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THERMOELECTRIC GENERATOR MODULES
OF n-InSe AND p-PbTe-BASED MATERIALS
FOR THE LEVEL OF OPERATING TEMPERATURES 30-500°C

This paper gives the results of computer and experimental studies of thermocouple generator modules of
InSe and PbTe-based materials to be used in thermoelectric power converters for the hot temperature
level ~ 500°C. Computer methods based on optimal control theory are used to determine optimal
conditions whereby maximum power and efficiency of InSe and PbTe is achieved. Design is performed
with regard to temperature dependences of material parameters, thermal and electric losses on the
contacts and module interconnects.
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Introduction

To create one-segment generator modules for the hot temperature level 500 °C, n-PbTe and
p-GeTe-AgSbTe (TAGS)-based materials are traditionally used [1, 2]. Maximum efficiency of such
modules lies within 8-8.5 % [3]. However, the restricting factor for their mass use is high cost of
TAGS source components [4]. In this connection, studies aimed at creating thermoelectric modules of
other materials become of current concern [5-8].

Among the alternative thermoelectric materials for operation in medium-temperature range, InSe-
based materials attract the attention of researchers owing to their low thermal conductivity, high Seebeck
coefficient [9]. Besides the cost of indium and selenium about 3-4 times is lower than the cost TAGS
components: germanium, tellurium, silver and antimony [10]. However, in the majority of cases, InSe is
employed as thin films for the manufacture of photoelectric devices. The results of development and
creation of thermoelements based on the bulk InSe materials have not been recorded.

The purpose of this work is computer design and creation of thermoelectric modules of
n-1nSe—p-PbTe-based materials and experimental study of their characteristics.

Physical model of thermoelectric generator module and its description

Thermoelectric generator module consists of a number of equal pairs of thermoelectric legs that
are electrically connected in series and thermally in parallel. With regard to that, for the design of
thermoelectric generator module this paper deals with one structural unit of module, namely
thermoelement. The thermoelement model is given in Fig. 1. It comprises n- and p-type legs (1),
connecting copper plates (2) and isolating ceramic plates (3). The model takes into account
contact layer (4) between the legs and connecting plates. The hot and cold thermoelement
surfaces are at constant temperatures Tho and Teoiq, respectively.
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Fig. 1. Thermoelement model.
1 — thermoelement legs, 2 — connecting plates,
3 — ceramics, 4 —contact layers.

Parameters of thermoelectric materials, electric interconnects and connecting plates are a
function of temperature. o, (T), o,(T) are the Seebeck coefficients of materials of p- and n-type

legs.c,(T), o,(T) is the electric conductivity of leg materials; 1, (T), «,(T) is the thermal

conductivity of leg materials; o, (T), k., (T) is the electric conductivity and thermal conductivity
of interconnect material; «;

Ins

(T) is the thermal conductivity of ceramic plate.
The contacts of thermoelectric legs with connecting plates are characterized by the value of contact
electric resistance r,(T) which is also a function of temperature. The space between the legs is filled with air

of thermal conductivity k. . In this air space, heat exchange between the hot and cold ceramic plates takes

air *

place.
Maximum efficiency of thermoelectric module is described by the following expression:
Qh - Qc
N=——"= 1- o0, (1)
Q
where Q_, Q, are external heat fluxes on the cold and hot surfaces of generator module, respectively.
Function ¢ = Q can be regarded as a minimizing functional of the assigned task. Then it is necessary

h
to pass to equivalent logarithmic functional J =Ingo:

J=Inqg,-Inq,, @
where d. _Q .0 =%, (©)
nl nl

0., gn are specific heat fluxes on the cold and hot thermoelement junctions, respectively.
To calculate the boundary heat fluxes g.and q,, use is made of a system of four differential

equations of nonequilibrium thermodynamics
dT(x) _ o(T)] o
dx K(T)T(X) K(r)Q(X)
4900 _ 00" Jp g @M g,
dx  x(T) K(T) oM J.,

: (4)
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. I
where x is dimensionless coordinate, 0< X <1, Jop =— is specific current density in
n,p

thermoelement legs. The boundary conditions for system (4) are of the form:
T (0) = Tcold + 6Tc T (1) = Thot - 6Th , (5)

where the losses in temperature difference on the ceramic and connecting plates 8T, and 8T, are defined in

[11] with regard to the difference in parameters of ceramic and interconnect materials on the cold and
hot sides:

[ dins + dcon j

: | [1 1J Kins (Tcold ) Kins K(:on (Tcold )Kcon '
1P

©6)

8Th =— qh ( d'ns + dcon j
| (1 + 1 j Kins (Thm ) Kins Keon (Thot ) Kcon

where K, K., are fill factors of ceramic and connecting plates.
The expressions for heat fluxes g, and g, with regard to temperature dependence of electric
contact resistance will take on the form:

n.p
qh :Z|:qn,p(1)+ J rc(Thot):|+q:0n'

np I

on,p ! (7)
qc :Z|:q":P(O)+ Jl r-c(TcoId ):|_q§on'
n,p
where in order to find the specific Joule heat ql‘(;ﬁ released in connecting plate, expression [12] is used:
h 2I2r(Tht)( Zj . 21%n (T ,d)( 2)
=2 edht/f g 2 =5 eleod/f g 2| g
qcon dcon con 3 qcon dcon con 3 ( )

Heat fluxes q, and g, depend on specific current density j, ;. The challenge is to determine the

values of the current density j, , which provide for a minimum of functional J. Herewith

thermoelement efficiency reaches its highest value.

Optimal control theory [13, 14] gives a solution of the assigned task. It is realized by a numerical
method of successive approximations and allows finding the optimal density of generated current to assure
maximum efficiency of thermoelectric power converter. Through selection of the geometrical dimensions and
the number of thermoelements one can achieve the assigned voltage and power of thermoelectric generator
module. The complexity of the optimization problem enables its solving by computer methods.

Results of designing modules of InSe — PbTe based materials
In,Se; based modules

Computer design and optimization of InSe-PbTe thermoelectric modules was performed with
regard to the temperature dependences of thermoelectric materials obtained through synthesis of the

ISSN 1607-8829 Journal of Thermoelectricity N5, 2014 39



V.Ya. Mikhailovssky, R.V. Kuz, V.V. Lysko, V.M. Maksimuk, R.M. Mochernyuk
Termoelectric generator modules on n — InSe and p — PbTe based materials for the level of operating...

source components and hot pressing of synthesized materials for the range of hot side temperatures
450-500°C, cold side temperatures 30-90 °C.

As a p-type thermoelement leg, sodium-dope PbTe-based material was selected, as long as in
the temperature range 400-500°C the figure of merit of PbTe is rather high (Fig.2). It should be noted
that selection of PbTe is also motivated by the well-proven technique of samples production.
However, this does not rule out the possibility of using in thermoelement of other p-type medium-
temperature materials.

Experimental temperature dependences of thermoelectric parameters of InSe and PbTe based
materials (Fig.2-5) were obtained on automated equipment Altec-10001 developed by the Institute of
Thermoelectricity [15].
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Fig.2.The figure of merit of n-In,Sesiand p-PbTe

versus temperature.
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Fig. 3. The electric conductivity of
n-In,Sez and p-PbTe versus temperature.
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Fig. 4. The thermal conductivity of n-In,Se;
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Fig.5. The Seebeck coefficient of
n-In,Se; and p-PbTe versus temperature.

As is evident from Fig.5, the value of o for InsSes is rather high and, with a rise in temperature,
it passes through the maximum (370 pV/K) at 225-250 °C. At the operating temperatures of the
module 400-500 °C, the value of o for In,Se; varies only slightly and is on the level of
300 pV/K. The electric conductivity of n-In,Se; at 20 °C is very low, increases with a rise in
temperature and at 500°C reaches 40 Q'cm™. The thermal conductivity of n-In,Ses, on the contrary, is
reduced with a rise in temperature and at 500 °C is 1.0 W/cm K. The calculated thermoelectric figure
of merit of n-In,Ses at 500 °C is 0.35-10° K™,

The Seebeck coefficient for p-PbTe is also rather high and at 400-500°C lies within 250-260 pV/K.
The electric conductivity of p-PbTe at these temperatures is 200-220 Q“*cm™. The thermal
conductivity passes through the minimum and at 500 °C reaches the value of 1.9 W/cm'K.
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The electric power of modules made of the above described materials (p-PbTe, n-In,Ses) versus
the cross-sectional area of legs for different values of output voltage is represented in Fig.6.
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Fig.6. The electric power of In;Ses—PbTe module versus the cross-sectional area of legs for different
values of output voltage, 7,=500°C, 7,=30 °C, h=5.5 mm.
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Fig.7. The output voltage of In,Ses—PbTe module versus the number
of legs in a module, 7;,=500 °C, T,=30 °C, h=5.5 mm.
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Fig.8. The optimal heat flux (Q) for obtaining given
electric power (P) of In,Ses—PbTe module,
Tw=500 °C, 7;=30 °C, h=5.5 mm
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At module power 1 W and module voltages 0.5 V; 1.0 V; 1.5 V the cross-sectional area of leg is 68, 30
and 18 mm?, respectively (Fig. 6). In so doing, to the get the voltage of 1 V in the assigned range of cold and
hot temperatures, it is necessary to have 8 thermoelements (Fig. 7). Accordingly, for 2 V it is necessary to
have 16 thermoelements, etc. The values of heat fluxes needed to obtain the assigned electric powers are
given in Fig. 8. It is seen that to generate 1 W of electric power, the heat flux on the hot side of a module must
come up to 65-70 W.
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Fig.9. The efficiency of In,Se;—PbTe module versus the cold side temperature
at different hot side temperatures of module.
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Fig.10. The electric power of In,Ses—PbTe module versus the hot side temperature.

A non-traditional dependence was obtained when studying the effect of cold side temperature on
module efficiency. As is seen from Fig.9, with a rise in cold side temperature there is efficiency increase. In
so doing, the electric power of a module, especially at high temperatures (=500 °C), is very weakly
dependent on the cold side temperature (Fig. 10).

Such dependence is due to the fact that at low cold side temperatures of a module there is a
mismatch between thermoelectric parameters o, o, x of In,Sez; and PbTe samples. Therefore,
thermoelectric material on the cold side of a module works under conditions far from being optimal.
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With a rise in temperature of In,Ses samples, the thermal conductivity is essentially reduced and the
electric conductivity is increased by about an order (Fig.3, 4), assuring higher Z value at elevated cold
side temperatures of a module. The dependence passes through the maximum, and further increase of
the cold side temperature (in this case over 160 °C) reduces the efficiency.

Modules designed using other compounds based on InSe

As is clear from the investigation results, the efficiency of a module of InSe-PbTe-based
materials (Fig.2-5) is rather low as compared to other modules traditionally used in medium-
temperature range [16]. One of the ways to enhance the efficiency of such module is to improve the
thermoelectric figure of merit of In,Se; via optimization of composition and the use of efficient doping
impurities. In particular, in [17] it is shown that for In,Se,ss single crystal grown by the Bridgman
method maximum ZT value is 1.48 at 432 °C. In [18], through doping with CI the figure of merit was
increased to 1.53, in [19], by introducing Pb and Sn — to 1.4 at 427°C. Using the thermoelectric
parameters of In,Se; compounds given in [17 — 19] (Fig. 11) as the initial data, the authors of this
paper used optimal control method to calculate the efficiency of modules (Fig. 12), where PbTe
is p-leg, In4Se, 35, INySe; 67Clo 0z and InsPhg o1SNo 04Sez are n-leg.
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Fig. 11. Temperature dependences of the Seebeck coefficient (a), electric
conductivity (b), thermal conductivity (c) and figure of merit (d)
of In,Se; materials [18 — 20].
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Fig. 12. The efficiency of thermoelectric modules of materials:
1 - p-PbTe — n-1n,Se; 67Clo g3, 2 — p-PbTe — n-IngSe, 35lg.03, 3 — p-PbTe — n-1n,Se; 35
versus the cold side temperature. The hot side temperature is 500 °C.

Maximum efficiency n=8 % at constant hot side temperature and variable cold side
temperatures was demonstrated by a module with p-PbTe and n-1n,Se; ¢;Cloos (Fig. 12). For a module
where Pb and Sn-doped InsSe; is used as n-leg, efficiency maximum is shifted towards higher
temperatures and makes ~6.6% at 7.= 90 °C. This is due to a mismatch in thermoelectric parameters
(mostly o) of PbTe and InsPbgo1SneosSes materials (Fig. 11 b). Further reduction of n to 5.1% is
caused by the reduction of operating temperature difference, even though the figure of merit of
In4Pbyg 01SNg 04Ses is increasing (Fig. 11 d).

A non-traditional dependence was obtained when studying the efficiency of a module with
p-PbTe and n-In,Se, 35 versus the cold side temperature (Fig. 12). A rise in T leads to efficiency
increase that reaches its maximum 4.83% at 210 °C. Such dependence of n is due to non-optimal
material operating conditions on the cold side and low figure of merit values of In,Se;ss material in
low temperature region (Fig.11 d).
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Fig. 13. The efficiency of thermoelectric modules of materials: 1 — p-PbTe — n-1n,Se, 7Clg 03,
2- p-PbTe —n-InsSe, 3lg03, 3 — p-PbTe —n-In,Se, 35
versus the hot side temperature. The cold side temperature is 30 °C
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Fig. 13 shows the efficiency of thermoelectric modules based on PbTe and InSe compounds
versus the hot side temperature.

It is clear that with a rise in the hot side temperature, the efficiency of a module is increased and
reaches the level of 8% and 6% for PbTe-In,Se,;¢/Cloos and PbTe- InsPbg1SnoosSes, respectively. At
the cold side temperature 30 °C maximum efficiency for p-PbTe — n-In,Se; 3s module is 1.5%, making
inefficient the use of this material in pair with p-PbTe in traditional generator modules.

The results of experimental studies 1n,Se; — PbTe based modules

On the basis of calculations performed, some alternate designs of thermoelectric modules of p- PbTe
and n- In,Se; materials of electric power 0.5-5 W were developed (Table 1).

Electric interconnect of PbTe and In,Se; legs was made by silver plates via diffusion bonding
technique. Co and Fe are used as anti-diffusion layers for PbTe and In,Se;. As transient layers, a
mixture of CoTe and PbTe is used for PbTe, and a mixture of CoTe and In,Se; - for In,Se; [20].

Table 1
Geometric and electric parameters of PbTe - In,Sez-based modules
with a series connection of legs (71, = 500 °C, T, = 30 °C)
) Electric Leg cross-
Electric power, ] Number of Overall
voltage, Heat flux, W|  section, ) ) )
W ) leg pairs |dimensions, mm
\Y mm
0.5 5.6x5.6 4 11.7x19.7x7.8
1.0 4x4 8 17.5x25.5x7.8
0.5 34.2
5.6 1.5x1.5 50 19.5x27.5%x7.8
3.2 1.6x1.6 28 14.2x23.3x6.3
0.5 13.8x13.8 4 28.1x36.1x7.8
1 9.8x9.8 8 40.7x48.7x7.8
3 8.8 205.4 3.1x3.1 78 46.3x50.7x7.8
1 7.2x7.2 8 30.3x38.3x6.3
5.6 2.9x2.9 50 33.5x41.5x6.3
3.2 6.7x6.7 28 49.9x65.1x7.8
5 3424
5.6 3.7x3.7 50 41.5x49.5%6.3

For 0.5 W modules the number of legs was increased from 4 to 50, and the cross-section of leg
in this case was reduced from 5.6x5.6 mm to 1.5x1.5 mm, respectively. The overall dimensions of a
module were in the range from 11.7x19.7 to 14.2x23.3 mm. For 5 W modules the cross-section of legs

46 Journal of Thermoelectricity N5, 2014 ISSN 1607-8829



V.Ya. Mikhailovssky, R.V. Kuz, V.V. Lysko, V.M. Maksimuk, R.M. Mochernyuk
Termoelectric generator modules on n — InSe and p — PbTe based materials for the level of operating...

should be increased with their invariable height. Maximum dimensions of a 5 W module of voltage
5.6 V were 50x65x7.8 mm.

Using of cheap thermoelectric materials and simple technology makes the prospect of wide use
of InSe-PbTe based modules for thermoelectric energy converters on the level of operating
temperatures 30-500°C.

Conclusions

1.Using the methods of optimal control theory, computer design has been performed and the efficiency of
generator modules of n-InSe—p-PbTe-based materials in the temperature range of
30-500 °C has been determined. It has been shown that maximum efficiency of thermoelectric modules is
8% for p-PbTe-n-1n,Se; 6;Clo03 and 6.6% for p-PbTe—n-1n,Pbg 01 SNo psSes.

2.For the first time thermoelectric generator module based on n-In,Ses—p-PbTe has been created for the
operating temperature range 30-500 °C, and the results of theoretical calculations have been
experimentally confirmed.

3. Thermoelectric modules of materials based on n-InSe—p-PbTe and n-PbTe and p-GeTe-AgShTe are
characterized by close efficiency values. However, n-InSe—p-PbTe modules have lower manufacturing
cost which gives them the advantage for use in medium-temperature range.
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