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The possibility of cooling carriers in inhomogeneous semiconductors by applying a static electric field is investigated. The
temperature distribution associated with the impurity distribution in a sample is obtained. It is shown that carrier cooling leads
to descending segments of the average (for a sample) electron temperature as a function of the current. A descending segment

can start at an arbitrarily low current.

ONE of the authors has shown"’ that under certain
conditions charge carriers in inhomogeneous semicon-
ductors can be cooled by a static electric field instead
of being heated, and that the average energy of the car-
riers then drops below the lattice temperature T. This
effect can be explained essentially as follows. Let the
impurity concentration N in a semiconductor depend on
a coordinate (x, for example). I the Debye radius is the
smallest parameter having the dimension of length in
the problem, the carrier concentration at each point will
coincide with the impurity concentration” (see %, for
example), thus establishing an electron concentration
gradient (dN/dx)i (where i is the unit vector in the x
direction). It is well known that an associated electro-
static field is then directed along the gradient. An ex-
ternal electric field applied to the sample induces a
current in the same direction as this field.™ If the
current direction is counter to the direction of the con-
centration gradient and the external field is weaker
than the field associated with dN/dx, the carriers will
move in a (total) field that is oriented counter to their
motion. The electric field then obviously removes en-
ergy from the carriers, which are thus ‘‘cooled.’’ The
energy removed from the carriers must be liberated
outside the sample, in the current source, for example.
The described effect is somewhat analogous to the
Peltier effect, although the former is of spatial char-
acter.

In ™! carrier cooling was investigated without taking
into account the dependence of carrier temperature on
the coordinates. However, it is easily seen that the
electric field E in a sample, and thus the carrier tem-
perature, must be a function of x. The presence of a
carrier temperature gradient can, generally speaking,
bring about essential changes in the physical picture:
thermal currents arise, the Thomson effect occurs,
heat flux appears in the electronic subsystem etc.

In the present work carrier cooling in semiconduc-
tors is investigated with the aforementioned factors
taken into account. We consider a nondegenerate (elec-
tronic) semiconductor in the shape of a parallepiped of
length L in the x direction, while its dimensions in the
transverse y and z directions considerably exceed the
mean free electron path /e associated with energy trans-
fer."™ The electron dispersion law is assumed to be
isotropic and quadratic, and collisions between carriers

DThat is, of course, if we neglect processes such as impact ionization,
variation of the recombination coefficient in the field, etc.
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and scattering centers are assumed to be quasielastic
(with the momentum-transfer mean free carrier path
Ip < 1e™).

The concentration of impurities, and therefore that
of the carriers, depends on x and is given, for simplic-

ity, by N = Noe'X/l, The magnitude of No is such that the
frequency vee of interelectronic collisions greatly ex-
ceeds the frequency ve of collisions between electrons
and scattering centers accompanied by energy transfer.
The electric current flows along the x axis with J I 1.

Under the foregoing assumptions our problem may
be considered one-dimensional (i.e., all quantities will
depend only on the x coordinate), and the symmetric
part of the electron distribution is Maxwellian with the
effective temperature ©:11?

fo(e) = N(2am@)~+e=2/® (1)

where € is the energy and m is the mass of the carriers.

The electron temperature as a function of the coor-
dinates is determined from the equation of heat balance,
which can be obtained from the kinetic equation (see
8,91 for example)
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is the x-component of heat flux Q, and Ey is the electric
field strength in the sample (E has only an x-component);
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is the x-component of the current and u = /T is the
dimensionless electron temperature;
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are the electronic heat and the electric conductivity at
u=1, v =vyT)e/T) 1 is the frequency of collisions,
with momentum transfer,'” between electrons and scat-
tering centers; vg(u) = voe(T)u" "*;* r and q are numeri-
cal coefficients of the order of unity (for which explicit

and o

IIf the inequality v,.>v, is not satisfied, the result obtained by the
effective temperature method differs by a numerical coefficient of the
order of unity from the rigorous resuit of the kinetic analysis.!”.
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expressions are given in '), whose values depend on the
scattering mechanism with respect to the carrier energy
and momentum, respectively.

Because under stationary conditions the current Jx
does not depend on the coordinate, it is convenient to
express the field Ex in terms of Jx. Using (4), we obtain

J. N, Tu 1 dN T du (5)

E: =——0u" —_—— —_——.
o Nu + e Ndx+(1+q) e dx
Substituting Ex and Qx into (2), we finally obtain the

following equation for the electron temperature u:

d'u du \? 1 3 7. du
—_— 1 —1 (___) — [_ —_ —(1+q)],_
dz’+( +tou dz 1 + 2% T ¢ dz
TI. 1 Tl. 15 ur*(u— 1)
—_— T peiiy—g | T4 > —(14+q)
e © uq[ l+v ex (2 +q)u q]+ 12 ’
(6)

In deriving (6) it was assumed that N = Nee~X/ and
[l
Equation (6) must be supplemented by the boundary
conditions for temperature in the planes x = 0 and x
= L, which describe the transfer of energy from elec-

trons to scattering centers at the boundaries of the
sample. As is shown in ) these conditions are

% NoTve= 12

duf-

E‘ xm0,L

The parameter 1 > 0 is determined by the strength of
the surface mechanisms.

Equation (6) shows that the two parameters 7 and /g,
having the dimension of length, are involved in the elec-
tron cooling problem. The case le > 1 is of no special
interest: First, for  # 0 and L < [g, because of the
boundary conditions the electrons are thermalized in
the entire volume, i.e., u becomes of the order of unity;
] secondly, in all semiconductors Zg ~ 107°-10* cm,
and therefore the situation ¢ > is unlikely to occur
in experiments. Therefore we shall henceforth assume
l2lgand L ~1,

The condition that the total electric field in the sam-
ple be directed counter to the current reduces, as is
easily seen from '), to the requirement

O

= (2 —1) |emor.

_1_ > _Ti‘?u—m-q)eux.
l ex
1t is obvious that (6) cannot be solved exactly; we
shall therefore perform a linear analysis. It will be as-
sumed that the electric current and the concentration

gradient are consistent with

(8)

9)

Linearizing (6) with respect to ¢ and neglecting terms
of the order $/1% (where g is the characteristic length
for electron temperature change), we obtain

u=1—9, ¢

1 38 _1d0 o
2 | e | —_—
F6/dz’ [ RECAA ey

=%em[_71+%(%+q)e~"]. (10)

We have here introduced the notation TJy /ex = 5/1,,
with 6 for the dimensionless current.

It will also be assumed henceforth that (8) becomes
the extreme inequality

s<e 1,11, (11)
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In conjunction with (11) and the linearized boundary con-
ditions (7) in the form
asT

—_— = 4 0:—.1
T | gy = N

(12)
we easily solve (10) for all values of n. I, for simplic-
ity, we assume 7 = 0 (in which case the effect should be
maximal), we have

Az(ekzl. — etl) M — A, (ek‘L — et gt
LMD, (M — enb)

, le
=1—5-2
“ l

+ et } (13)

where

1 1 1\
A2 —'—27:|: (ZF-I-'—ZE) .
Thus with § < lg/l £1 electron cooling occurs.

When the inequality I > ¢ is satisfied, (11) becomes

unnecessary. It is sufficient to require

dSle/l<< 1. (14)
Then in the regions x > lg and I — x > lg we have
le )
=1 —§ "/t s %/
u Te [1 GZC(Z +q)e ] (15)

1t follows from (15) that for any fixed value of 6 there
exists a part of the sample,

le<< r <L lln-ilié—(s-/:Tq—)-,
where u < 1. This region becomes larger as 6//lg de-
creases.

Equations (14) and (15) show that the condition ¢ < 1
is satisfied automatically. This indicates that even when
(14) is fulfilled (6) has a solution with u < 1, although the
cooling effect is small (in accordance with the smallness
of 6lg /). We note that the function u(x) in (15) corre-
sponds to the solution of (10), where derivatives of u with
respect to x, and thus the contribution of the temperature
gradient to cooling, are neglected. Indeed, as has been
shown in ' if the foreign inhomogeneity greatly out-
weighs the energy-transfer mean free path /g, the tem-
perature and the inhomogeneity are related locally. Thus
the result obtained in ' is valid when (14) is satisfied,
giving small cooling.” If I ~ e, taking the specific value
le = 21/V3 , which greatly simplifies the result, we have

w=1— 2 g[ei—1], (16)
V3
and, because of 6 < lg/l ~p, the condition ¢ K 1 is
satisfied.

From an analysis of (10) for ! ~ lg it follows that ap-
preciable cooling can occur if 6 is sufficiently close to
(out smaller than) the value lg /I ~ 1. However, in this
case all terms of (6) are of the same order of magni-
tude and an analytic form of u(x, §) cannot be derived.
Then in the absence of small parameters a solution
u < 1 cannot exist. Therefore, if [ ~ lg and the cooling
condition (8) is fulfilled we have a temperature u < 1.

We shall consider how the electron temperature av-
eraged over the length of the sample, u, depends on the
dimensionless electric current §. This can be done

"We note here that an incorrect volt-ampere characteristic was ob-
tained in{"! under the conditions of strong electron cooling and neglect of

vu.
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more conveniently for the case lg < I, because (15) is
valid in a considerably broader range of & than is the
case for (13) and (16). It follows from (15) that

1
u= —EJ u(z)dz
is represented by

l
— & 17
ZLG' (17)

We thus observe that u < 1 for 0 < § < §,and u > 1 for
& > 8y, where

2le et —1

F(5He )y

At 8 = §,/2 the temperature u reaches its minimum
(see the figure). In the current range 0 < § < §,/2 the
temperature u falls as the current increases; this must
lead to instabilities of a different kind in the regime of
the given field. It is of interest that the mechanism ex-
plained here is not the only mechanism that can produce
a decline of temperature as the current increases. How-
ever, while for all other mechanisms, so far as we know,
this decline begins when the current exceeds a certain
critical value, in the present case we observe du/ds < 0
at an arbitrarily low current.

As the ratio lg /I increases the minimum of u(5) is
shifted to higher values of §; Qyjn can be of the order

lﬁ
u= 1—[eL/I—1]—l—16+[ez"/l— 1] (%‘l‘q)

& =
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of unity when l¢ /7 ~ 1.* In this case the existence of

a descending segment in the graph of u as a function of

0 can lead to segments characterized by negative differ-
ential conductivity in the volt-ampere characteristic
(VAC). If the electron temperature u depends on the
current § uniquely, it follows from (5) that the VAC with
a descending segment can be only S-shaped. I u is not
uniquely dependent on &, the VAC can have both S-shaped
and N-shaped segments. An explicit form of the volt-
ampere characteristic can be obtained only by solving
(6) numerically.

“To avoid misunderstanding, we emphasize that the figure pertains
only to cases of small currents 8. For large currents u can be a nonunique
function of 8, but will necessarily possess a minimum.!"!
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