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ACOUSTOELECTRIC INSTABILITY
AND ACOUSTOOPTIC INTERACTION IN INDIUM
ANTIMONIDE

A. DOMARKASY, 1. L. DRICHKO?, A. M. DIAKONOV?, Leningrad
D. CIPLYS", Vilnius

The spectrum of a round-trip amplified acoustic flux in the n-type indium antimonide
at liquid nitrogene temperature in the frequency range from 150 up to 2300 MHz has
been studied using the method of acoustic signal registration by means of piezoelectric
transducers. The propagation direction distribution of the flux in the frequency range
from 40 up to 280 MHz has been studied using an acoustooptical method at the light
wavelength 10.6 p in Bragg’s diffraction regime. It has been shown that the flux
development is strongly influenced by the nonlinear interaction of the flux components.
The prevailing nonlinear process is a generation of sum and difference frequency waves.

AKYCTOJJMEKTPHYECKASA HEYCTOMYUBOCTH
H AKYCTOONTHIECKOE
B3AUMOJENCTBHE B AHTUMOHHIE WHIHSA

B paGote HccnenoBan caeKTpanbHEL COCTaB YCHIEHHOTO MHOTONPOJIETHOTO aKyCTH-
9ECKOrO IyMa B aHTHMOHM[C WHOHS n-THN2 OPH TEMIEPaType XHIKOTO a30Ta
B iHana3oHe 4actoT ot 150 no 2300 MI'y npu nomMomu MeToa PErHCTPALMH aKyCTHYEC
KOro CHrHaJa NMOCPEACTBOM Hbe303IEKTPHYECKHX fIpeobpasosaTeneit. MzyyeHo Takxe
Paclpefie/ieHHe Mo HalpaBJeHHsSM PAaCHPOCTPAHEHHS YCHIEHHOIO MHOTOIPONETHOIO
ImyMa B qHanasoHe 9actot or 40 o 280 MI'n mps HOMOINH aKyCTOONTHIECKOIO METOA
Ha jymHe Bonxbl 10.6 MkM B pexxnMe GpIITOBCKOH madpaKmud. YcTaHOBIEHO, YTO
Gombilioe BIMSAHME Ha HApacTaHHMe IMIyMa OKa3LIBAET HENMHENHOE B3IANMONEHCTRHE
Mexqy ero cocramsiiongiMy. [peoGnagarommM HeNMHEHHLIM MPOHECCOM OKA3alach
TEHepalus BOJH CYMMapHOH H pa3HOCTHOM YacToT.

L. INTRODUCTION

The growth of the acoustic flux under conditions of acoustoelectric amplification
has been extensively investigated both experimentally and theoretically in such
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piezoelectric semiconductors as CdS, ZnO, GaAs (see e.g. [1]). It has been shown
[2—6] that due to the nonlinear interaction the essential transformation of the
amplified flux spectrum takes place. There are several processes of nonlinear
interaction among the flux compontents which are responsible for this transfor-
mation. The prevailing process in the case of the strong nonlinearity (CdS, Zn0O,
the later stage of the flux development in GaAs) is the interaction between the
strong component of the flux with the maximum linear gain frequency f,, (‘“pump”
wave) and the weak flux components with the subharmonic frequency f,./2. This
process is sometimes called “parametric” and it is similar to that observed in
nonlinear optics. In the case when the nonlinearity is not so strong (the early stage
of the flux development in GaAs), the prevailing process of interaction is the
mixing of two strong components with the frequencies near fm giving the waves of
sum and difference frequencies. However, this case of nonlinear interaction has not
been sufficiently investigated. It is clear that the weaker piezoelectric the material
under investigation is, the longer hold the conditions of weak nonlinearity. From
this point of view the best material for the investigation of nonlinear interaction
under the conditions of weak nonlinearity is indium antimonide which has an
electromechanical coupling constant much lower than the other piezoelectric
semiconductors mentioned above, The investigations of the acoustoelectrically
amplified flux spectrum became possible only after the methiod of the excitation of
the round-trip acoustoelectric instability in n-InSb had been proposed [7], and the
acoustooptical method for investigation of the acoustic flux at the optical
wave-length A =10.6 y had been developed [8]. The purpose of the present work
is to investigate the frequency and distribution of the propagation direction of the
acoustoelectrically amplified flux in n-InSb with the aim to clarify the prevailing
processes of the interaction among the acoustic flux components.

II. EXPERIMENTAL METHOD

Measurements were carried out at the liquid nitrogen temperature. The single
crystal of n-InSb used in the experiment were cut in the form of rectangular
bars along the crystallographic direction [110] with the typical dimensions
20x4x4 mm®. The end faces of the samples were optically polished flat
and in parallel, and the piezoelectric plates of x-cut LiNbO, with dimensions
2 X2 x 0.1 mm’ were bonded to them. Leads were attached with an indium solder
to both ends of the sample. The voltage pulses, which had an amplitude sufficiently
high to create the electron drift with the velocity vp > vs and the duration >4,
were applied to the sample. Here v is the sound velocity, tr = L/vs is the sound
transit time through the sample, L is the sample length. When the voltage is
switched on, the acoustic flux growth takes place in the sample due to the
round-trip acoustoelectric amplification. The frequency distribution of the flux was
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measured by means of the selective tunable receiver which registered the m_anﬂ_o
signal on the LiNbO; plate either at the anode or at the cathode end of the sample.
The measurements were performed in the frequency range m.noE 150 Ho.uuco .ZEN.
The distribution of the propagation direction of the acoustic flux was investigated
by Bragg’s diffraction method at the 10.6 u éw:&.mwumﬁ.: of a CO, laser. A more
detailed description of the experimental set-up is given in paper {8]. The measure-
ments were carried out in the acoustic frequency range W@E 40 up 8. 280 Ew
The range is limited by the diffraction geometry. It is difficult to realize wamm_um_m
diffraction regime at frequencies lower than 40 HSE Uonm:.wn of the reasonable
dimensions of a sample. The upper frequency limit is determined G the condition
of the total internal reflection of diffracted _mmr.ﬁ from the back mz.uo of the InSb
sample. One can find that the acoustic frequencies f> Ncm.\> the diffracted beam
cannot leave the sample with parallel side faces. For InSb in the case of fast mrnm.ﬁ
(FS) waves (vs =2.3 X 10° m/sec) and for A = 10.6 u one finds the upper acoustic
frequency limit to be 430 MHz.

Ii. AMPLIFIED FLUX FREQUENCY DISTRIBUTION

The dependences of the mean amplitude of a :ommw signal, measured by n_...m
receiver, the input of which was connected with the LiNbQ, plate, are shown _”:
Figs. 1, 2 as functions of frequency. The &Ronoﬁ curves correspond to the
different time intervals from the beginning of the drift pulse. One can see mgao
maxima in the spectrum of the flux. The central one oo:mmﬁo.sam to Eo. linear
acoustoelectric amplification regime. The flux growth can be briefly described as
follows. The piezoactive fast shear ooEﬁo:m:.a of the thermal background mﬂo
amplified in the electron drift direction. womoo:nm. from the end face of the mwn_”w M
they are converted to the piezoelectrically non-active m_oi shear (SS) B.oa@m M?M@
propagate backward being attenuated only by ﬁra._w:_no. At the ovvﬂ“oaon face
they are reconverted to the fast shear modes, i.r_nr are M.EE@H amplified, an
on. Thus, the growth of the central maximum is determined by the condition

a(f)> 0 (f) — a(f) — 7. 6))

where a(f) is the net round-trip gain, a..(f) is the :nw\ma acoustoelectric gain, SQAW
is the lattice attenuation of the FS and the SS waves in Em.mo_.ima and go_@wﬂ
directions respectively, a. are the conversion and reconversion _o..%om. The wohm_mw
of the peak intensity (0.9 GHz) and the width of the central maximum (40 _
show a satisfactory agreement with predictions of the .ESQ of linear mnocmwno n%-
tric amplification for arbitrary gl [9] (q is the moccmzn wave ::E?.u. and _m.aﬁo
electron mean free path) taking the lattice attenuation and conversion losses into

account (dashed lines in Figs. 1, 2).
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Fig. 1. Frequency distribution of amplified acous- Fig. 2. Frequency distribution of amplified flux.

tic flux. Fast shear mode. Drift current 15 amps.  Fast shear mode. Drift current 20 amps. Time

Time from the beginning of drift pulse in psec:  from the beginning of drift pulse in psec: 1 — 60,

1 — 100, 2 — 160. Curve 3 shows calculated net 2 __ 100, 3 — 160. Curve 4 shows calculated net
linear gain. linear gain,

Two side maxima in the measured flux spectrum appear at frequencies where the
condition (1) is not satisfied. The flux growth in these regions can be explained only
if the nonlinear interaction is taken into account. The energy necessary to the
growth of side maxima is transferred from the central one. The nonlinear mixing of
two strong components f,, f2 of the central maximum gives the waves of the
difference f;=f,~f, and the sum fe=fi+f; frequencies. The highest difference
frequency is determined by the central maximum width. It is about 400 MHz in our
case. The difference frequency tends to zero when f1 approaches f,. The halfwidth
of the central maximum determines the position of the low frequency peak
(200 MHz). The position of the high-frequency peak is determined by the double
frequency of the central one (1.8 GHz).

IV. AMPLIFIED FLUX PROPAGATION DIRECTION DISTRIBUTION '

The acoustoptical method in the given experimental situation allows to perform
' measurements only in the low frequency part of the flux spectrum. Thus, only the
‘difference frequency wave propagation direction distribution could be obtained.
The acoustic flux intensity dependence (to be more exact, the intensity of diffracted
light which is proportional to the diffracting acoustic wave intensity) upon the
propagation direction in the plane (110) at the frequency of 40 MHz is shown in
Fig. 3. One can see that the acoustic flux propagates at a narrow angle of 1°, The
maximum intensity of the flux is obtained in directions forming an angle of 0.5°
with the long axis of the sample. This can be explained by the fact that due to the
dispersion of the sound velocity the wave vector of the difference frequency wave is
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not collinear with the wave vector of the reference wave. The conditions of
synchronism in the three waves interaction process imply

Ws = Wy — W (2a)
G q (2b)
where g =wi/v;, v =ve(1+ Av), w;=27f;, vo=(c/p)". Velocity dispersion in
the case of q/>1 is given by the relation {10]:
NN
Avy, == (1 +(wo/w)?)™ 3)

where K is the electromechanical coupling constant, w, is the frequency corres-
ponding to the condition qR,=1, and Rp =(ekT/e’n)'* is Debye screening

aly[arb. units]
T

Fig. 3. Propagation direction distribution of amp-

lified flux. Fast shear component in the plane

(110). Frequency 40 MHz. Time from the begin-

ning of drift pulse in psec: 1 — 75, 2 — 95,

3 — 115. The triangle in right upper corner shows

the geometry of non-collinear three wave inter-
action.

length. The synchronism conditions are satisfied in the noncollinear interaction
process, where the wave vectors of interacting waves form a triangle shown in the
insert of Fig. 3. The angle between reference wave vector ¢, and the difference
wave vector q; can be easily found from the triangle :

|L@.®| &v . A
onQﬂ mle AQu.TQ- q1q3 ’ Amv

Let w1, w; = wy; then from (3) one gets vy = v, =1y, AH +qv.

If ws<wp, then v, = v,. Introducing & = w,/w, we get

Smgluvnmw_lmlmnlﬁl . (4b)
For the complementary angle B one obtains .
B=K[(§+1)/28)~ 5
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In our experiment £ 1, thus 8 ~ K/ V2. Using the value of K =3.74 x 102 [11]
we calculate 8 =1.54°. The experimentally measured value is three times less than
the calculated one. The discrepancy can be explained at least by two reasons. First,
we have used the velocity dispersion relation (3) which is valid when the condition
of collisionless interaction ql>1 is fulfilled. Our experimental situation corres-
ponds to the case of intermediate regime gl ~ 1. Another reason of discrepancy is
a possible weakening of the dispersion due to the nonlinearity in the strong acoustic
flux.

V. CONCLUSIONS

We have measured the frequency and propagation direction distribution of
acoustoelactrically amplified flux in the piezoelectric semiconductor n-InSb. The
strong influence of nonlinear interaction between the flux components has been
demonstrated. The prevailing nonlinear process is the generation of sum and
differerice frequency waves from the “linearly” amplified flux. In comparison with
other piezoelectric semiconductors, in InSb this process can be observed for a much
longer time due to a relative weakness of piezoelectric properties of indium
antimonide. The “parametric” process which predominates in strong piezoelectrics
is not important in our case. Only the very beginning of subharmonic growth can be
noticed in the flux spectrum after a sufficiently long time of the flux development
(the curves 1 of Fig. 1 and 2, 3 of Fig. 2).
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