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Amplification of surface acoustic waves by transverse electric
current in piezoelectric semiconductors

Yuri V. Gulyaev*

Physics Laboratory III, Technical University of Denmark, Lyngby, Denmark

(Received 28 September 1973)

It is shown that the principal characteristic feature of the surface acoustic waves in piezoelectrics—
the presence of an alternating electric field transverse to the surface, which can be of the same order
of magnitude as the longitudinal field—may not only give rise to the known transverse
acoustoelectric effect but also lead to amplification of surface acoustic waves by electron drift
perpendicular to the surface. For Love waves in a piezoelectric semiconductor film on a highly
conducting substrate, the amplification coefficient is found and the conditions necessary for

amplification are investigated.

The first publication containing the idea of the pos-
sibility of amplification of surface acoustic waves (SAW)
by the drift of electrons in solids, in particular in the
layered piezoeielectric-semiconductor structures
(LPDS), and the theory of this phenomenon for the
simplest case of Love waves in a structure of a piezo-
electric film on a semiconducting substrate (or vice
versa) was made by Gulyaev and Pustovoit! (see also
Ref. 2). The first experimental observations of the ef-
fect both in uniform piezoelectric semiconductors®*
and in LPDS structures® 7 showed that the amplification
of SAW may be quite large and can be obtained in a cw
regime. During recent years there was quite a broad
interest in studying the interaction of SAW with elec-
trons not only because of the practical aspects of the
possibility of their amplification, their accessibility,
and the compatibility of their technology with the usual
integrated circuit technology, but also because of a
number of new physical effects specific for SAW only.
In this paper we consider one such new effect—the pos-
sibility of amplification of SAW by an electric current
directed transverse to the surface along which the SAW
propagates. The possibility of amplification of SAW
when the drift electric field is perpendicular to the
propagation direction of the wave is based on the physi-
cal concept of the amplification of sound by drifting
electrons in solids. For example, in the “hydrodynamic”
case gl << I (g is the acoustic wave number, ! is the
mean free path of electrons), the amplification of bulk
acoustic waves (BAW) (and SAW by longitudinal current)
is due to the bunching of electrons in the longitudinal
direction and to the creation by the external electric
(also longitudinal) field of such a condition that the al-
ternating longitudinal electric field of the wave per-
forms negative work on the electrons in the bunches. In
fact the amplification starts when the phase shift be-
tween the maxima of electron density and the corre-
sponding minima of the potential energy of electrons in
the sound wave in the direction of its propagation
changes from negative (retardation) to positive
(advancement).

The Rayleigh or Love SAW is principally different
from the BAW in the sense that it is accompanied (in
piezoelectrics) by an alternating electric field trans-
verse to the surface of the same order of magnitude as
the longitudinal alternating field. So there is bunching
of electrons not only in the longitudinal direction, but
also in the direction transverse to the surface. Ina
piezoelectric semiconductor this bunching is such that
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in the absence of the external transverse electric cur-
rent the maxima of the electron density lie a little bit
further from the surface than the corresponding minima
of the potential energy of electrons in the sound wave in
this transverse direction. This means that there exists
a dc force acting on the bunched electrons which is di-
rected towards the surface. This force gives rise to a
transverse acoustoelectric current or electromotive
force (“transverse acoustoelectric effect”) which was
predicted and experimentally observed earlier.®"'® Fol-
lowing the same sort of arguments as in the case of
amplification of SAW by longitudinal current, one may
assume that by applying a strong enough electric field
in the direction transverse to the surface it is possible
to shift the electron bunches in this direction to the
opposite slope of the potential wells created by the SAW
as mentioned above. In complete analogy with the longi-
tudinal case it would mean that the transverse alternat-
ing field of the SAW will perform negative work on the
bunched electrons and the SAW itself will be amplified.

These qualitative arguments are confirmed by a cal-
culation again for the simplest case of Love waves in a
CdS film with ¢ axis parallel to the surface on the high-
ly conductive (isotropic or cubic, say Ge) substrate
with polarization along the ¢ axis. The top of the film
is metallized and serves as one contact for applying the
transverse drift electric field while the substrate itself
serves as the other contact. The calculation is quite
analogous to that for the longitudinal case.® One solves
the linearized system of equations—two-dimensional
sound propagation equation, Poisson equation, the con-
tinuity equation together with the phenomenological
expressions for the electric current components —and
then using proper boundary conditions one finds the
dispersion equation from which the absorption (amplifi -
cation) coefficient is calculated. The expression for the
amplification coefficient under the simplifying condi-
tions grp, < 1, ghz1, and kTyv,~1 (¥, and 7, are the
Debye length and Maxwellian relaxation time, w the
frequency of the wave, & the thickness of the film, v,
the electron drift velocity, and « a constant of the order
of ¢ which determines the change of the amplitude of
the wave in the transverse direction) has the form

a,= tq TuF1 = Falyvy) )

F1+ (w — kv, )*13 |

Here ¢ is the electromechanical coupling constant and
F, and F, are the positive quantities of the order of
unity which depend on the geometry of the structure, on
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the mechanical properties of the materials, and on the
wave frequency. So the criterion for amplification of
SAW by transverse drift of electrons is

F, 1

V" F 2 KTy @
and may require approximately the same electric field
as that in the case of amplification by a longitudinal
current. It is obvious that the Rayleigh SAW also can
be amplified by the transverse drift of electrons, but
the calculation of the effect is a bit more cumbersome
and will be published elsewhere.

Let us note finally that the SAW in the high-frequency
case gl > 1 also may be amplified by the transverse
drift of electrons since there is the possibility of mo-
mentum transfer from the surface wave to electrons in
the direction transverse to the surface.!* To calculate
this effect one must consider the exchange of momentum
and energy between the surface phonons (of which the
SAW consists) and the electrons whose distribution is
shifted by the transverse electric current.
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1 the case of a LPDS structure it is easy to show that the
transverse dc force acting on the bunched electrons is di-
rected from the interface between the semiconductor and
piezoelectric layers towards the inside of a semiconductor
layer.

UThis momentum transfer must produce also the transverse
acoustoelectric effect.

Harmonic generation and frequency mixing in laser-produced
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Spectral measurements of light scattered at various angles from a laser-produced plasma were made
at the laser frequency w,, and at ©;/2, 3w,/2, 2w;, 50,/2, and 3w, using a mode-locked Nd:glass
laser to produce intensities of 10'® W/cm? at the target. Signals were detected at w,, 3@,/2, and
2w;, and their intensities relative to the incident intensity were determined. Upper bounds were set

for the intensities at the other frequencies.

Various investigators!~" have reported measurements
of scattered light from plasmas created by a focused
1.06-um wavelength laser. Such studies are of vital
interest to the laser-fusion program. Plasma-light inter-
actions (such as stimulated Brillouin, Raman, or Comp-
ton scattering) can, in principle, lead to enhanced tar-
get reflectance and thus poor energy coupling.® With
incident laser intensities of 10--10' W/cm? and pulse
lengths of 1—3 nsec, scattered light has been observed
at the laser frequency w; and at the frequencies 2w and
$w,. In one case® measurable signals were reported at
Wy,

We have made spectral measurements of light scat-
tered at various angles from targets irradiated with a
short-pulse (25 psec) Nd:YAG-Nd:glass laser. The in-
cident laser light was focused to about a 50 um diam-
eter on the target with an f/3. 5 lens. Intensities in the
region of the focal spot were greater than 10 W/cm?.
The spectral width of the incident light was approximate-
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Iy 1 A. The scattered light spectra were analyzed with
a McPherson model 216 1-m spectrometer which has a
resolution of less than 0.5 A.

The high incident power used in these experiments is
believed to be above the threshold for stimulated pro-
cesses.® The narrow incident linewidth (some of the
earlier experiments have been performed with a 30-A-
wide incident line) and short well-characterized pulses
of the laser radiation may simplify interpretation of the
experimental results.

Two types of targets were used in the experiments:
gold wires of 50-um diameter and plane polyethylene
(CH,) sheets about 1x10°% ¢m thick. The gold wires
intercepted more than 80% of the incident laser light.
(This measurement verifies that most of the focused
radiation falls within a 50-um diameter.) The wires
exhibit specular scattering at all angles in the plane
normal to the wire axis. Plane targets were tipped so
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