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The production of an electron-temperature superlattice in a hot-elec-
tron semiconductor is considered Iin the linear approximation for the
case where the absorption coefficient for the heating light is depen-
dent on the electron temperature. The distribution of the electron
temperature under static conditions has been derived, and also for free
convection in the electron gas. The electromagnetic~fileld distribution
has also been derived for the latter case. The critical light inten-
sity at which the superlattice arises has been calculated.

INTRODUCTION

The origin of a temperature superlattice in a semiconductor with unipolar
conductivity has been considered [1] in the linear approximation for conditions
of a fairly high gradient in the electron (or hole) temperature. It is assumed
that the free-carrier gas is heated by the field of the light wave during intra-
band 1ight absorption. The electron gas is considered incompressible, while the ab-
sorption coefficient y is independent of the electron temperature T. Here the
problem of [1l] is considered, but for conditions where one cannot neglect the
dependence of the absorption coefficient on the electron temperature. The as-
sumptions are otherwise those of [1]. In particular, we assume that the thick-
ness of the specimen in the direction of the light beam greatly exceeds the re-

ciprocal of the absorption coefficient for a weak electromagnetic wave Yo,
while

—1 —t 2

Yo A= V_S- Xy T+

It 1is readily seen what effect 1s to be expected. This relationship with

g%{>0 raises the absorption coefficient at the illuminated surface somewhat by

comparison with the case when y(T) is neglected. Then there is an increase
(decrease) 1in the amount of light energy absorbed at the surface (reaching the
depth of the specimen). One therefore expects somewhat greater variations in

the electron temperature. Correspondingly, instability sets in for %%{>0 at
light intensities lower than would be expected when y(T) is neglected. The sit-

vation is the converse for %%«(0.

1. BASIC EQUATIONS

The initial equations are as in [1], the only difference lying in the ex-
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pression for the light-wave energy absorbed by unit volume in unit time.

We introduce the following symbols: n is the free-carrier concentration
{the carriers are subsequently taken to be electrons, although all formulas are
written for particles with positive charge), u is the speed of the convective
motion, , is the thermal diffusivity, t 1s the energy relaxation time, q is the

electron energy flux density, I is the light-energy flux, T and TO are the elec-

tron temperature and the lattice temperature, V¢ 1s the strength of the steady
electric field, E_ is the strength of the light-wave field, j_ 1s the density of
the current due to the electromagnetic wave, and o is the conductivity.

If the electron gas is incompressible and nondegenerate, while a power-law
relationship applies for the dependence on energy W for the momentum relaxation
time (1,(W)~Wr), then the transport equation for the energy takes the form
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The term n<W> describes the mean energy acquired by unit volume of the electron ;
gas in unit time from the light-wave field. :

If the light wave is monochromatic, 1.e.,
E_=Re[Ee ], j.=Re[je].
then

1 (W) = (E.) =0, ()] Bl

Therefore, to obtain an expression for s« W>, we have to solve Maxwell's ;
equations on the basis that the conductivity o (0=o0,+ic;) is dependent on the elec-
tron temperature. We assume that thils relationship is known from kinetic theory -

[(2].
The boundary conditions of (1) are as in [1]; if the Oz axis colncides with
the direction of the light beam, then
z=0: ——mc-giz — (T — Ty,
8z
200 TeT,

where v>0 is a phenomenological coefficient. We assume at once (in contrast to?
[1], where the condition was imposed at the end) that the heat transfer at the

illuminated boundary is small, SO vo= v As & 13 We put

T——‘To(l + &

and assume that the heating is small, i.e., ikl ; therefore, linearization with
respect to ¥ is performed subsequently. On this basis we restrict ourselves in
Taylor series of expansion of o(&) to terms up to the first order in &, i.e.,
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where o, denotes the logarithmic derivative,t%::(i%ﬁ}) .
T==T,

2. STATIC CASE

The solution is sought in the following form when the instability has not
yet set in:

=0, £= gs (Z)' P =@ (2’), EO = Esb (Z) Jlox'

Then (1) becomes
<3 E 1
‘-——%+-2-nTo_T‘s"2‘6,(§s)lEsoiz~ (2)

Joint solution of Maxwell's equations and (2) gives
de (0 s de (0)

— qroz—Yo2/2 ;948 b _ & : (2) —
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and (in the approximation linear in gs)
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Here
;io e iYy/2q = l/mv q=o/c, (v, §) : &, (®) 4 idso (o, Slo,

By &lw) we denote the part of the dlelectric constant due to polarization of
the atoms and vibrations of lattice ions, which is independent of the electron
temperature; E,=E,(0). The value of Em is determined from the condition for con-

tinuity of the tangential component of the electric field at z = 0.
3. TEMPERATURE SUPERLATTICE

To determine the stability of the static state for occurence of a su-
perlattice we impose a small perturbation on the static solution assuming that

gzgsh:—ﬁgv (P=CPS+§CP, u=us+6u(us=0)v

and Ap=A,+0A,(A_=Re[A,e~ ] 1s one of the vectors E_,H_D_, j. ), where

88, d¢, ducwn et coskr,

and the coefficients of proportionality are respectively fi(2), fo(2), f(2); by k and r
we denote two-dimensional vectors in the plane of x and y, while s is a gquantity
with the dimensions of reciprocal time. The form to be used for oEo, §H,, 8Dy and



8jo, will be clear from what follows.

The instant of onset of instability is de-
fined by the condition Re s = 0.

We are interested in stationary convection, so
we put Im s = 0 also.

The vectors 8, 6E, and E, are related by

Gjo = GsﬁEl) + Gs&sﬁgk"so’ ( 3 )
which is obtained by varying ji=0oE, about the static solution.

We have to solve Maxwell's equations in order to find 8E, ; we vary the lat-
ter about the static solution to get

I‘Ot(SH :.—.-ilaj~ _L._B_l_ 665'~ N ()4)
- ¢ c ot
rot6E~:_L 55H~; (5)
¢ ot
div 8H_, == div 8E_ == 0. (6)

Here we have used the fact that the electron temperature &, the free carrier con-
centration n,

and the space charge density pfree
U)Tac>> l .

are independent of time when

From (3) and (6) we have that §E, should be sought in the form

8E,, BE,, w»coskr, 8E,, wosinkr;

where the coefficients of proportionality are correspondingly &oc(z). &€o(2) and
80:(z). The equations (4), (5), and (6) give

where

. 4nm

= (¥.= —i505hE, 0,0},
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The boundary condition for (7) with z - « is

6(, lz-»co"‘"o,

The values of the constants Sme= 8wl (0 =1, 4, 2) are determined from the boundary f
conditions for Maxwell's equations at z = 0; these conditlons are obtained if we!

vary the usual boundary conditions of electrodynamics about the static solution
(for constants E!"™ and H"™). We have

SEmt = 8Ems {0 =2x, y); (8)
‘ e OEL = ¢,6F, ,; , (9)
SHmp = SHug (B =%, 4, 2). (10)
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Here €4 is the dielectric constant of the insulator bounding the semiconductor.

The relation between the vectors §E, and éH, required to solve (8)~(10) is
defined as usual from (5) and (7); (7) is solved from perturbation theory. We
represent §&; as

-— —_ -
1 2 1 >
Eo =88 + 8, where| 87 | /1857 | ~E, < 1.

Then for %@ we have the following boundary-value problem:
(& +#3) 80 =,
88 [0 = B (@ = x, 4. 2);

(!
J‘;Ool Iz—»oc -0,

where 5= {1 (& - 0).

The quantities 5@ willl not be determined, so superscript 1 willbe omitted in
future. The solution to this boundary-value problem is

i Hgz

_ i 1. 1€
Eoy = 6 1298

__j) dz' e—iHez’ \P‘o (z') — i o Sclz’e“*’fﬂ' lyo (z,) :I;
0 z

Evo, = B € (@ =Y, 2).

Then from (5) we find for z = 0 that

(kygmz - ':b.i.ogmy) coskr = qﬁme; ( 11 )

(1FaBe — [ d2'eo Wy (') —~ R .8 ) coSKE = GOH (12)
0

b8y — kS ) SInkr = gdH . (13)

Estimation of the integral in the form of (12) shows that it is small in rela-~
tion to the parameter yw/A<l, so it should be omitted. By virtue of (6), the
quantities &, &my @and &, are not independent, but instead are related by

*k,’gmx-'—kygmy ‘]”b ogmzz()_ (1}4)

To write (11)-(14) for the reflected wave, we have to put o = 0 in all the for-
mulas and replace €1 by €4 and f, by —Qo=—oc!(eg—k22w~2)1/2,

It is readily seen that all the necessary conditions are met only if
8o = Bme = OHpo = SHjm =0 (2= x, y, 2).

This result should not cause surprise, since the boundary conditions cannot be
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satisfied by considering only two waves, as in ordinary linear optics.

It is convenient to solve the energy-balance equation in dimensionless vari-~
ables; we assume that length is measured in units of X, time in units of Tys
and velocity in units of wy=3/(5+2r)Aote, with electric field measured in 37o/2etu,,

and the light intensity in 3a7¢/2Axt. Then we vary (1) about the statlc solution,
linearize with respect to &, and neglect terms small on the parameters Y and Y
to get

f: — & 41— (2."-70 + ’-‘o) Elfy=— c},oyolme—"“’ fL—
Vol w7 Eoul B + K. €.} (15)

If 6,0=0 (15) becomes the corresponding equation of [1}; we solve (15) for two
regions: 2«4 v;' (where Eavyly) and zz vyl ( E v/, 7). Estimation of the right side
of the eguation (where fl is taken as the zeroth approximation, namely the func-

tion found in [1]) shows that it is small, so we discard it. TIn the region z«&yy'
we get :

fi(2) == Acos hz +- Bsin Az, - (16)
where

A2 = (204 + %o+ Opg) Yol s — A2 — | = g5 — B2 — 1.

For the region zZy;! (on the basis of the condition T—T, for z—o0) we get
()= CJ, (200 emas), ~ (17)
¢

where p-==2y;(14- £&%Y2.

We find the wave vector for the superiattice k and the critical inftensity

1°Y from the boundary condition to (15) for z = 0 and the condition for the solu-

tions of (16) and (17) to link up at some point z,<vy;'. It is found that the re-
sults for k and I;r are independent of the linkup point Zq (V. L. Bonch-Bruevich
directed my attention to this).

The first of these conditions takes the form ‘?
2==0: fi="estfr
where
Verr = Vo[l — (V0 + %) Yolu] (1 — %o¥ol )" (18)

From (16)-(18) and conditions for linkup at zy we get Yo, (2T, - %o +4- 6,0) = 1 - &
to terms of order ~y; and therefore
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T @t o T 7o) (19)

is the minimum value of the intensity at which the instability sets in.

Phenomenologically speaking, the incorporation of the electron-temperature
dependence of the absorption coefficient makes itself felt in that the formula
=1, used in [1] no longer applies. Maxwell's equations have to be solved to

determine the true dependence. If instead of this we simply put 1=1meq)¥—§y&jdi}
0

(which follows directly from definition of the absorption coefficient), we obtain

the same result, only with the difference that o replaces Yo in (19). However,
this approach is less convincing than solution of the equations of electrodynam-

ics, since then there is not procedure for calculating v(T),and the quantities Yo
and Yo along with it.

We see from (19) that for ox=0,i.e., the absorption coefficient is inde-
pendent of the electron temperature, we get the corresponding formula of [1];
for 6,>0, as would be expected, we get a value of I;r somewhat less than that of

[1], while for 0,0<0 we get a somewhat larger value. If the electron momentum in
the semiconductor is dissipated mainly at charged impurities, while the energy

is dissipated in plezoelectric acoustic phonons, then y/. will be 1/5, not 1/3.5
(as would be the case For orn=0).

The author is indebted to V.L. Bonch-Bruevich for suggesting this interest-
ing topilc and for considerable assistance.
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