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New Physical Interpretation of Thermoelectric Cooling in Semiconductor Structures
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Nontraditional approach to explain the thermoelectric cooling is suggested . It is based on the Le Chatelier-
Braun thermodynamic principle. New effect of cooling and heating of junction of two materials (barrierless
thermoelectric cooling) is theoretically predicted, and this effect is different from the Peltier effect (barrier
thermoelectric cooling). The suggested thermoelectric effect must be displayed always at the finite values of
the junction surface heat conductivity . Barrierless thermoelectric effect occurs even in the case when the
conducting materials are identical with the same Peltier coefficients. It is shown that both barrier and barrierless
thermoelectric cooling effects always exist simultaneously in the general case. The reasons proving reversibility

of the thermoelectric cooling process are resulted.
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I. INTRODUCTION

Traditionally the Peltier effect is explained as absorption
of heat or its evolution on junctions of the isothermal struc-
ture composed from two different conductors [1] and through
which a d.c. electric current flows. This absorption of heat or
its evolution occurs in the form of the thermal interaction with
external reservoirs providing the isothermality of the struc-
ture.

The natural question arises whether the effect Peltier can be
displayed in this structure if the areas of the junctions are adia-
batically isolated, i.e. in the absence of the thermal interaction
with ambient? We are stating that yes, it can be displayed. At
that, cooling of the junction or its heating in this case should
be understood as decrease of its temperature or increase in
comparison with the equilibrium temperature which describes
the structure in the absence of an electric current. The oppor-
tunity of the temperature increase or decrease in the heteroge-
neous system through which the electric current flows has the
general character and can be understood from the following
reasons.

Let us consider the elementary heterogeneous system com-
posed from two different homogeneous semiconductors with
n-type of conductivity (Fig. 1) through which the electric
current j runs. We suppose that the electric contacts of the
structure x = —d; and x = —d, are kept up at the equilib-
rium temperature T , the lateral surfaces are insulated adi-
abatically, and the structure cross-section area is equal to unit
everywhere.

The drift heat flux gz = IT; (IT is the Peltier coefficient)
flows together with an electric current through the structure.
This flux undergoes discontinuity on the junction of two me-
dia unlike to an electric current, and this discontinuity is pro-
portional to (IT; —IT,) j. The drift heat flux either increases
or decreases on the junction (depending on a ratio between IT;
and IT,) at the given electric current. At that, it is necessary to
remember that a sign of the Peltier’s coefficients depends on
the type of the charge carriers. In semiconductors with n-type
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FIG. 1: Semiconductor structure through which a d.c. electric current
passes.

of conductivity considering by us, IT < 0.

We claim that according to the general Le Chatelier-Braun
principle [2], the other heat fluxes should appear in the struc-
ture tending to counteract to these drift fluxes and thereby
to reduce this discontinuity. These other thermal fluxes can
be only the thermal diffusion fluxes by its nature. Just these
fluxes lead to the occurrence of the temperature heterogene-
ity in the structure. The magnitude of these thermal diffusion
fluxes is controlled by the energy balance equation.

The thermal diffusion flux always should coincide in a di-
rection with a heat drift flux in the material of the structure
having the less absolute value of I1. On the contrary, the ther-
mal diffusion flux always should be opposite to a direction to
a drift heat flux in a material with the larger absolute value of
I1. Such asymmetry of the directions of the thermal diffusion
fluxes in turn leads to its discontinuity on the same junction of
the structure. The discontinuity of the thermal diffusion flux
in the problem formulated by us (See Fig. 1) necessarily leads
to decrease or increase of the temperature on the junction lo-
cated at x = 0 (Fig. 2). Just this decrease of the junction tem-
perature or its increase caused by appearance of the induced
thermal diffusion fluxes is the essence of the Peltier’s effect.
For simplification we have assumed here that the surface ther-
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FIG. 2: Thermal fluxes and the temperature distributions in the struc-
ture when |IT| < |ITj].

mal conductivity [3, 4] of the junction is equal to infinity, so
the temperature on the junction is continuous.

It is important to notice that the reasoning involved for the
explanation of the Peltier effect inevitably lead to occurrence
of a new thermoelectric effect of cooling or heating unknown
earlier. This effect always takes place at finite magnitude of
the surface heat conductivity of the junction and can exist even
on the junction of two materials having the same Peltier coef-
ficients. By this reason this effect essentially differs from the
Peltier effect and never is reduced to it. We have named this
effect the barrierless thermoelectric effect since the mecha-
nism of the cooling in this effect (look below) is not associated
with the presence of a build-in-electric field on the junction as
it takes place in the Peltier’s effect [5, 6]. This mechanism is
determined only by the heat properties of the junction.

To understand the physical essence of the barrierless ther-
moelectric effect let us consider the structure composed from
two identical materials (IT} = [T, =IT and x; = K = k). Let
us suppose for definiteness that the geometrical sizes of this
structure are the same as shown in Fig. 1.

Now the drift heat fluxes are equal in both samples of the
structure in magnitude and are directed oppositely to the elec-
tric current (IT < 0).

The induced thermal diffusion fluxes will arise in each sam-
ple of the structure tending to counteract to the drift fluxes at
finite surface thermal conductivity. It is clear that now the
thermal diffusion fluxes will have equal magnitudes and the
same direction. The thermal diffusion flux in the left sam-
ple always enter into the junction, while the thermal diffu-
sion flux in the right sample always comes out from it. The
induced temperature distributions arising in the structure are
qualitatively represented in Fig. 3. The temperature gradi-
ent is continuous on the interface x = 0 when K} = K, = K
while the temperature is discontinuous here. It is obviously
that |77 (x =0) — To| # | T2(x = 0) — Ty | if d; # da, so the junc-
tion is cooled from one side of the junction and is heated from
the other. The final result depends on the sign of the difference

T — Ty, where T = w is the average temperature
of the junction. There is cooling when T — Ty < 0.
The temperatures on both sides of the junction should be
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FIG. 3: Thermal diffusion fluxes and the temperature distributions in
the barrierless thermoelectric effect (IT; = I, k| = Kp).

continuous if the surface thermal conductivity is infinite. This
situation is possible only in the case when T} (x =0) = T (x =
0) = Ty (see Fig. 3). It corresponds to the absence of the
temperature gradients in both samples of the structure and to
disappearance of the barrierless thermoelectric effect. On the
contrary, decrease of 1 leads to increase of the temperature
break between the temperatures 71 (x = 0) and T2 (x = 0).

The basic reasoning regarding the physical interpretation of
the barrierless thermal effect remains the same if the structure
is made from the different materials. In this case the values of
the induced thermal diffusion fluxes on the right-hand side and
on the left-hand side of the junction will be different. This cir-
cumstance leads now to discontinuity of both the temperatures
and the thermal diffusion fluxes on the junction. Moreover the
Peltier effect appears in the structure too in this case.

Let us examine the barrierless effect from the quantitative
point of view. For simplicity we will restrict ourselves by the
structure composed from two identical materials. The basic
equation of the problem is the energy balance equation [7]
which in the linear approximation in the electric current has
the form,

divg=0 (D
where
Gg=—xkVT+IIj )

is the generalized thermal flux, and « is the thermal con-
ductivity. Let us emphasize that both coefficients k and IT do
depend only on the temperature Ty in the linear approximation
in f
In one-dimensional case equation (1) is reduced to
d&°T
dx?

3)

This equation has to be supplemented by the thermal
boundary conditions. As it was mentioned above, for sim-
plicity we have suggested that

T (x= —dl)ZTz(x:dz) =Ty 4)
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The next boundary condition describes the total heat flux
conservation at the boundary of two identical materials
q1(x =0) = g2(x = 0) which is reduced to equation

dT
dx |,._

- dT»

@

®)

x=0

One more boundary condition takes into account the fi-
nite magnitude of the surface heat conductivity, gi|,_, =
N [T (x = 0) — T>(x = 0)] [3, 4] which in accordance with Eq.
(2) reduces to the following equation,

ar

N[T1(x=0) - Ta(x=0)] = —x

+ Hj (6)
x=0

The solution of Eq. (3) with boundary conditions [4-6] re-
sults in the following temperature distributions,

H.
Tl’g(x):To 1+ / d (dl,zix) ,
Tox (1+2)
(—d1 <x<0<x<dy) (8

where d =dj + d».

It is easy to see from Egs. (7) that the temperature 7 at the
junction x = 0 is lower than the equilibrium temperature Ty ,
while the temperature 7, at the same junction exceeds T .

When | — oo, then, as it was mentioned early, the barrier-
less effect disappears, so T} (x) = T2 (x) = Tp.

The average temperature on the junction

11;

T—Tp|1—— 4 _
2T0K(1+%)

(dr—dy) )

It is follows from Eq. (8) that heating or cooling of the
junction in this case is determined only by ratio of the samples
lengths. At equality of these lengths the junction heating from
one side is completely compensated by its cooling from the
other side.

Let us notice that all equations obtained above are remained
correct for the junction of two semiconductors with p-type
conductivity. It is necessary to mean only that in this case
H]_]z > 0.

The barrierless effect exists on the p —n junction too. Let us
emphasize that in this case the junction will be cooled down
(or heated up) from both sides. However heating or cooling of
junction in this case will essential depend on recombination
rates in areas adjoined to the junction (see [8]).

Let us notice that both the Peltier effect and the barrier-
less thermoelectric effect are realized exclusively in the elec-
tron subsystem. The electron gas cooling on junction or its
heating is caused only by the occurrence of the electron ther-
mal diffusion fluxes and their balance with the drift electron
thermal fluxes. The presence of the electron-phonon energy
interaction leads to that the heterogeneity of the electron tem-
perature distribution generates the temperature heterogeneity
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in the phonon subsystem. As a result, the crystal lattice is
cooled or heated up too.

The electron and phonon temperatures are equal at infi-
nitely large rates of the electron-phonon energy exchange [9].
In this case the cooling or heating of electrons and phonons
occurs as the cooling or heating of a single system. Just this
situation has been considered in the present work [see Eqs.
(1-8)].

The electron and phonon temperatures are different at the fi-
nite rates of the electron-phonon energy interaction [9]. How-
ever this fact dose not changes the principle mechanism of the
thermoelectric cooling or heating. The difference between the
electron and phonon temperatures (two-temperature approx-
imation) leads only to the quantitative change of the effect.
The qualitative picture of the cooling remains former.

In summary let us point out the important feature. The dis-
cussions about the reversibility of the thermoelectric phenom-
ena are conducted since Thomson [10]. Proportionality of the
Peltier’s effect to an electric current and, hence, the change of
the cooling to heating or vice versa with the change of a direc-
tion of an electric current makes natural the assumption that
the Peltier effect is the reversible thermodynamic process. On
the other hand, it is difficult to consider a process as reversible
if it contains an irreversible process of the heat conductivity.

Nevertheless, as it follows from Eq. (1), the entropy flux is
conserved in the thermoelectric cooling or heating processes
as like as the generalized heat flux when the linear approxi-
mation in the electric current is considered and the adiabatic
insulation of the structure is maintained on its lateral surfaces,

—

divi =0.

T (10)

This circumstance unambiguously speaks about the re-
versibility of the thermoelectric cooling (heating) effect in the
linear approximation in the electric current. From our point
of view this entropy constancy is associated with the simulta-
neous presence of two thermal fluxes in the cooling (heating)
process, namely with the drift thermal flux and the thermal
diffusion flux. The entropy change from the part of one ther-
mal flux is completely compensated by the entropy change
from the part of another thermal flux. As a result, the total
entropy change of the cooling or heating process is equal to
zero. Given statement one can consider as the strict formula-
tion of the Le Chatelier-Braun principle for the thermoelectric
processes of cooling or heating.

The process of thermoelectric cooling or heating becomes
irreversible if we will take into account the quadratic terms
in the electric current in the energy balance equation (the
Joule heating and Thomson’s effect) or when the “isothermal”
Peltier’s effect is considered, i.e. when the thermal interaction
between the structure and the ambient takes place.
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