissue, the temperature 77 =+ 37 °C. The
side surfaces of the biological tissue are adiabatically isolated (¢ = 0), and the upper surface of the skin
is in a state of heat exchange (heat exchange coefficient o and radiation coefficient &) with the
environment at temperature 7.

gy =o-(T-T)+eo (T -T), 3)

=

where g;(x,y,t) is the heat flux density of the i-th layer of the human skin, a is the convective heat
exchange coefficient of the skin surface with the environment, ¢ is the radiation coefficient,
o is the Boltzmann constant, 75 is the surface temperature of the human skin, 73 is the ambient
temperature (73 = + 22 °C).

At the initial time moment ¢ = 0 s it is assumed that the temperature in the entire skin volume is
T=+ 37 °C, i.e. the initial conditions for solving equation (2) are as follows:

Ti, v, 0) =Ty, i=1,.4. (4)

As a result of solving the initial-boundary problem (2)—(4), the distributions of temperature
Ti(x,y,t) and heat fluxes gi(x,y,¢) in the corresponding layers of the skin at an arbitrary moment in time
are determined. As an example, this paper considers the case in which the temperature of the working
tool changes according to a given law in the temperature range 77 =[— 50 + + 50] °C. However, it should
be noted that the proposed technique allows considering cases when the temperature of the working tool
Ty(t) changes in any temperature range or according to a predetermined function.

In the process of freezing, the cells will undergo a phase change at the freezing point, while the
heat loss of the phase transition (L) will occur and the temperature in these cells will not change. The
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phase transition in the biological cells occurs in the temperature range (— 1 + — 8) °C. The properties of
the skin and the biological tissue in normal and frozen states are shown in Tables 1, 2 [21 —27]. In the
temperature range (— 1 +— 8) °C, when the cells are frozen, the heat of the phase transition is absorbed,
which can be simulated by adding the appropriate value to the heat capacity [26, 27].

When human skin freezes, the capillary vessels constrict until all the blood in the capillaries
freezes, and the value tends to zero. In addition, cells will not be able to generate metabolic heat when

frozen, and Q, . will be zero at sub-zero temperatures.

In the frozen state the properties of the skin and the biological tissue will have the following
values (5) — (8):

G T>-1°C
C = L +C1+C2 —8°C<T<-1°C %)
—1-(-8) 2
T <-8°C
C2
e T>-1°C
K, =% _geocr< 100 (6)
T <-8°C
K,
368 T >-1°C
Qmet,- = O _SOCSTS_loC (7)
0 T <-8°C
0.0005 T>-1°C
®, =10 —8°C<T<-1°C (8)

0 T<-8°C

3. Computer model

A three-dimensional computer model of the biological tissue was created in a cylindrical
coordinate system, on the surface of which a medical working tool is located. The Comsol Multiphysics
package of application programs [31], was used to build a computer model, which makes it possible to
simulate thermophysical processes in the biological tissue, taking into account blood circulation, heat
exchange, metabolic processes, and the phase transition.

The calculation of temperature distributions and heat flux density in the biological tissue was
carried out using the finite element method, the essence of which is that the object under study is divided
into a large number of finite elements and in each of them the value of the function is sought that satisfies
the specified second-order differential equations with the corresponding boundary conditions. The
accuracy of the solution to the problem depends on the level of division and is ensured by using a large
number of finite elements [31].

As an example, Figs. 3 — 10 show the distribution of temperature and isothermal surfaces in the
volume of the human skin, on the surface of which the working tool is placed, the temperature of which
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changes cyclically according to a predetermined law in the temperature range [-50 ++50] °C at different
moments of time.

4. Results of computer simulation of cyclic temperature effects on the human skin in
dynamic mode

According to known methods of cryodestruction and coagulation of the biological tissue [10, 11]
the cooling rate should be at least (40 — 50) °C/min, and the heating rate should be (20 — 25) °C/min.
Therefore, in this paper, as an example, we consider a case in which the temperature of the working tool
Tr(t) changes in the range of operating temperatures [— 50 + + 50]°C as follows: first, cryodestruction
of the skin is carried out with a cooled working tool at a temperature of 7= — 50 °C for = 120 s, then
the temperature of the working tool changes from -50°C to +50°C for the next 240 s, after that, skin
coagulation is performed with a heated working tool at temperature 7 = + 50 °C for ¢ = 120 s, the next
temperature decrease to 7'=— 50 °C occurs for 120 s, then this temperature effect is repeated cyclically
to achieve better destruction of the human skin. The specified cyclic temperature effect on the human
skin is presented in Fig. 2.

7 °C
50
304

T T T T T T
0 200 400 600 800 1000 1200 ts

Fig. 2. Dependence of the working tool temperature on time.

Figs.3-10 show the distribution of temperature and isothermal surfaces in a cross-section of the
biological tissue, on the surface of which the working tool is placed, the temperature of which changes
according to the above law in the range of working temperatures [— 50 + + 50]°C at the initial and final
moments of the cooling-heating cycle.
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Fig. 3. Temperature distribution in the volume of the skin on the surface of which the working tool is placed
at a temperature of T=-50°C at the moment of time t=120 s
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Fig.4. Distribution of isothermal surfaces in the volume of the skin on the surface of which the working tool
is placed at a temperature of T = — 50 °C at the moment of time t = 120 s.
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Fig. 5. Temperature distribution in the volume of the skin on the surface of which the working tool is placed
at a temperature of T = + 50 °C at the moment of time t = 480 s.
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Fig. 6. Distribution of isothermal surfaces in the volume of the skin on the surface of which the working tool
is placed at a temperature of T = + 50 °C at the moment of time t = 480 s.
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Fig. 7. Temperature distribution in the volume of the skin on the surface of which the working tool is paced
at a temperature of T = — 50 °C at the moment of time t = 720 s.
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Fig. 8. Distribution of isothermal surfaces in the volume of skin on the surface of which a working tool
is placed at a temperature of T = — 50°C at the moment of time t = 720 s.
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Fig. 9. Temperature distribution in the volume of the skin on the surface of which the working tool is placed
at a temperature of T = + 50°C at the moment of time t = 1080 s.

mm F T T T T T T T T T T T
degC
A 494
40t
48.2
/ T 44,59
. 40,99
35r — 7 ] 1 3730
— T 2318
i 30.18
30} i S 1 26.58
B _./ " |
— T
25} —
__—f"__/ _,,_.-ﬂ*‘""ﬂ__ T
20t /
15}
10t
5 L
ot 1 U
1 1 1 1 1 1 1 1 1 1 1 v 26.6
-15 -10 -5 0 5 10 15 20 25 30 35 mm

Fig. 10. Distribution of isothermal surfaces in the volume of the skin on the surface of which the working tool
is paced at a temperature of T = + 50 °C at the moment of time t = 1080 s.
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From Figs. 3 — 6 it can be seen that at = 120 s the epidermis cools to a temperature of — 48.9 °C,
at the epidermis-dermis boundary the temperature is — 48.3 °C, at the dermis-subcutaneous-fat tissue
boundary the temperature is —25.5 °C. And at =480 s, the temperature in the epidermis rises to
+49.8 °C, at the epidermis-dermis boundary the temperature is + 49.5 °C, at the dermis-subcutaneous-
fat tissue boundary the temperature is +40.3 °C. Since the upper layer of the skin (epidermis) has the
smallest thickness and blood perfusion in it w, =0, the temperature inside this layer is close to the

temperature of the working tool. Subsequently, with repeated cyclic temperature exposure (Figs. 7 — 10),
it is observed that at # = 720 s after cooling, the temperature inside the skin, for example, at the dermis-
subcutaneous-fat tissue boundary reaches — 28 °C, and at t = 1080 s after reheating, the temperature at
the dermis-subcutaneous-fat tissue boundary is + 38 °C.

Computer simulation has shown that with an increase in the exposure (number of cycles) of
temperature effect, deeper cooling of the skin layers and approximately equal heating of the skin are
achieved. That is, with prolonged temperature effect in the range of [- 50 + + 50] °C, it is possible to
achieve destruction and coagulation of superficial skin neoplasms.

Thus, the obtained results allow predicting the depth of freezing and warming of the layers of the
human skin with a given cyclic temperature exposure in order to achieve the maximum effect when
performing cryodestruction or coagulation. The developed technique of computer simulation in dynamic
mode makes it possible to determine temperature distributions in different layers of the human skin with
a predetermined arbitrary function of temperature change of the working tool with time 7 (2).

Conclusions

1. A method for computer simulation of temperature distribution in the human skin in dynamic mode
has been developed, allowing to predict the results of local temperature effect on the skin and
determine at any moment in time the temperature distribution in the skin layers for a given time
function of change in the temperature of the working tool 7x(?).

2. Using computer simulation, temperature distributions in the skin layers were determined in heating
and cooling modes with changes in the working tool temperature in the temperature range
[~ 50 =+ 50]°C according to a predetermined law. The results obtained make it possible to predict
the depth of heating and freezing of biological tissue under a given cyclic temperature effect.
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THERMOELECTRIC GENERATOR USING TEMPERATURE
DIFFERENCES IN LUNAR SOIL

The paper investigates the possibilities of creating a thermoelectric generator on the Moon. The
temperature and thermal conditions in the lunar soil are analyzed. The specific power, weight and cost of
such a generator are calculated. A thermoelectric generator and solar batteries are compared under the
conditions of their use on the Moon.

Key words: thermoelectric ground generator, Moon, design.

Introduction

General characterization of the problem. The progress of mankind is related to constant search
and improvement of technologies that provide it with new opportunities both on Earth and in the
exploration of the surrounding outer space. Scientists' views have long been aimed at colonizing the
nearest planets of the solar system. The first step for this is an attempt to create a space base on the
surface of the nearest satellite of the Earth — the Moon.

Ensuring the operation of the lunar base is connected with the needs of its power supply with electrical
energy. The main sources of energy currently known to mankind are divided into renewable - energy of the Sun,
wind, hydropower of rivers, internal heat of the Earth, and non-renewable - fossil mineral fuel and nuclear energy.
For obvious reasons, not all of these sources can be used on the surface of the Moon.

Fig. 1. A variant of a solar power plant on the surface of the Moon,

proposed by the Shimizu Corporation of Japan [1].
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One of the most interesting sources in this context is the energy of the Sun. For its conversion, solar batteries
are used, which with a conversion factor of 10— 30 % provide good opportunities for generating electrical energy
(Fig. 1). However, they also have a number of disadvantages. This is, in particular, a relatively short service life,
especially in conditions of harsh cosmic radiation, dependence on the presence of solar radiation (lunar "day" and
"night"), as well as relatively large mass and size indicators, which significantly increases the cost of implementing
such a project.

An alternative method of energy conversion is the use of temperature differences in the lunar soil,
which arise as a result of the thermal action of solar radiation, through thermoelectric energy conversion
[2]. Such generators have already been developed and operate in the Earth conditions [3 — 5]. They have
a long service life (about 30 years), low weight and dimensions, and are also resistant to mechanical
loads and cosmic radiation, which is especially important in the conditions of this task. The
characteristics of such thermoelectric converters largely depend on the magnitude of the temperature
difference in the soil. Under the conditions of the Moon, the temperature difference in the meter-long
near-surface layer of the soil is about 164 K (surface temperature + 127 °C, temperature at a depth of
1 m — 37 °C) for the lunar "day" and 136 K (surface temperature — 173 °C, temperature at a depth of
1 m— 37 °C) for the lunar "night". These are much more favourable indicators for thermoelectricity than
for similar generators on Earth (near-surface temperature differences in the Earth's soil range from
several to ten degrees).

Therefore, the purpose of this work is to study the possibilities of creating a thermoelectric
generator that uses differences in the lunar soil.

Generators using temperature differences in the Earth

The Institute of Thermoelectricity of the National
Academy of Sciences and the Ministry of Education and Science
of Ukraine has developed a series of ground-based thermoelectric
generators (GTEG), which have been successfully operating for
decades and provide power to various low-power devices,
including special-purpose equipment, protective and security
systems, electronic devices of autonomous weather stations, etc.

wur O0Se

(Fig. 2). The specific power of such thermogenerators is about
5 W/m? at a temperature difference of < 10 K.
The physical model and diagram of the operating

principle of a thermoelectric generator using soil thermal
energy are shown in Fig. 3.
The thermoelectric generator located in the soil consists of

96 mm

a heat-receiving collector 1, a heat pipe 2, a highly efficient multi-
element battery 3, a heat sink 4, a radiator 5, a body 6 and thermal  Fig. 2. Appearance of GTEG Altec-8027.
insulation 7. The operating principle of the thermogenerator is as

follows: the heat flow g, present in the soil, falls on the heat-receiving pad 1, is led to the hot junctions of the
thermopile 3 by the heat pipe 2, is led to the radiator 5 by the heat pipe 4 and dissipates into the lower layers
of the soil. To reduce heat loss, the body 6 of the thermogenerator is filled with heat-insulating material. As
heat passes through the thermopile, a temperature gradient is created thereupon, which leads to the generation
of electric power W. It should be noted that during the day, the direction of heat flow may change to the
opposite. This allows you to use such a converter not only during the day, but also at night, when there is no
direct flow of solar radiation to the Earth's surface.
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Fig. 3. Physical model of a thermal generator located in soil.

The specified physical model, with regard to some differences, can be used to describe a
thermoelectric generator on the Moon.

Using the idea of a ground generator on the Moon

As mentioned above, the temperature conditions in the meter-long near-surface layer of the lunar
soil are as follows:

- for a lunar “day”

surface temperature + 127 °C;

temperature at a depth of 1 m — 37 °C;

- for a lunar “night”

surface temperature — 173 °C;

temperature at a depth of 1 m —37 °C.

Such a temperature difference is favorable for thermoelectric conversion of energy, therefore,
during the design of the generator, the conditions of equality of thermal resistances of GTEG and the
specified layer of the lunar soil were ensured.

Fig. 4 shows a physical model of a thermoelectric generator on the surface of the Moon.

The source of heat for the generator is the flow of solar radiation ¢;, which hits the surface of
aluminum foil 1 with a special selective coating that provides the best absorption of thermal energy. The
aluminum foil serves as a heat energy concentrator to the legs of thermoelectric material based on
bismuth telluride (BiTe) n-2 and p-3 type of conductivity. The aluminum concentrator 4 serves to divert
the thermal energy ¢» from the thermoelectric material to the lunar soil. The gap between the aluminum
plates is filled with a vacuum, and heat flux g, takes place in it by radiation. To reduce it, a thin mirror
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plate 5 was introduced into the generator design. The figure shows an elementary section of such a
generator for one pair of thermoelectric material legs.

q,
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Fig. 4. Physical model of a thermal generator located in lunar soil.

According to the proposed physical model, the design of the generator was calculated, as well as
its specific indicators. Calculations were performed using computer simulation methods using the
Comsol Multiphysics application program package.

The dimensions of the heat concentrator were determined from the conditions of ensuring the
uniformity of the heat flow at the minimum possible thickness. Therefore, the calculated thickness of
the heat concentrator is 50 pm.

In addition, an evaluation of heat losses in the gaps between heat concentrators by radiation was
carried out. They make up ~ 16 % of the amount of useful heat flow and lead to a decrease in the
efficiency of energy conversion. To reduce them, a thin mirror plate (5 in Fig. 4) was introduced into
the generator design, which allows to reduce losses to 7 %, and the introduction of two similar plates
reduces heat losses to 5 %.

Thus, the final design of the GTEG based on 1 m? of the Moon's area is as follows:

- number of thermoelectric material legs — 3124;

- height of legs — 2 mm;

- cross section of legs — 1 x 1 mm;

- thickness of heat concentrators — 50 um.

In this case, under the conditions of a lunar "day", the electric power generated by GTEG is
W, =96 W/m? (for comparison, the solar generator version produces electric power ¥, = 100 W/m?).

The specific power of the generator in relation to its mass is W, = 230 W/kg (for comparison, the
solar photovoltaic generator has a specific power of W, =21 W/kg).

Consequently, in terms of energy indicator, GTEG is on the same level as photovoltaic solar, but
has a 6-fold lower specific gravity, which is important given the significant costs of delivering cargo to
the Moon. In addition, the operating life of the GTEG is up to 30 years, which significantly exceeds the
capabilities of a solar generator, whose resource is 5 — 10 years.

In addition, unlike a photovoltaic solar generator, GTEG can be used in the conditions of the
lunar "night", while the electric power generated by it will be W, = 10 W/m?).

Peculiarities of using the ground generator at the poles of the Moon

An important factor in the use of a thermoelectric generator on the Moon is the geographical
location of the lunar base.
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Fig. 5. Photo of the Moon [6].

In the case of the location of the lunar base at the poles, there are some peculiarities related to the
angle of incidence of solar radiation on the surface of the Moon. The solar rays at the poles fall
tangentially to the surface, which significantly changes the temperature and thermal conditions in the
thickness of the Iunar soil. On the other hand, lighting conditions at the poles of the Moon are more
stable than in the equatorial zone.

1 2

Fig. 6. Location of a thermoelectric generator at the pole of the Moon: 1 — solar rays, 2 — guiding elements,
3 — the surface of the Moon, 4 — thermoelectric generator.

Under such conditions, the use of the thermoelectric generator design proposed above is
impossible. The way out of this situation is to use guiding elements in the GTEG design that provide
the necessary conditions for the functioning of the generator. Fig. 6 shows a schematic representation
of the guiding plates located on the surface of the Moon in the pole area.

Conclusions

1.The possibility of creating a thermoelectric generator using the temperature difference in the lunar soil
has been confirmed.

2.1t has been calculated that under the conditions of a lunar "day" the electric power generated by the
GTEG is W, =96 W/m’.

3.1t has been determined that the specific power of the generator in relation to its mass is W, = 230 W/kg.

4. It has been established that a thermoelectric generator under lunar night conditions can develop a
power of up to W, = 10 W/m?.
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TEPMOEJIEKTPUYHU T'EHEPATOP, 11O BUKOPUCTOBY€E
ITEPEITA/IU TEMIIEPATYP Y MICAYHOMY I'PYHTI

YV pobomi suxonano 00CnioHceHHs MOHCIUBOCEL CIMBOPEHHS MEPMOETEKMPUYHOL0 2eHepamopa Ha
Micayi. Ilpoananizoeano memnepamypni i meniosi ymosu y micssunomy tpyumi. Pospaxoeani numomi
nOmydCHicmy, 6acy i eapmicmv maxozo 2enepamopd. 30iICHeHO NOPIGHAHHA MEPMOENEKMPUIHO0
2eHepamopa i COHAYHUX bamapeii 8 yMogax ix gukopucmarHs na Micayi.
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EQUIPMENT FOR DETERMINING THERMOELECTRIC PROPERTIES
OF MATERIAL BY MODIFIED HARMAN'S METHOD

The results of the development of equipment for determining the thermoelectric properties of
materials — electrical conductivity, thermal conductivity, the Seebeck coefficient and thermoelectric
figure of merit in the temperature range of 30— 500 °C using modified Harman's method are
presented. Measurement errors are estimated and reduction methods are described. The results of
measurements of material samples based on BiTe; obtained using the described equipment are
shown.

Key words: Harman's method, thermoelectric figure, absolute method.

Introduction

General characterization of the problem. Thermoelectric energy converters find more and more
applications in various fields of science and technology, in particular in medicine, metrology, space and
military technology, electronics, household and computer technology, etc.

Recent years have seen increasing interest in the creation of thermoelectric generators, which are
used for the conversion of heat from industry and internal combustion engines, which opens up new
opportunities for "green" technologies. Special attention is drawn to the creation of TEGs on vehicles,
primarily cars. The use of such thermoelectric generators allows you to get a fuel economy of 5 — 10 %.
Such works are being intensively developed in the USA, Japan, and Western Europe. In doing so, the
typical operating temperature range for thermoelectric energy converters is 50 — 300 °C. For this
interval, materials based on Bi-Te are most suitable, and an additional improvement in efficiency can be
achieved by using materials with programmable heterogeneity, namely functionally graded materials.

One of the main factors affecting the quality of thermoelectric energy converters is the figure of
merit of thermoelectric materials they are made of. Advances in the technology of obtaining materials
are directly related to the accuracy of determining their parameters, since further improvement of the
quality of materials is possible only if a clear connection is established between the technological actions
during the obtaining of the material and its properties.

Analysis of the literature. The most attractive for the creation of high-precision measuring
equipment for determining the thermoelectric properties of materials are the use of the absolute method
and Harman's method. The main disadvantages of the absolute method [1, 2] are the complexity of the
design of the sample holder, and, therefore, the process of setting up the sample for measurement, and
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the need for a long time to reach stationary mode by the system, which makes the measurement process
quite long. In addition, in order to increase the accuracy of the measurements, the samples used in the
measurements are quite large — with a diameter of about 6 — 8 mm and a length of 8 — 15 mm, which,
when examining a large number of samples, leads to significant losses of material, in addition, reduces
the speed of reaching stationary mode by the system. Harman's method is devoid of such shortcomings
of the absolute method [3, 4]. Much smaller samples are used to determine thermoelectric properties by
this method, and the structure of the sample holder itself is simple and convenient to use.

The essence of Harman's method is as follows. A sample of thermoelectric material is fixed in the
thermostat on two current leads (Fig. 1).

Fig. 1. Schematic of Harman's method. 1 — sample, 2 — thermostat,
3, 4 — current leads, 5, 6 — thermocouples.

The values of the thermoelectric figure of merit, as well as the thermal conductivity, electrical
conductivity, and the Seebeck coefficient, are determined by the resistances of the sample and the
voltage drops on the sample, measured when passing direct and alternating current therethrough:

gt C

U_-U, 1/ a’c
=———=*. 0

a _ -
AT

> =——, K >
RS z

where R~, U- are the resistance of the sample and the voltage drop on it when alternating current is
passed, R-, U- are the resistance of the sample and the voltage drop on it when direct current is passed,
T, is the average temperature of the sample, /, S are the length and area of the sample cross-section, y;
are correction factors that take into account the heat exchange of the sample and current leads with the
thermostat. These factors depend on a large number of parameters, namely the radiation coefficients of
the sample, contact plates and current leads, their temperature dependences, as well as the exact values
of electrical conductivity and thermal conductivity of wire materials, the radiation coefficient of
chamber walls and its temperature dependence, exact geometric dimensions of current leads, etc.

Work [5] presents an analysis of the errors in measuring the figure of merit using Harman’s
method and shows that the main source of errors when using Harman’s method is the heat exchange of
the sample with the environment through current leads and radiation. To minimize these errors, the
technique of modified Harman’s method is proposed, which makes it possible to measure the properties
of the thermoelectric material with a high speed of response, and at the same time take into consideration
the heat exchange of the sample with the thermostat, measuring all the necessary values for this during
one experiment.

68 Journal of Thermoelectricity Ne2, 2022 ISSN 1607-8829



L.I. Anatychuk, M.V. Havryliuk, V.V. Lysko

Equipment for determining thermoelectric properties of material by modified Harman's method

The purpose of the work is to develop high-speed, high-precision equipment for determining the
thermoelectric properties of a material using modified Harman’s method in the temperature range of
30 — 500 °C, which takes into consideration possible measurement errors, and the equipment itself is
made on a modern element basis, using computer processing of measurement results.

1. Description of experimental installation

Installation for measuring the properties of parameters of TEM samples using modified Harman’s

method is schematically shown in Fig. 2.

The installation consists of a measuring unit, a control unit and a pumping vacuum post. The
control unit includes sources of direct and alternating current with appropriate ammeters, voltage and

temperature meters, and a thermoregulation system.

The main unit of the installation is a measuring unit with a TEM sample holder. The design of the

measuring unit is shown in Fig. 3.
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Fig. 2. Schematic of the installation for measuring parameters of TEM samples.
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Fig. 3. Design of the measuring unit.

1 —vacuum cap clamp,
2 — vacuum cap,
3 — thermostat,
4 — removable cover of the thermostat,
5 — sample holder probes,
6 — shut-off heater,
7 — pressure leads,
8 — the base of the measuring unit,

9 — vacuum fitting,

10 — connector.

A TEM sample holder is fixed on the base of the measuring unit body, on thin stainless legs
(Fig. 4). The holder itself is a metal collapsible thermostat, in the middle of which there is a niche with
two pads on thin, elastic stainless racks. These pads are used as TEM sample holders, as well as current
leads and contact elements of potential and temperature sensors. The racks themselves are mounted in
heat spreader plates, which have good thermal contact with the base of the thermostat, but are electrically
isolated from it. The pads, which in their area are comparable to the area of the ends of the TEM sample,
are parallel to each other and are located at a distance from each other that is comparable to the length
of the TEM sample. The pads are capable of holding the sample in suspension due to friction and
elasticity of the racks. Pads and heat spreader plates, each having one measuring thermocouple and
together with the current leads being one whole, form the probes. The probes in the installation are
replaceable. This makes it possible to easily change them during routine or repair work, or to install
others — for different sizes of samples. For measurement, the TEM sample is inserted between the probe
pads through the removable side covers of the thermostat and soldered to them for better thermal and
electrical contact.

Fig. 4. Sample arrangement in the holder. 1 — Thermostat cover, 2 — probe pads, 3 — heating element,
4 — thermostat base, 5 — ceramic screed, 6 — TEM sample, 7 — probe rack.
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The thermostat is active. Resistive heating elements and thermocouples are mounted in its walls
and the required temperature is maintained with the help of a thermoregulator. To prevent thermal
distortions in the thermostat, a shut-off heater is attached to its legs, the temperature of which is
maintained by the thermoregulator at a given level. Moreover, all conductors leaving the thermostat are
in contact with the shut-off heater and, thus, acquire the same temperature as it. This significantly
reduces heat loss from the thermostat through the conductors. The conductors themselves are connected
through sealed leads to the connector and further, through the measuring cable, to the control unit. The
thermostat is covered with a cap, from under which air can be pumped out with the help of a vacuum
post, or the air can be replaced with an inert gas. Measuring TEM samples in a vacuum or in an inert
atmosphere reduces measurement errors, and also protects the TEM sample and the surface of the
thermostat from oxidation during high-temperature measurements. The vacuum cap has clamping
structural elements for better tightness.

2. Description of the measurement technique

Determination of the thermoelectric properties of the material by modified Harman's method is
carried out as follows. A sample of thermoelectric material is fixed between two contact plates with high
thermal and electrical conductivity on the current conductors in the thermostat. The side surface of the
sample and contact plates is covered with a thin, uniform layer of material with a low emissivity. To
further increase the accuracy, the measurement process is carried out consecutively twice at two
different temperatures, and the magnitude of errors caused by radiation from the surface of the sample
and contact plates is experimentally determined. In doing so, the temperature of the thermostat at which
the first measurement is made is lower than the temperature at which the second measurement is made
and is such that the errors caused by radiation from the surface of the sample and contact plates are
insignificant and can be neglected. Since at the first temperature the contribution of radiation is
insignificant, it is believed that all the heat is transferred through the current leads to the thermostat by
thermal conductivity, therefore it is possible to determine the heat transfer coefficient K> along the
current leads by thermal conductivity by passing an alternating current through the sample and
measuring the magnitude of the voltage drops on the sample U; and on the current leads Un:

1 0+o

’ 2(7:lV_T0) (1)

where: Q) = [U; is the Joule heat released in the sample, O, = [U; is the Joule heat released in each of
the current leads, 7,y = (T1+713)/2 is the average value of temperatures measured on the sample ends, 7o
is thermostat temperature.

At the second temperature value, voltage drops on the sample and current leads are measured, as
well as temperatures at the ends of the sample and the thermostat when alternating current is passed
through the sample, voltage drop on the sample, voltage drops on the current leads to the sample,
temperatures at the ends of the sample and the thermostat when direct current is passed therethrough.
The ohmic voltage drop on the sample Uc is determined when alternating current is passed or at the
moment direct current is turned on, and thermoEMF Uua is determined when direct current is passed.
The value of thermoelectric figure of merit, the Seebeck coefficient and electrical conductivity, as well
as thermal conductivity are found, with account of heat transfer through current leads and radiation.

ISSN 1607-8829 Journal of Thermoelectricity Ne2, 2022 71



L.1. Anatychuk, M.V. Havryliuk, V.V. Lysko
Equipment for determining thermoelectric properties of material by modified Harman's method

To do this, based on the Wiedemann-Franz law, by the results of measurements of temperatures
and voltage drops on the sample and current leads at two temperatures 7" and 7" of the thermostat, the
heat transfer coefficient along the current leads at temperature 7" is determined

AT

K(T") =K2(T')U T

2
Thus, the total heat flow at a higher temperature is divided into heat flow by thermal conduction
through current leads and heat flow by radiation. Since the surfaces of the sample and the contact plates
are covered with the same coating, the effective radiation heat transfer coefficient K.y can be used at
temperature 7"
0 -(2K, (T, -T,)-0,)

Ky = (1.-T,) : 3)

Analysis of the accuracy of the proposed method of determining the thermoelectric properties of
materials is given in [5]. The distributions of electric potential and temperature in the sample, contact
plates, and current leads were obtained by computer simulation, which made it possible to optimize the
measurement scheme and obtain the values of possible errors in the determination of the thermoelectric
figure of merit associated with heat transfer by radiation. Errors in determining the thermoelectric figure
of merit by the proposed method, associated with heat transfer through current leads and radiation, in
the temperature range of 30 — 500 °C should not exceed 2 %.

Typical results of measuring the temperature dependences of parameters of the sample of n-type
Bi;Te; thermoelectric material are presented in Fig. 5.

o, Ohm 'ecm ' o, pV/K K, W(m-K) 210", I/K
1250 ~ 2501 130 130
1000 4 2004 F2.5 2.5
F2.0 -2.0
750 4 1504
k1.5 1.5
500 4 1004
—a— o,0hm 'cm’ F1.0 -1.0
—un— o, uV/K
250 4 504 —— .
° K, V\i/(m K) L0 5 05
—v— 710, 1/K
0 . 0 T T T T T T () '0
0 50 100 150 200 250 300

7 °C
Fig. 5. Temperature dependences of the properties of n-type thermoelectric material sample based on Bi;Tes.

An experimental comparison of the results obtained by modified Harman's method on the equipment
described above with the results obtained on the installation for measuring the properties of thermoelectric
materials, built on the absolute method, was carried out [6 — 7]. It was established that deviations in the results
increase with a rise in temperature and are within 6 — 7 % in the temperature range of 200 + 300 °C.
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Conclusions

1. High-speed, high-precision equipment has been developed for determining the thermoelectric
properties of a material by modified Harman's method in the temperature range of 30 — 500 °C
using computer processing of measurement results, which takes into account and eliminates
possible measurement errors.

2. It has been established that the errors in determining the thermoelectric figure of merit by the proposed
method, related to heat transfer by radiation, in the temperature range of 30 — 500 °C will not exceed
2 %.

3. A comparison of the results obtained by modified Harman's method with the results obtained at the
installation for measuring the properties of thermoelectric materials by the absolute method was
carried out.

4. It was established that deviations in the results increase with a rise in temperature and are within
6 — 7 % in the range of 200 + 300 °C.
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OBJIAJHAHHA 1)1 BUBHAYEHHSA TEPMOEJIEKTPUYHUX
BJACTUBOCTEN MATEPIAJY MOJU®IKOBAHUM METOJI0OM XAPMAHA

Hageoeno pesynomamu po3pobxu 061a0HanHs 0I5 BUSHAUEHHS MEPMOENEKMPUYHUX BIIACTUBOCMEN
Mamepianie —  eneKmponposioHocmi, menaonpogionocmi, koegiyienmy mepmoEPC  ma
mepmoenekmpuynoi dobpomnocmi 6 inmepsani memnepamyp 30— 500 °C 3 euxopucmanusim
Mooughikoeanozo memoody Xapmana. OyiHeHO NOXUOKU GUMIDIOBAHbL MA ONUCAHO Memoou ix
sHudcenns. Iloxazano pezyrvmamu 8umipioganb 3paskie mamepianie Ha ocHosi BirTes, ompumani
3a 00NOMO2010 ONUCAHHO20 0ONAOHAHMS.

KurouoBi ciioBa: meton XapMaHa, TepMOCIEKTPHUYHA TOOPOTHICTE, a0COTFOTHII METO/I.
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TO THE 85th ANNIVERSARY
OF LUKYAN IVANOVYCH ANATYCHUK

July 15, 2022 marked the 85th birthday of the
world-renowned thermoelectric scientist, director of the
Institute of Thermoelectricity of the NAS of Ukraine and
the Ministry of Education and Science of Ukraine,
Doctor of Physical and Mathematical Sciences,
Professor, Academician of the NAS of Ukraine, Head of
the Department of Thermoelectricity and Medical
Physics of the Educational and Scientific Institute of
Physical, Technical and Computer Sciences of Yuriy
Fedkovych Chernivtsi National University, President of
the International Thermoelectric Academy, Head of the
Scientific Coordination Council of the Western
Scientific Center of the NAS and MES of Ukraine in
Chernivtsi region, Honorary Academician of the
International Academy of Refrigeration, Honorary

Professor of Yuriy Fedkovych Chernivtsi National
University and Wuhan University, Honorary Citizen of the village of Kolinkivtsi and the city of
Chernivtsi.

L.I. Anatychuk is a well-known scientist in thermoelectricity, an important scientific and technical
direction that involves the direct, machine-free thermal into electrical energy conversion, with great
potential for practical applications. The founder of modern thermoelectricity was the director of the
Leningrad Institute of Semiconductors, Academician A.F. loffe. There were close scientific ties between
this Institute and Chernivtsi State University in Ukraine, thanks to which L.I. Anatychuk, while still a
University student, became a disciple of academician loffe.

In 1960, after graduating from the University, L.I. Anatychuk received an invitation to become
an employee of the A.F. loffe Institute, but Lukyan Ivanovich chose a different path — he devoted himself
to the development of thermoelectricity in his homeland, dreaming of creating the same institute as
Academician loffe’s.

In 1964, after completing his postgraduate studies, he defended his candidate's thesis, and in 1974
— his doctoral thesis. In 1973, on the initiative of L.I. Anatychuk, the Department of Thermoelectricity
was opened at Chernivtsi State University, which he headed and which he still manages today. This
created unique conditions for special training of personnel in thermoelectricity and intensive
development and implementation of the latest thermoelectric equipment.

Taking into account its high demand, in 1980 a design bureau of thermoelectric instrument-
making "Phonon" was opened in Chernivtsi, with L.I. Anatychuk as its director.

Using its own funds, "Phonon" design bureau built a special laboratory building and a pilot
production building, equipped with the latest equipment.

During 10 years of its activity, about 300 devices were developed and manufactured, mainly for
space and defense purposes, the chief designer of most of them was L.I. Anatychuk. On his initiative,
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two state programs on thermoelectricity were developed. "Phonon" design bureau became the leading
organization on thermoelectricity in the country. In 1985, he was elected a corresponding member of
the National Academy of Sciences of Ukraine.

The collapse of the USSR and the independence of Ukraine opened new horizons for the
development of "Phonon" design bureau. In 1990 it was reorganized into Institute of Thermoelectricity
of the National Academy of Sciences and the Ministry of Education and Science of Ukraine. Thus,
L.I. Anatychuk's dream of creating a research Institute of Thermoelectricity came true. The pilot
production of "Phonon" design bureau was reorganized into "Altec-M" LLC.
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Laboratory building of Institute of Thermoelectricity

The international activities of the institute expanded. Scientific and business ties were established
with many thermoelectric organizations around the world. The international prestige of the Institute
grew. It was recognized as one of the leading scientific centers in thermoelectricity. In 1992,
L.I. Anatychuk was elected an Academician of the NAS of Ukraine. In 1994, on the initiative of
L.I. Anatychuk, the International Thermoelectric Academy (ITA) was founded. It united about 100
leading scientists in thermoelectricity from 24 countries of the world. L.I. Anatychuk is invariably
elected its president. MTA carries out international scientific coordination and organizes forums on
thermoelectricity.

In 2007, the RAPID educational, scientific and production complex was created on the basis of
the Institute of Thermoelectricity, the Department of Thermoelectricity of the Chernivtsi National
University and “Altec-M” LLC. The complex provides a full cycle of innovation activities — from
training personnel, scientific research and to their implementation.

Under the scientific leadership of L.I. Anatychuk, the Institute is further developing the theory of
thermoelectricity, thermoelectric materials science and technology of thermoelectric devices. A
generalized theory of thermoelectric energy conversion, information-energy theory of thermoelectric
devices, theory of reliability of thermoelectric systems have been created, the theory and technology of
functionally graded materials have been developed, new methods of manufacturing thermoelectric
materials and progressive technologies for creating thermoelectric energy converters have been devised.
This has made it possible to manufacture internationally competitive thermoelectric devices.
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The Institute pursues joint research with thermoelectric companies and research centers from 22
countries. It supplies thermoelectric products to the USA, Japan, France, Poland, Germany, China,
Turkey, Israel and other countries. The most important is the development and supply of thermoelectric
equipment for space programs. About 500 thermoelectric devices are successfully operating on Earth
satellites, interplanetary stations and the International Space Station.

The use of thermoelectricity in medicine is also developing intensively. More than 35
thermoelectric devices have been developed for the diagnosis and treatment of various diseases.

L.I. Anatychuk has trained 9 doctors and 18 candidates of science, written 13 monographs and a
handbook on thermoelectricity, delivered 215 reports at scientific conferences, published 365 scientific
articles, and is the author of 283 patents. He is the founder and editor-in-chief of the international
“Journal of Thermoelectricity".

L.I. Anatychuk has been awarded 7 state orders and other state and departmental awards; Gold
Medal of the National Academy of Sciences of Ukraine; Honorary Gold Prize of the International
Thermoelectric Academy; Award of the International Thermoelectric Society (IST), which noted:
"Professor L.I. Anatychuk is known for more than sixty years of promotion of development and
leadership in the field of thermoelectric research and development, as well as the implementation of
thermoelectric technologies worldwide."

On the occasion of his 85th birthday, L.I. Anatychuk was awarded the Honorary Award of the
Chernivtsi Regional State Administration "To the Glory of Bukovina".

A0 HOOOE

Honorary Award of the Chernivtsi Regional At the unveiling of the monument
State Administration to A.F. Ioffe. S. Fedenyak, a student,
"To the Glory of Bukovina" is speaking

L.I. Anatychuk deeply respects the memory of Academician A.F. loffe. On the initiative of
L.I. Anatychuk, a monument to A.F. Ioffe was erected in his homeland in Ukraine, in the city of Romny,
near the school where he studied.

L.I. Anatychuk's scientific successes only increase over time. He believes that his highest
achievements are still ahead, therefore, he is full of enthusiasm and energy for their implementation.
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LUKYAN IVANOVYCH ANATYCHUK ABOUT HIS
ACTIVITIES

Dear colleagues!

Let me first use the opportunity given to me to express my heartfelt gratitude for the sincere
congratulations on my 85th birthday that have come from foreign countries, from my native Ukraine,
including from my colleagues — employees of the Institute and the Department of Thermoelectricity.

Frankly speaking, while preparing for this speech, I was somewhat embarrassed, because I
understood that from me — a person who has already lived for so many years - you expect something
special, interesting and instructive. However, over the long period of our joint activities, I have given you
so many instructions that repeating them today would be a very dubious matter.

The great Voltaire, an outstanding French philosopher of the 17th century, helped me out.

While rereading Voltaire's works, which, believe me, is a great pleasure, I came across a very
interesting saying:

“For the foolish, old age is a burden,
For the ignorant it is winter, but for the man of science
it is the time of golden harvest”.
Trying to apply these words to myself, I, frankly, did not believe them at first, because I was

convinced that my most productive creative time was between the ages of 40 and 50. I believed that at
this stage of life a person is still full of youthful energy and is already quite experienced in his field.

F. Voltaire — an outstanding French philosopher of the 17th century

To determine where the truth lies, I plotted the number of my scientific achievements, expressed
in published articles, monographs, and patents, over time.
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They are shown in the figure, where the x-axis shows the years of life, and the y-axis shows the

magnitude of these scientific achievements. The figure shows

scientific
70 articles
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First, that over nearly 60 years of creative work, I have published 341 articles, received 220

patents, and published 12 monographs. It is especially gratifying to report on mys participation in the
writing of the prestigious book "Kelvin, Thermodynamics, and the Natural World," published in the UK

by WIT Press.

Thermodynamics
and the Natural
World

>

o ikl

@‘. WITrress

In this book I had the honor of writing the chapter “Kelvin and Thermoelectricity.”

The book was written for the International Forum on Thermoelectricity, dedicated to W. Thomson

and organized by the International Thermoelectric Academy in Belfast, Thomson’s homeland.
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Queen's University Belfast

In my opening speech at the Forum, I noted that Belfast is the place where the Titanic was built.
It is interesting that during its construction, the developers of the Titanic were approached by German
thermoelectric specialists with a proposal to install an infrared thermoelectric device on it that would
detect the presence of obstacles (rocks, icebergs) in the fog at a distance of up to 1 km. However, the
developers were so confident in the reliability of their future ship that they refused such a proposal. The
result of this erroneous decision is known to everyone. It is instructive for those who ignore
thermoelectricity.

Secondly, it follows from the drawing that Voltaire was indeed right — my scientific achievements
at the advanced age of 70 — 85 years are almost three times greater than those [ expected at 40 — 45 years.
So, indeed, at the advanced age the time of the “golden harvest” has come. Moreover, from the trends of
growth of achievements it follows that the time of the “golden harvest” should continue in future years.

This inspires optimism and a desire for further creative scientific work. Therefore, I have already
created a plan for my scientific activities for the coming years and am making efforts to implement it every
day. At the same time, I very much hope for your active assistance in this matter.
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