Performance of Miniature Thermoelectric Energy Converters: Size and Nonlinear Phenomena

L.P Bulat' and Y §. Yang’
‘EEE Department. St. Petersburg State University of Refrigeration and Food Engineering
Lomonosova St_, 9. St. Petersburg 191002 Russia
ZKorea Research Council for Industrial Science and Technology
Diplomatic Center (#306) 1376-1, Seocho 2-dong, Seocho-ku, Seoul. 137-072, Korea

Abstract

A theory of efficiency for microminiature thermoelectric
generator is suggested. The theory takes into consideration
boundary effects on the characteristic iength and nonlinearity
of kinetic coefficients. The system of equations for energy
balance of clectrons and phonons with electron-phonon
interaction in limited samples was solved by perturbation
theory method. The consideration of the nonlinearity of
kinetic coefficients leads to insignificant reduction of the
TEG's efficiency. On the contrary, a mismatch between
electrons’ and phonons’ temperatures at the interface is
resulted in increase of the efficiency.

Introduction

The microminiatunization of electronic and photoelectronic
components is the objective tendency of modern technics.
This trend automatically teads to the microminiaturisation of
thermoelectric energy converters that have to supply power
for such microelectronic components. On the other hand the
essentially novel stractures with submicron and nano-
inhomogeneities were suggested recently as very effective
thermoelectrics; the structures use different kinds of quantum
superlattices. The sizes of such structures that are used as
materials for thermoelectric generators are comparable with
microscopic characteristic lengths of charge carners and
phonons. 1t is obvious that traditional methods of calculation
of the efficiency of thermoelectric generators should be
reconsidered in the In researched conditions [1,2].

The  thermoelectric  theory in  microminiature
thermoelectric coolers was proposed in [3]. The theory [3]
based on the concept of the mismatch between electrons’ and
phonons’ temperatures @=7, -T, {1, 2]. Two followed

factors lead to the mismatch: (a) the nonlinearity of kinetic
coefficients and (b} effects at interfaces between
semiconductor legs and metal junctions.

An analytical solution of the equation of heat transport can
not be reached even in tracinonal problem formulation (if the
mismatch between clectrons” and phonons™ temperatures is
not considered). Different methods are used for approximate
solution of the equation of heat transport and for calculation
of the TEG's efficiency (see [2, 4]); the approximation of
average parameters, the infinite cascades approach, numerical
calculations, and the assumption of relatively smail current
terms,

In the present paper we suggest a theory of efficiency for
microminiature thermoelectric energy converter. The theory
lakes into consideration the mismatch between electrons’ and
phonons’ temperatures, boundary effects on the characieristic
length and temperature dependence of all kinetic cocfficients.
The principle of energy balance’s equations is used.

A thermoelectric circuit consisting from homogeneous
isotropic semiconductor plate (for definiteness of n-type} by

the tength 2o and the resistance R .(index s} closed on the
metal loading R,,, (index m) is examined. The one-dimensional
problem is investigated (Fig.1).

Fig.1. Electric circuit

Method of solution

Thermoelectrics as a roie have high carriers’ concentration,
therefore the approach of electrons’ (or holes’} and phonons’
temperatures can be used in the theory [1]. Thus the following

equations for electrons and phonons heat flow densities 4, ,

and for the density of current ; can be introduced {2}

g, =-x, T wT, +I(T,)j, (1)
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where o), al,), x(T,), IIT,)=T a(T,) are the
coefficienis of electric conductivity. thermo-emf, heat

conductivity of electrons and Peltier coefficient, «(7,) -
coefficient of phonons heat conductivity, £ =-VJ, § -
electrochemical potential, 7,, — electrons’ and phonons’
temperatures.

Thus the equations of energy balance of electrons’ and
phonons’ are the main equations of the problem. The
temperatures and the electrochemical potential are changing
only along the x- axis (Fig.1). In this case the energy balance
determines by the equations [2]:
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where the function P = P(7,, T,) is responsible on electrons-
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The equations (4) and (5) should be added by the equation
of continuity for ¢lectric current
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The typical for thermoelectric generator heat boundary

conditions have the form (Fig.1)

Teplaea=Th =1, M

The Kirchhoff equation realizes the electrical boundary
condition:
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where R4T.). and R, - electric conductivity of a
semiconductor’s thermoelectric and a metal, J — the electric
current,

Let us use the perturbation method [1, 2] for solution of the
system of equations (4)-(6) at the boundary conditions (7), (8)
with the small parameter v:
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We can decompose the temperatures, and each kinetic
coefficient K in {4)-(6) by the parameter y:
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the indexes in bracket numbers the order on the parameter .
As a result the densitics of heat flow (1)~(2} and the density
of electric current (3) can be written in the form

J=i+2+;24. q,,=4"+q2 +q 4. . (12)

Then the equations (4)-(6) are break up into unlimited set
of linear differential equations of different orders on the
parameter y. A method of solution of the system of equation
can be found in {2].

Let us separate two kinds of effects that influence on the
magnitude of TEG ' ¢ efficiency. The effects connect with the
volume' s and the interface' s mismatches between electrons’
and phonons’ temperatures.

Efficiency, volume temperatures’ mismatch
The efficiency of a TEG can by determined by the formula

_9@-qg(-a) (13)

g(a)
Taking into consideration the eguation (12) and the
conditions ¢*a) = - ¢*"(-a), ¢*"(a) = ¢ (-a) (because

g™ ~ ¥") we can transform (13) into

4P (@ +qP (@) +...
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If we leave only the terms ¢"(a) and ¢'?(a) in (14) the
efficiency will have the form

n=2 (14)
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This one is the well-known Ioffe formula {4).
Let us feave the terms including ¢*(a) in (14). With the
exactitude of the second order on parameter v (v’ << 1} we
can obtain for the efficiency
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The expression (17) for the efficiency includes only the
terms with the first order on parameter ¥ when (16) includes
the terms of the first and the second orders.

'The correct formuia for the efficiency (16) can be present
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The parameter & corresponds to the inverse of cooling
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scattering frequency of energy and of momentum, I7T - the

heat velocity of electrons.

The efficiency (17) takes iInto account (emperature
dependences of all kinetic coefficients. Moreover it includes
information about the mismatch between clectrons” and
phonons’ temperatures; a value of the parameter S depends on
the mismatch.

Let us study two different cases:

1. TEG with bulk legs: k?a® >> max(L. 3%, /3%, ) .

In this situation we have

=/ =/ -
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1t is possible to show that such value (20) is the same as
value that gives the one-temperature theory (the theory that
does not take into consideration mismatch between electrons’
and phonons’ temperatures). Let us underline that formuia
(20) gives the possibility of correct account of the nonlinearity
(temperature dependences of all kinetic coefficients). Fig.2
presents efficiency as function of parameter y for a typical
thermoelecttic based on Bi-Tes. The curves correspond to
Toffe formula (15) and to formula (19) with the parameter S

, where v, , - e average clectrons’

(20)

(20). The relative changing of the efficiency M7 atso

i
presented at Fig.2. We see that in any case correct account of
the nonlinearity leads to reduction of the efficiency. We can
show that this conclusion valid for any thermoelectric with
real kinetic coefficients.
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Fig.2. Calculated efficiency (curve 2), Ioffe cfficiency

{curve 1) and the relative changing of the efficiency hon
7

{curve 3} as functions of v

2. TEG with_limited legs. Let us examine two following
cases:

21, ka<<1
We have from (19) in this case
—f —1 —_
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K, L 7]
. . 3K
2.2 l<<k®a® << —£
K:’
1t can be received in these conditions:
3% % 7 _ 0
§=——r (—_—"T sy L ZreniZrs |
gkia®\ &, a )

We can sec that in both cases the main terms in the
expression for efficiency (18) contain the parameter S. It can
be proved that the efficiency will increase in TEGs with
limited legs due to boundary effects if the inequality
=/

’i—"[‘* >1 takes place. Thus, in the case of limited legs the
Kﬂ

additive 1o efficiency will has the sign “plus” if clectronic heat
conductivity quickiy cnough increase with the temperature.
But increasing of the relative changing of the efficiency

7.

o

the efficiency of a TEG with bulk legs).

for typical cases does not exceed few percents (7, -
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Fig 3. Mismatch between electrons’ and phonons’
temperatures in the body of a sample

The character of the mismaich between electrons’ and
phonons’ temperatures in the body of a sample illusirales
Fig.3. Let us underline that the volume mismatch ® =7, -T,

is proportional to ¥

Efficiency, boundary temperatures’ mismatch

The boundary conditions (7) do not take into consideration
the mismatch between electrons’ and phonons’ temperatures
at contacts between legs and metal junctions; we can not
neglect such mismatch in limited samples (if ke < 1) [2]. The
conditions (7) can be used confidently only if ka =< 1,

Let us consider one of legs of semicondnctor TEG (index
s) that is limited by metal junctions (index m). One can
neglect temperature dependences of kinetic coefficients in



conditions &z < 1. so let us be limited only to the first order on
v. The boundarv condition at the interface T now can be
wriften as
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On external borders of the leg the temperatures of hot 7,
and cold 7. wmetal contacts usnally are considered:

.. .,=0,T =7;.

The system of equations for energy balance of electrons
and phonons in semiconductor leg and metal junctions at
above boundary conditions was solved in one~dimension case.
The solution has a complicated form, and it is not presented
here.

From the analysis of the solution it is possible to be
convinced that the thermoelectric current always reduces the
nismatch of quasi-particles temperatures. The order of the
mismatch is
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The relative changing of the efficiency in comparison with
the efficiency that was calculated in one-temperature
approximation n; (if the effect of temperatures mismatch is

not take mto account) Is
{ - @ 5
™ Ko 7; _T1 i

It can be proved that in any case @, - Oy > 0. Therefore
the mismatch in all cases results in increase of the efficiency.
Let's emphasize. that relative increase of efficiency will be
more appreciable at enough low temperatures as downturn of
temperature usually causes reduction of k.

Fig 5 illustrates the character of the mismatch between
electrons’ and phonons’ temperatures in the interface. Very
important that the interface mismatch is proportionat to v.
According to our assumption (9) the interface’s mismatch is
more majorly than the volume’s mismatch Therefore in
limited samples (ka < 1) the interface's mismatch suppress the
volume's mismaich; then in limited samples the mismatch in
all cases leads to increase of the efficiency.
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Fig.4. Mismatch between electrons’ and phonons’
temperatures at the interface T

Conclusions

Two kinds of effects influence on the magnitude of a TEG’s
efficiency:

A. Volume effects

This fype of cffects results in additive 10 the traditional
TEG's efficiency proportional {0 the square of parameter y ().
1. Temperature dependence of kinetic coefficients of a
thermoelectric leads to the mismatch between electrons’ and
phonons’ temperatures in the body of legs. In real
thermoelectrics the electrons’ temperature exceeds the phonons’
temperature: =7 -T >0,

2. The correct account of the nonlinearity of kinetic
coefficients leads to reduction of the TEG's efficiency in any

= due to

U
temperature dependence of kinetic coefficients can exceed 10
percents.
3. In the limited legs ka < 1 the efficiency will increasc if

real case. The relative changing of the efficiency

f_L T*=>1
conductivity quickly enough increase with the temperature),
=1,

L2
for typical cases does not exceed a little percents (7, - the
cfficiency of a TEG with bulk legs).

B. Inierface cffects

This type of cffccts results in additive to the cfficiency
proportional to the parameter y.

the inequality takes place (electronic heat

Increasing of the relative changing of the efficiency

T] — Tz
2% a

2. The interface’s mismatch in all cases leads to increase of
the TEG’s efficiency. The increasing strongly depends on a
thickness of a sample. and starts to be noticeable if the thickness
becomes commensurable with the cooling length of the material.
3. The relative increase of efficiency will be more appreciable
at enough low temperatures.

1. The order of the interface’s mismatch is © , =
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