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It is demonstrated experimentally that, in order to account for the phenomenon of ultra-
sonic amplification in n-InSb at T = 77°K in a wide frequency range and over a large
interval of electric fields, it is necessary to take into proper consideration both the loss
component of the relaxation time of the electrons with respect to the momentum and the
electron-temperature wave accompanying the ultrasonic wave.

The collision-free mechanism of electron amplifica-
tion of sound (amplification of sound waves of the Landau
type) plays a fundamental role in n-InSb crystals at tem-
peratures of liquid nitrogen and at frequencies = 0.5
GHz. This means that the condition

gl>1,

@
is satisfied at such frequencies, where q is the wave
number of the sound and / is the mean free path of the
electrons.

A number of researches[*’?] have been devoted to
this phenomenon, in which excellent agreement has been
noted with the theories of[*7; the value of the electron
temperature T has been estimated from curves of the
sound amplification. However, the picture of the phenom-
enon of amplification becomes complicated in the case of
widening the frequency range of investigation and in the
use of large values of the drift velocity, and the simple
approach off *J turns out to be inapplicable. Clarification
of the peculiarities of sound amplification over a wide
range of frequencies and electric fields is the purpose
of the present work.

Before considering and discussing the principal re-
sults of the experiment, we pause briefly to discuss the
method of measurement.

The measurements were carried out on n-InSb crys-
tals (n = 1.9 x 10® em™, u = 7 x 10° ¢cm?/V-sec at
T = 77°K) in the frequency range 0.4—3.0 GHz. Samples
measuring 1.5 x 1.5 X 7.0 mm were cut along the [110]
axis. Epitaxial film transducers of CdS were grown on
the ends of the samples by means of a gas-transport
reaction., These assured the excitation in the crystal of
piezo-active shear ultrasonic waves according to a
scheme previously described int®, The double con-
version losses did not exceed 50 dB over the frequency
range investigated.

The electron drift velocity v4 was found from the
value of the total current through the sample I, v
= I/neS, where n is the concentration of electrons, e the
electron charge, and S the cross-section area of the
crystal. To ensure linear amplification of the ultra-
sound, the intensity of the sound signal at the input was
always kept to a minimum; the value of the sound signal
exceeded by 5—6 dB the noise level of the receivers
P5-3 and P5-4, the sensitivity of which was ~120 dB/W.
Errors in the determination of the coefficient of elec-
tronic amplification of the ultrasound did not exceed
+0.5 dB/cm.

Let us trace the effect of heating of the electrons by
the electric field, which causes carrier drift, on the
amplification. The experimental dependences of the gain
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FIG. 1. Dependence of the
electronic gain of ultrasound on
the drift velocity of the electrons:
1 -f=0.51GHz;2 — £=0.96
GHz;3 - =148 GHz;4 — f=
3.0 GHz.

B

G on the electron drift velocity for a number of fre-
quencies are shown in Fig. 1. It is seen from the draw-
ing that at the frequency f = 0.5 GHz, the dependence has
a clearly noticeable superlinear character, beginning
with the velocity vq/vg ~ 70—80. At the frequency

f = 3.0 GHz, the dependence is sublinear. The remaining
two curves illustrate the intermediate case. Such a
character of the dependence of G on v4/vg was noted
inl?:%:%) and is in excellent qualitative agreement with
the theoretical conclusions.

Actually, in accord with{*), the gain G in the case
q! > 1 is determined by the expression (in dB/cm)

Vel Vs
2(1 -+ q_zrD—z)z °

(2)

mu,?\
G = 4.34qu( e ) i
& P qrop

Here K is the square of the electromechanical coupling
coefficient, m the effective mass of the electron, vy the
sound velocity, k Blotzmann’s constast, and rp the
Debye screening radius. According to (2), G ~ T~ for
electron heating at low frequencies (qrp <« 1) a.m?

G ~ Tg" at high frequencies (qrp > P)

However, attempts to determine the electron tem-
perature from the curves of Fig. 1 with the aid of Eq. (1)
give at the various frequencies values that are close to
those obtained int?’#] only in the frequency range
~1—2 GHz. The values obtained for the electron tem-
perature Te at the frequency 0.5 GHz exceed these
values by three or four times in fields E ~ 200 V/cm.

This raises the question of the possibility of using the
simple theory of (%1 for the description of electron-
phonon interactions over a wide range of frequencies.
One of the reasons for the inapplicability of (*] in the
low-frequency part of the range investigated could be
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FIG. 2. Dependence of the
electronic gain of ultrasound on
the frequency for fixed drift
velocity of the electrons: O --
vd/vg = 30; @ - vq/vg = 170.
Solid curves — theoretical. 1 —
according to[3], 1’ — according
to[!], vq/vg = 30; 2 — according
to[3]; 2' — according to[ '],
vq/vg = 170; 3 — according to[ '?];
i 3' — according to['3], vg/vg =
170.
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the violation of the condition qZ > 1.L%} First of all, in
strong electric fields, the mean free path decreases be-
cause of the lowering of the relaxation time 7_. This
change, however, is not so great and at E = 250 V/em
the mean free path decreases by no more than a factor
of 1.3. A more important circumstance is the necessity
of using not 7, in the determination of the real mean
free path, but 1)y, —the loss component of the momen-
tum relaxation time; we note that Tloss = Tr always. In
correspondence withl ]

l= VrTjoss 1

@)

where v = (2kT, /m)*? is the thermal velocity of the
electron.

If we take into account tle value 79555 ~ 0.3 T which
was found for InSb at 77°K in a study of the nonlinear
acousto-electric current at qZ > 1,L** then the param-
eter q!/ turns out to be of the order of unity even at
0.7 GHz. It follows then that in the frequency range
0.4—1.0 GHz, it is necessary to use a theory that is
valid for arbitrary values of q/. Such a theory developed
in{*% under the assumption q*il, > 1, where I is the
energy mean free path, gives for the gain an expression
that differs from (2) by the factor

V2mo, j: x(e)fo'(e)de
a At (i 2e) ()

3(Tioss/Tr—1) | gql(e)arctg ql(e)

x(e) = ql(e) + ql (&) — arctg ql(e)

%1 = 3(Thoss/Tr — 1)/gL(e) + (1 + ¢** (e) ) ~* (gl () — arctg ¢l (e) ) ",

! l(E) = (25/"1)“’71—10“1

where fo(€) is the energy electron distribution function.

)

The quantity £ is a complicated function of the fre-
quency, the ratio 7y, /7, and the temperature of the
electron gas. It is convenient to trace the effect of £ on
the agreement of theory with experiment, by means of
the frequency dependence of the gain at fixed values of
vq/Ng. Such data are given in Fig. 2.

The lower series of experimental points refers to the
case vy /vs = 30, when heating of the electron gas by the
field can be neglected. The curve 1 is from the theory
of[*3, curve 1’ takes into account the presence of the
factor £ in the case 7jogq = 0.3 7,.. As is seen from
Fig. 2, allowance for £ allows us to obtain very good
agreement of experiment with theory over the entire
frequency range. We note that the character of the
frequency dependence of £ is very sensitive to the value
of 1)yqg- Therefore, the agreement of the experimental
results with the curve 1’ can be used to determine Tloss®
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The obtained value of 7,4¢ is in excellent agreement
with the data from[*?,

A somewhat different situation takes place for very
large drift velocities. The upper series of experimental
points in Fig. 2 corresponds to vq/vg = 170
(E ~ 200 V/cm) where, ir accord with!">®J, one would
expect a significant heating of the electrons up to T
= 180—240° K. The theoretical curve 2’ for the case T
= 220°K, with account of (4) and 7)oqq = 0.3 74, gives
better agreement with experiment than curve 2, which
is computed from the simple theory (Eq. (2)).

An especially large divergence is observed at low
frequencies, where q/ <1 and curve 2’ goes over into
curve 3, which is given by White’s theory.[**] As is
shown int**), in the case of the conditions q7 < 1 and
wry > 1, q%llg > 1, which are well satisfied in InSb at
T77°K, the sound wave in the crystal is accompanied by
an electron-temperature wave. Allowance for its effect
on the dynamics of the electron clusters leads to the fol-
lowing expression for the gain:

WTaV/ Vs
W gr (%)
where 7y, is the dielectric relaxation time; the factor ¢
in the case when the relaxation time is independent of the
energy is equal to 1.4. The data corresponding to (5)
are shown in curve 3’ and show better agreement of
theory with experiment. We note that in the calculation
of 1,, it is necessary to use the differential conductivity
o ofl\ﬁme sample, which is determined from the volt-
ampere characteristics at E corresponding to the con-
sidered value of vy /vg.

G = 434K

As is seen from Fig. 2, the curves 2’ and 3’ well
describe the general character of the dependence of G
on the frequency in strong electric fields. The remain-
ing discrepancies are evidently due to the applicability
of the theory only at low drift velocities Vg4 < v, while,
experimentally, v a” 0.6vT. We note that the effect of
the electron-temperature wave 7 and the perturbation
of the energy function of the electrons under the action
of a sound wavel**! on the amplification effect have been
observed in the experiments described earlier. '
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