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By considering the influence of phonon emission by charge carriers moving in the fidd of
plasma oscillations, we show that for piezo-electric semiconductors such as InSh and GaAs
the sound wave amplification process may be appreciably larger than would follow from a
theory in which plasma effects are neglected.

Considerando ainfluéncia daemissdo de fononspor transportadores de cargas em movimento
em um meio onde ha oscilagdes de plasma, mostra-se que em materiais semicondutores
piezo-elétricos, tais como InSb e GaAs, o processo de amplificacdo da onda sonora pode
ser sensivelmente maior na presenca de efeitos do plasma do que quando tais efeitos sdo
ignorados.

1. Introductioft

Hutson, McFee, and White! observed in 1961 that if an ultrasonic wave
was incident upon a piezo-electric semiconductor such as CdS in which
a current is flowing, the wave was amplified under certain conditions.
This phenomenon has been explained as an example o phonon instability,
another example of which is the occurrence d current saturation in the
steady state. Pustovoit?, McFee®, and Spector* have written review
articles describing various aspects both of the experimental and o the
theoretical work in the field.

Qualitatively the occurrence of sound amplification, which occurs when
the drift velocity o the electrons v; exceeds the sound velocity v,, can
be explained as follows®*7-%. The sound wave produces a redistribution
o the carriers in space, that is, it produces a space charge density distri-
bution. The applied electric field will cause the space charge to drift; if
the drift velocity is supersonic, the bunches o carriers will emit phonons
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— in complete analogy with the Cherenkov effect. This amplification
mechanism will work only if the condition

kl <1 ()

is satisfied, where k is the sound wave number and 1 the carrier mean free
path. Condition (1) means that the sound frequency is much smaller than
the carrier collision frequency so that the carriers undergo many collisions
while traveling a distance equal to the sound wavelength which entails,
in turn, that the drift velocity is the only velocity to be compared with
v,. If, however,

ki> 1, )

single carriers can emit Cherenkov phonons, as the thermal velocity (or
Fermi velocity) normally comfortably exceeds the sound velocity. Even
in the absence d an external field, the carriers can in that case be in reso-
nance with the wave field, that is, move with the same velocity and thus
remain in phase and resonantly lose or gain energy to the wave®?’.

In order to evaluate the amplification — or negative damping — we need
to know the conductivity tensor. In a semi-classica approach, one eva-
luates this tensor using the free-electron gas model for the conduction
electrons and the Bo tzmann equation to determine the electron distri-
bution function in the presence of an acoustic wave*!°. In the origina
theory, the current was determined by the eectrica conductivity and the
diffusion equation, waich excludes automatically the possibility to take
into account plasmaoscillations d the current carriers. Recently, however,
Kornyushin'!, using a hydrodynamical description o the current carriers,
has shown that plasma oscillations may affect the sound amplification,
provided the plasma frequency w, is larger than the reciprocal o the
electron relaxation time for scattering by phonons, z, or

w,T> 1. (3)

The plasma frequency is given by the relation

2
2 _ 4znge
» me

’ “

where n, isthe carrier density, e their charge, m their mass, and ¢ the dielec-
tric constant. The re'axation time 7 is related to the mobility x by the
eguation

u = et/m. (5)
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Physically, one can see that, if condition (3) is satisfied, plasma oscillations
may be important as follows. This condition means that we are essentialy

dealing with a collisionless plasma and such a system can — as is wel
known — sustain collective oscillations with frequenciesw satisfying the

dispersion law
o=w0,1 K.vy (6

where k is the wavevector d the collective modes.

If, on the other hand, we have a situation where

w,T < 1, (N
plasma oscillations will be strongly damped and the original calculations
remain valid.

There is, we feel, another argument in favour of including plasma effects
based on an estimate o the ratio o the plasmon energy density, W,,, to
the particle kinetic energy density, W,,... If ky is the Debye wavevector,

_ (4nnge\'?
kD - ( EkBT ) 9 (8)

where k; and T are, respectively, the Boltzmann constant and the abso-
lute temperature, we have

Wpl/Wpart ~ (kB Tk?))/(”o kB T) (9)

If one takes the case o InSb for the case where w,t > 1 and kI > 1, we
have'? n, © 4.10* cm™3, e T 18, and hence W, /W, ~ 0.1, which indi-
cates that plasma effects could be not entirely negligible.

In Section 2, we shdl find the contribution from plasmons to the sound
damping coefficient; this quantity is evaluated in Section 3, and compared
with the damping coefficient calculated by Spector* in Section 4 for the
case of InSb and GaAs.

2. Formulation of the Problem

We saw in the introduction that the sound amplification is essentially
determined by the electron-phonon interaction which is also involved in
the phenomenon o current saturation®*-'*!5 and in the derivation d the
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dispersion relation for the acoustic waves'®. In what follows, we shall
restrict our discussion to piezo-electric semiconductors such as InSb or
GaAs and we shall consider only longitudinal acoustic phonons — one
can easily include the transverse phonons.

In InSb and GaAs, the main interaction between the acoustic phonons
and the current carriers is the piezo-electric coupling'”, while for fre-
quencies up to w ~ 10'3Hz the deformation potential coupling®'® can
be shown* to be negligible. Moreover, one can also neglect phonon-drag"®
effects, as the ratio o the induced electric fields caused by phonon-drag
and by piezo-electric zoupling, respectively, is of the order of 1073. The
coupling constant Vv, between the carriers and the (longitudinal) piezo-
electric acoustic phonons of frequency w, = kv, is given by the equation

hC \'/?
Vk = (m) s (10)
where
2
co (47“’3) 1, (11)
£ p

with Q the volume of the system, p its mass density, and f the piezo-electric
constant.

Let us now consider how plasmons can give up energy to the acoustic
phonons. Except for very low temperatures below 1°K, and very low
densities, the plasmon frequency branch and the acoustic phonon branch
do not intersect?®, so that the direct interaction between these two bran-
ches is weak; one can neglect the (plasma) wave — (acoustic) wave inte-
raction processes. However, there is the possibility of the process

plasmon + charge carrier — phonon + charge carrier. (12)

This process corresponds to the emission o an acoustic phonon (energy
w,, Wavevector k) by a charge carrier which oscillates in the field o a
plasmon (energy o, , :ziven by equation (6), wavevector k’); in the process
the electron energy and momentum change, respectively, by . — oy and
h(k’—k). This process is analogous to the non-linear Landau damping
o plasma waves in plasma physics?!.

The kinetic equation for the distribution function N, o the acoustic pho-
nons is o the form

%Afk - Z 2_;—‘MI2 {fPNk’(Nk + DA = fpie 1)
pk’
= Fovex NNy + (A= £,)}8(e, + hiag. — &y v — ), (13)
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where |M |* is the square of the matrix element of the process (12), 1, is
the electron (carrier) distribution function, N,. the plasmon distribution
function, and ¢, = h®p?%2m the electron energy. Using the normal many-
-body techniques“’”, the matrix element is given by the equation

1 1
+ , (19
& + g — €54y 3p+k'—k“3p—k—hwk':|

M=M (k')V(k)[

where V(k) is given by equation (10) and M(’) is the electron-plasmon
vertex given by?3

2 1/2
2ne hwk,:I . (15)

o - [t

To get the equation of motion for the sound wave intensity I, (= N hw,)
we multiply equation (13) by Aw,, transform the summations to integrals
and take the classical limit, that is, retain the lowest-order terms in h.
We then get

% =yl + 7, (16)
where
Y =712, an
with
aol k, 27r Mz(k)VZ(k) B <[k, K- >
x NEK)o{wy — o, — (v - K —k})], (18)
2o [ ,27r M)Ak (k.K)
2= <2n)3 mw [op-©KFFfO
X 8fwg -0, —(v.{K -k})], (19)

oo 2 M2K)VAE(K)  (k.K)
b =(—21I-)3 Jd3vjd3k h72t mz [wk'—(v-k,)]4

x o N(K) f(0)8[@y ~ oy~ (v+ {K K}, (20)
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where we have put fp/m = v, Z( )—>QJ o 2 G Qe

jde’k(...), and assunied that f, < 1, N, > 1, but ho, N, = |, = finite;

this is justified as the semiconductors under the experimental conditions
considered will be non-degenerate. The experimentally produced drift
velocities are less than or of the order o magnitude o the thermal velo-
cities of the carriers.

If the quantity y in eqaation (16) is positive (negative), we get amplification

(damping) of the sound waves. The spontaneous emission term y iS not
important for our problem.

3. Evaluation of the Damping Coefficient

Substituting M ') and V() from eguations (10) and (15) and using for
f(v) the displaced Maxwell-Boltzmann distribution function,

fv) = (‘zT exp [- (v - vg)*/al, (21)
with
a4 = ZkBT , (22)
m
we get
B o cos® 0 ({k'~k} - {v-vy}) o
T Ajd%fm GT oo ol 0-w
x NK)o[wy - w, — (v {K' ~k})], (23)

_Ajd%fd%’[ “k C(OSk@)]z;exp[ (v=v)*/alé[an ~wp—(v- {k'-k})],
(24)

where 6 is the angle between k and k', and
ez ﬁz k2 wz
T mpe w207

(25)
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We shall assume that the plasmons are at equilibrium, which is consistent
with the use of expression (21)for f(v). Moreover, for the conditions con-
sSidered by us tio,. < kg T, S0 that we have

NK) = [exp (i fkg T)-1]7! kT (26)
hay .
We now get
2 !
poma [0 i S PR ool oo on o)

27

As plasmons are well-behaved excitations only when their phase velocity
is larger than the therma velocity and when their wavenumber is less
than k,, we can put w,. -(v.k')~ 0,, and we get

4na P sin @ cos? § df
y [w a)k + (vd k)1j k dk j [k/2 + k2 _ Zkl k cos 9] (28)
and similarly"
_ 4raAd 12 11 sin 6 cos? 6 do ’ 29
LC L Kk J [K” F K22k K cos 6] )

and hence, from equation (17),

_ Ky~ v,)
= @, Y2’ (30)

if we assume, for the sake d simplicity, that v, is paralel to k.

Evauating the integrals in equation (29), by expanding the denominator
in terms of Legendre polynomials and distinguishing between the cases
where kp/k = n < 1 or n > 1, we find finally,

eC ki, 50 + 1247

Y= 2000mm2a) Ry CaTuh m=l (31a)
___ € kK T5*-1)+62+60Iny
" B2 R,
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If we use equation (8), write
X = Ud/vs’ vth = (k’ T/m)lll’
and retain only the lzading terms in equations (31), we get

2 k2
fs,?; D kS ko (32
0
2 3k
v=2§pj‘,’:ugl k-1, k>k (33)

Hence, as we expected, amplification occurs when v, > v, and damping
when o, < v,.

The case k > kp is unlikely to occur, as the maximum momentum trans-
ferred from the plasmons to the phonons is o the order ikp. We shall,
therefore, restrict our discussion to the case k < kp.

4. Discussion

Let y,, be the contribation to the damping to the plasmon-phonon process
(12), which is given by equation (32). We must compare this result with
the result obtained by Spector* when plasma effects are neglected. Spector's
results depend on whether kIl <1 or kI > 1 (see the discussion in the
Introduction) and are given by the equation

_ /3 w, T x—1 .
Ysp = 3pU (x— 1)2 (kc/k)2[1 n (k/kD)2]2 > kl < 1; (34)

_ By K (x-1), ki>1 (35)
T o T+ (P ’

where ¢ is again the electron relaxation time, and
I=v,1, k= wit/v,. (36)

For the ratio 4 =y, /7sp, We thus have
k2 2 (kN2

[ kN
S ([ ()]

k4, k\?
Ml > 15 k< ko) = g2 s+ (=) . (38)
D

Al < 1; k< ko) =
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For CdS, under the experimental conditions used!-!*'5, the condition
w,7 > 1 is not satisfied, but it can be satisfied for InSb and GaAs. We
shall use the vaues d the parameters given in Table 1, which are taken
from Refs 12, 24 and 25.

As we have considered acoustic-phonon scattering as the dominant elec-
tron scattering process?, we must restrict our discussion to the tempe-
rature range 77 — 300°K when this assumption is justified. In that tempe-
rature range one may assume the electron mobility to be independent o
the applied field®.

Table 1
no(cm™?) m(g) € t(s) em) kpl
InSb 4104 2.1072° 18 6.10712 14 x 1074 11
GaAs 21042 7.10°2° 12 510713 6.1076 4.2

From Table 1, we see that kI > 1 for InSb and GaAs under the conditions
considered and, as the plasma effect is largest when k ~ kp,, we consider
A r Mkl > 1; k ~ kp) for which from equation (38) we get

4 (Ann,e*\'?
=) )
or
}’InSb ~ 03’ }'GaAs ~ 3’ (40)

so that, indeed, plasma effects may wel be significant in sound amplifi-
cation effects in piezo-electric semiconductors.

We express our gratitude to the National Research Councii of Brazil for the award of a
scholarshipto oned us(L. C. M. M.) during the tenure of which this research was carried out.*
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