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The physical peculiarities of the thermoelectric cooling phenomenon by an electric current in p-n
structures of thermally thick structure in the linear approximation are investigated. It is shown the
possibility of the realization of an exotic distribution of the temperatures of electrons, holes, and
phonons: the thermoelectric cooling takes place near the p-n interface and in the subsystems of charged
quasi-particles only. The phonon subsystem stays in the equilibrium state. The prerequisites to such
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1. Introduction

Traditionally the temperature distribution in a p-n structure,
when a current passes through, has been examined under quasi-
equilibrium conditions, when temperatures of all quasi-particles
(electrons, holes, phonons) in each point coincide [1-5].

However, researchers do not discuss the criteria of the appli-
cability of such approximation. Indeed, at first glance, such model
might be correct for thermally thick samples, when the layers’
lengths of the p-n structure are much longer than the length of
electron (hole)-phonon energy interaction (cooling lengths [6]).
Under these conditions there is a strong electron-phonon inter-
action in such samples. The cooling length is of submicron orders
[7]. For the justification of one-temperature approach it would
seem therefore that the p- and n-layers’ lengths should be larger
than one micron or more.

However, since the Peltier's effect takes place exactly in
subsystems of charged particles [8], and arises up on an interface,
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the subsystems of charged particles are heated or cooled first of all.
Moreover, the temperature of the phonon subsystem changes due
to the energy interaction with electrons and holes. Therefore, under
small enough power interaction between electrons (holes) and
phonons at the interface (the criteria for this are established below)
there will be always an area nearby the p-n junction where the
temperatures of electrons (holes) and phonons will differ. This area
is of the order of the cooling length. This leads to use of a two-
temperature approximation, when the temperatures of electrons
(holes) and phonons differ. The profiles of temperatures of phonons
and electrons (holes) will be identical on the distance, more than
the cooling length from the interface, in absence of volume heat
sources [7]. Under these circumstances, as will be shown below, an
exotic case can arise when the phonon subsystem remains at the
equilibrium in all the volume of p-n structure, whereas essential
cooling (heating) occurs only in the near-interface layers (over
a distance in the order of a cooling length) of the charged particle
subsystems (electrons and holes).

The purpose of this work consists in both establishing the
temperature distribution in the subsystems of charged particles in
a thermally thick p-n structure under a current, when the
subsystem of phonons remains in equilibrium, and in establishing
prerequisites to such situation.
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Nomenclature

j Density of electric current, A/m?

Te Temperature of electron subsystem in the n-layer of
the structure, K

Tpe Temperature of phonon subsystem in the n-layer of the
structure, K

Th Temperature of hole subsystem in the p-layer of the
structure, K

Ton Temperature of phonon subsystem in the p-layer of the
structure, K

d, Thickness of the n-layer of the structure, m

dp Thickness of the p-layer of the structure, m

To Ambient temperature, K

Ke Thermal conductivity of electron subsystem in the
n-layer of the structure, W/m K

Kpe Thermal conductivity of phonon subsystem in the
n-layer of the structure, W/mK

Kh Thermal conductivity of hole subsystem in the p-layer
of the structure, W/m K

Kph Thermal conductivity of phonon subsystem in the p-
layer of the structure, W/m K

Pe Coefficient which defines intensity electron-phonon

energy interaction in the volume, W/K m>

P Coefficient which defines intensity hole-phonon
energy interaction in the volume, W/K m?

Mp Phonon interface thermal conductivity, W/K m?

Neh Electron-hole interface thermal conductivity, W/K m?

Pee Coefficient which corresponds to the electron-phonon

energy interaction on the interface between the
electrons and phonons of the n-layer of the structure,
W/K m?

Pepy Coefficient which corresponds to electron-phonon
energy interaction on the interface between the
electrons of the n-layer and the phonons of the p-layer,
W/K m?2

Phe Coefficient that corresponds to the hole-phonon
energy interaction on the interface between the holes
of the p-layer and the phonons of the n-layer; W/K m?

Phn Coefficient, which corresponds to the hole-phonon
energy interaction on the interface between the holes
and phonons of the p-layer of the structure, W/K m?

Il Peltier’s coefficient of the n-layer of the structure, W/A
Iy, Peltier’s coefficient of the p-layer of the structure, W/A
1l Peltier’s coefficient of the interface, W/A

k1 Electrons cooling length, m

kﬁl Holes cooling length, m

2. Energy balance equations and boundary conditions

We will examine a cooling case for definiteness: i.e. the drift
fluxes of heat [8] are directed away from an interface. The electric
current should flow from the n- to the p-region for this purpose.

There will be extraction of minority charge carriers and subse-
quently their thermal generation when the current passes through
the p-n transition interface. The latter will cause the set of a pop-
ulation of non-equilibrium charge carriers [9]. Traditionally,
authors [1-5] say nothing about non-equilibrium charge carriers
when studying the temperature distributions in a p—n structure.
We will examine the case of an infinite speed for the recombination
processes [10] for simplicity. Therefore, the non-equilibrium charge
carriers will not exist. Thus, the concentrations of electrons (holes)
in the whole volume of the structure will be identical and equal to
their equilibrium values.

Let T and Tpe be the temperatures of electron and phonon
subsystems respectively in the n-layer (-de <x <0), T, and Tpp, be
the temperatures of holes and phonons in the p-layer (0 < x < dp).
The current flows normally to the interface along the positive
direction of the x axis. We consider the cross-section area of the
structure to be equal to unity, the ambient temperature is Ty. Let us
assume that the lateral interfaces of the structure are adiabatically
isolated and the materials of the structure layers are homogeneous.
In this case, the problem becomes one-dimensional, and the energy
balance equations in the linear approximation by a current are [7]:

d?T, ,,
Pe«,h <TpeAph - Te,h) + Ke,hTZ’ =0, (13)

d’Tpe op
—Fen (Tpetph - Te,h) + er}ph% =0, (1b)

In eq. (1) ke and kpe are thermal conductivities of electron and
phonon subsystems respectively in the n-layer, ky and «p, are
thermal conductivities of hole and phonon subsystems in the
p-layer respectively, Pen is the coefficient which defines
intensity electron-phonon (hole-phonon) energy interaction

in the volume. The latter is proportional to the energy
frequency of the interaction between electrons (holes) and
phonons [7].

In order to correctly formulate the problem in terms of the
thermoelectric cooling [8], we will consider that at the external
interfaces (x = —de and x = dy,) there are isothermal junctions:

Tepe(—de) = To, Thpn(dy) = To. (2)

Traditionally, researchers use the approximation of isothermal
junction for a p-n junction [2,3] to investigate the thermoelectric
cooling. However, Peltier’s effect takes place on this interface, the
physics of which we investigate. Therefore, it is not correct to
simplify the model by making use of an isothermal junction at the
p-n transition. We will use the general model, which takes into
account all thermal properties of the p-n junction and the possi-
bility of energy interaction at the interface between electrons, holes
and phonons.

Following the procedure outlined in [7,11], it is not difficult to
obtain the following boundary conditions at the interface:

s + Nep (Te‘x:,o—Th|x:+0) = Qely——o
= Pee (Tpe|X:,0*TE‘x:—0) + Pen <Tph‘XZ+O*TE‘x:7O>v (3a)

Qh|x:+0_ OHS =+ Neh {Te|x:—0_Th|x:+0D
= Phe (TPe|x:—0_Th|x:+0) + Phh <Tph‘XZ+O_Th‘x:+O)7 (Bb)

Mp (Tpe}x?o_Tph x:+0> ~®lio
= Pee(Telx——0—Tpely__o) + Phe (Thlx=r0—Tpe|_ o) (30)

QP |x:+0_nP (TPE |x:—O_TPh x:+0)

= Pen (Te|x:70_Tph‘X:+0) + Phn (Th|x:+0_Tph‘x:+0>~ (3d)
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Here

. dT,
Qely——o=jlle — Ked—);3 (4a)

x=-0

is the heat flux in the electron subsystem at x = —0;

dT;,

= jIl, — k1
Qnlx—yo= JIn — K x|, o (4b)
is the heat flux in the hole subsystem at x = +0;
dTpe
Qleo0= ke g | (4c)

is the heat flux in the phonon subsystem at x = —0; and finally,

dTon
QP|X:+O = _KPhd—i (4d)

x=+0

is the heat flux in the phonon subsystem at x = +0.

In egs. (3) and (4) j is the density of electric current, 7 is the
phonon interface thermal conductivity, nen is the electron-hole
interface thermal conductivity, Pee is the coefficient which corre-
sponds to the electron-phonon energy interaction on the interface
between the electrons and phonons of the n-layer of the structure,
Pep, is the coefficient that corresponds to electron-phonon energy
interaction on the interface between the electrons of the n-layer and
the phonons of the p-layer, Py is the coefficient that corresponds to
the hole-phonon energy interaction on the interface between the
holes of the p-layer and the phonons of the n-layer; Py, is the
coefficient, which corresponds to the hole-phonon energy interac-
tion on the interface between the holes and phonons of the p-layer of
the structure, I1 is the Peltier’s coefficient of the n-layer (I < 0), I1y,
is the Peltier’s coefficient of the p-layer (II;, > 0), II; is the Peltier’s
coefficient of the interface [ 12,13]. The latter coefficient, according to
its definition (IIs = lim{(ffé dx/k(x) "1 ffé II(x)/k(x)dx}, where
k(x) is the thermal éaﬁ)ductivity of charge carriers, II(x) is the
Peltier’s coefficient, ¢ is the width of transition layer (see Fig. 1)), can
be positive or negative on the p-n junction.

We will investigate the case of nondegenerated semiconductors.
Then, the phonon thermal conductivity is much greater than the
electron (holes) thermal conductivity [7]:

er.ph > Ke,h- (5)

This condition causes the cooling length to be equal to the electrons
(holes) cooling length ke*; = \/ken/Pen [7]. Since we investigate

- J
h H H P
0 \ H
Te 2 Tpe: h ph
AT, LT AT,
T ph,
pe lAT
ATPG h
AT, ETL\ T Ay
P -k
d, e k., d,
_de 0 dh X

Fig. 1. Schematic image of the temperature at thermal cooling in the p-n diode in the
case of thermal thick layers.

a thermally thick p-n structure, then the cooling lengths are less
than the lengths de, dy, of the structure:

ke,hde,h >1 (6)

3. Non-typical temperature distributions

In general, the temperatures of electrons, holes and
phonons in the p-n structure with thermally thick layers are
distributed as represented on Fig. 1. The electrons (holes) do
not interact with the phonons in the areas close to the
interface (|x\51<;f]) [7]. The energy interaction between elec-
trons (holes) and phonons is very strong in areas far from the
interface (\x\>>l<;fj).Therefore, the temperatures of electrons
(holes) and phonons near the p-n interface on the distance of
cooling length will be different if the interface energy inter-
action between electrons (holes) and phonons will be weak
enough (a criterion to determine when the level is “weak
enough” is given below). The energy interaction between
electrons (holes) and phonons is very strong in areas far from
the interface (|x|>>k_}). Therefore, the temperatures of elec-
trons (holes) and phonons are identical in these areas, and are
linear functions of the coordinate x in the one-dimensional
case.

The phonon temperature is the equilibrium one, and the cooling
takes place only in the subsystems of electrons and holes if the next
inequalities are correct, as follows from Fig. 1:

ATe>> ATpe, (7a)
ATe>> ATy, (7b)
ATy > ATy, (7¢c)
AT, > ATy, (7d)

We assume for the estimation that:

Pee ~Pey ~Phe ~ Py ~Pyj, (8a)

Pe NPh7 Ke ~Knh ~Keh,

(ke ~kn ~ken) (8b)
Kpe ~Kph ~ Kp, (8¢)
de ~dy~d. (8d)
From the boundary condition (3c) we can see:
dTpe
N (AToy — ATpe ) + Kpe—Pe
p( ph Pe) P |,
= Pee(ATpe — ATe) + Phe(ATpe — ATy). (9)

From Fig. 1 it follows that

dTpe
dx

From egs. (10), (9), (7a) and (7c) we obtain:

x=—0

Mo (ATPE - ATPh) + KpekeATpe ~PeeATe + PheAT, (11)
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From eq. (8) it follows, that

ATe ~ ATy, ~ ATy, (12a)
ATpe ~ATpp ~ATpep, (12b)
AT, ~ATp, ~AT. (12¢)
From eqs. (11), (12) and (8), we obtain:

AATTpeehh - k::ip’ (13)

We can see from eq. (13) that for the fulfillment of criteria (7a) and
(7c), it is necessary that

Pij < keth. (14)

The physics of the inequality in eq. (14) will be discussed below.

In order to obtain the criteria for the realization of conditions
(7b) and (7d), let us consider the boundary conditions for the heat
flux atx = —k;1:

dT, dT, dT,

7K _
dx x=—kz'+0 “dx x=—k:'+0
(15)

As in nondegenerated semiconductors the electron thermal
conductivity is more less than the phonon thermal conductivity [7]
(see eq. (5)) then the electron thermal conductivity in the left side
of the equation (15) can be neglected. Taking into account egs. (5),
(6) and (8), we can rewrite this boundary condition by an order of
magnitude as follows:

AT
Kp7~kaehATpeh + KenkenATep. (16)

Taking into account eq. (13), we obtain from eq. (16):

AT
Kpg ™~ (KenKen -+ Pij) ATep. (17)
Now, using egs. (7b) and (7d), from eq. (17) follows the criterion
Kp > (kehKeh + PlJ)d (18)

From condition (6) follows that the fulfillment of the criterion
(18) guarantees the fulfillment of the criterion (14). Conse-
quently, the criterion in eq. (18) provides the implementation
not only of the conditions (7b) and (7d), but also of all the
conditions in eq. (7a), (7b), (7c) and (7d). Thus, in thermally
thick samples (condition (6)) to ensure that a substantial
cooling exists in the interface neighborhood in both the
subsystems of electrons and holes (the subsystem of phonons
remains in the equilibrium state), it is sufficient that the
criterion (18) is fulfilled. The criterion (18) has a clear meaning:
Obviously, in order to ensure that the phonon temperature
remains equal to its equilibrium value, it is necessary a value of
the phonon thermal conductivity be much larger than both the
electron and hole thermal conductivities. In addition, it is also
clear that in order to prevent that the phonon subsystem will
undergo a cooling process at an interface, it is necessary
a weak energy interaction between phonons and electrons
(holes) at the interface.

Now let us find the temperature distribution in the electron and
hole subsystems under the criterion (18). In this case, the phonon
subsystem is at thermal equilibrium:

Tpe(x) = Tpn(x) = To. (19)

From eq. (1), the boundary conditions (2) and (3), and also taking
into account the condition (6) and eq. (19), we obtain for the
temperatures of electrons and holes:

Ten(X) = To+e* e [j(Ile — Ty )nen £ j (e —11s) (kehKeh+Pij)}

-1
x {kgthth(kehKeh +Pij) (Men +Pij)} : (20)

We can see from eq. (20) that both heating and cooling of the
charge carriers can take place. The latter depends on the magnitude
and the sign of 1.

In the case of the fulfillment of the inequality

Neh
HIs| < {Hep|7—" - (21)
e |kehKeh + Pj
we have only carrier cooling, which does not depend on the
interface Peltier’s coefficient I1;.
Let us consider some partial cases for a more detailed analysis of
the temperature distribution in eq. (20).

1) The interface electron-phonon thermal conductivity 7en is
sufficiently large:

11|

T 22
o] (22)

Neh>>Pij, Kenken, (Kenken + Pjj)

Under these circumstances, the temperature distribution (20)
simplifies as follows (see Fig. 2):

B Je = Iy) ikx
Ten(x) = To +7keh,{eh+l,ﬁ€ L (23)

We can see from eq. (23) that the temperature of electrons equals to
the temperature of holes at the interface in this case. Only cooling
takes place at the interface which is enhanced when the values of
the parameters ken, kenh and Pjj become smaller.

2) The electron-hole thermal conductivity 7en is sufficiently

small:
P, k k py) sl 24
Neh K Lj, KehKehs (eh’cehJr U){H . (24)
e,h}
T
b A
TO Tpl sz

0 *

Fig. 2. Temperature’s profile at thermal cooling in a p-n diode under the conditions in
egs. (18) and (22).
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Fig. 3. Temperature profile in a p-n diode under the conditions in eqgs. (18) and (24),
when |II5|>|Il.y| and IIs> 0.

Under these conditions, the temperature distribution (20)
simplifies as follows:

J (H en — 11 S)
_ Kenken Py
kehKel1+Pij

Ten(x) = To+ ek, (25)

kenKen + P

As can be seen from eq. (25) in this case, the temperature of elec-
trons is not already equal to the temperature of holes at the inter-
face. Moreover, there both cooling and heating may take place. Thus
we see that cooling or heating are becoming greater when the
values of the parameters ken, ken and Pj; are becoming smaller. This
is the same as in the previous case.

If [IIs|>> |II¢ p|, then the distribution takes the form:

JHs(Kenken + Pij)
kgthh + kehKehPij + Pﬁ

Ten(®) = ToF etha, (26)

In the case of IIs >0 (IIs <0), the electron subsystem is cooled
(heated), whereas the hole one is, conversely, heated (cooled) (see
Fig. 3).

If we have the opposite situation (|IIs| < |Hep|), then the
temperature distribution is the following: '

v
G A,

T:) Tpl Tp2
T,
T

A

>
X

0

Fig. 4. Temperature profile at thermal cooling in a p-n diode under conditions in egs.
(18) and (24), when |IIe|> I, |I5).

JHen (Kenken +Ps) 1 x
kgthh + kenkenPyj + Pﬁ

Ten(x) = To £ (27)

There is cooling of both electron and hole subsystems. However, in
the case of |Ile|> Il (|Ile| < II,) there is cooling only in the
electron (hole) subsystem (see Fig. 4).

4. Conclusions

As a general conclusion, in our work it is shown the possibility of
realization of the exotic temperature distribution in a p—n structure
under an electric current. The phonon temperature is at its thermal
equilibrium value, whereas the temperatures of electrons and holes
undergo essential cooling or heating near the interface over
a distance of the order of the cooling length. We have established
the prerequisites for these temperature distributions (criterion in
eq. (18)).

Moreover, it is shown that there can be cooling (or heating) only
in one of the subsystems: either in the electron or in the hole one -
whereas the other one stays in the equilibrium state. Such situation
takes place, when the interface electron-hole thermal conductivity
on the interface is essentially small (the criteria of infinitesimality
are established) and the Peltier’s coefficient of electron (hole)
semiconductor is essentially larger than both the Peltier’s coeffi-
cient of the hole (electron) one and the interface Peltier’s
coefficient.

The temperatures of electrons and holes on the interface coin-
cide under some criteria.
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