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Intense yttrium-aluminum-garnet laser pulses produce various strong modulation effects in acoustoelectric
domains in n-GaAs at 300 K. The laser modulation of both the acoustoelectric current and phonon intensity

has been studied. The response to the light pulses was greatly dependent on the stage in the evolution of the

phonon domain. It was determined that the primary cause for the modulation of the acoustoelectric
interaction was extrinsic excitation of electrons from deep traps, about 1.2 eV below the conduction band,

which were present in concentrations of about 10' cm ' in our samples. A model is presented, based on small-

signal acoustoelectric theory, which explains qualitatively all the diverse modulation effects in terms of the

transiently increased electron concentration. According to this model, the modulation of current and phonon

intensity is caused primarily by two factors: the change in the electron drift velocity in the domain which

sects the acoustic gain and the change in the screening of the piezoelectric field which shifts the spectrum of
the acoustoelectric interaction to higher phonon frequency. The controlled modulation of carrier concentration

and drift velocity permit experimental clarification of the role of these parameters in the evolution of
acoustoelectric domains.

I. INTRODUCTION

Propagating domains' ' of intense acoustic flux
can be produced in piezoelectric semiconductors
by acoustoelectric amplification of phonons from
the thermal equilibrium background. Passive op-
tical probing of such domains, primarily by Bril-
louin scattering of light by the amplified phonons,
has served to elucidate the basic characteristics
of such domains, including their shape, velocity,
and the evolution of the strength and spectral dis-
tribution of the amplified acoustic flux."' In the
course of further domain studies' in semiconduct-
ing GaAs, we found an active response to intense,
Q-switched, YA1G: Nd laser light pulses at 1.06
p,m, consisting of very strong modulation of the
acoustoelectric current and the phonon intensity.
Since the excitation in GaAs at 1.06 p,m is extrin-
sic, very strong photoconductive effects were
quite unexpected for semiconducting samples at
room temperature. Furthermore, the maximum
light intensity used, about 70 kW/cm', was much
too I.ow to invoke any appreciable excitation by
nonlinear processes. ' Various diagnostic experi-
ments revealed that the photoconductive modula-
tion in the domain involved two factors:

(i) The primary effect of the intense radiation
was to excite electrons from deep traps, -1.2 eV
below the conduction band, and present in surpris-
ingly large concentrations. From saturation photo-
conductive measurements" in small test samples
not involving domains, we found trap concentra-
tions of about 10"cm ', far exceeding the free-
carrier concentration in the dark in our material.

(ii) Because the absorption coefficient in GaAs at

1.06 p, m is small, =1-2 cm ' in our samples, " in-
tense, focused radiation is required to obtain ap-
preciable excitation. The domains, consisting of
high-resistance regions about 1 mm wide, are
particularly suited to detect such highly focused
light because they concentrate most of the voltage
drop across the sample.

The strong photoconductive response of acousto-
electric domains to a focused light beam provides
a welcome new tool for scanning the spatial distri-
bution and propagation of amplified acoustic flux.
Conversely, a narrow propagating domain can be
used to scan a light image projected on the surface
of the sample. For either case the information is
displayed very simply in the oscilloscope trace of
the current pulse through the sample. These appli-
cations have been described elsewhere. "

In this paper we shall first summarize and then
try to explain the various modulation effects pro-
duced by the intense light. The effects observed
were very diverse, being strongly dependent on the
stage of evolution of the acoustoelectric domain.
We present here a simple model, based on small-
signal acoustoelectric theory, '""which qualita-
tively explains the various effects simply in terms
of the induced transient increase in electron con-
centration n. The latter affects the acoustoelec-
tric amplification in two ways: (i) it changes the
screening of the piezoelectric field and thus shifts
the frequency dependence of the gain, an effect
which played a major role in the initial recogni-
tion of the piezoelectric interaction"; and (ii) it
changes the local carrier drift velocity in the do-
main and hence, the magnitude of the gain.

These two factors, acting sometimes coopera-
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tively and at other times in opposition, determine
the direction of the modulation of the acoustoelec-
tric current and the acoustic flux, and can account
for the diversity of the phenomena,

Di

Hg LAMP

YAL, G
LAsER LJ

P,

Loads ~n

L, B

FIG. 1. Optical setup showing YA1G laser excitation
of sample, and Brillouin scattering of light from Hg
lamp, P& is an intracavity polarizer inside the YA1G:
Nd laser, P2 and P3 are prism polarizers, L&-L4 are
lenses, B-beam splitter, A-light attenuator, S-aper-
ture, E-interference filter. D& and D2 are Si pin diode
detectors. GaAs sample is ilium~»ted in longitudinal
geometry by the laser light (double line) of intensity
monitored by D&, while the focused light of the Hg lamp
(single line), scattered by angle 8, is detected by D~.

II. EXPERIMENTAL TECHNIQUE

All our measurements were done at 300 K with
optically polished, n-type GaAs samples of aver-
age dimensions 2 x 0.2 x 0.1 cm', and oriented with
their length along the (110) crystallographic axis.
Typical electrical parameters were 6 x 10"cm '
carrier concentration and 0.6 (0cm) ' conductivity.

Propagating acoustic domains were generated in
the usual fashion'"' by the application of voltage
pulses of 3-5-p, sec duration, with amplitudes in
the range of 1-2 kV depending on the sample. The
high-voltage pulses were supplied by a Velonex
360 generator at a repetition rate of 1 Hz to avoid
excessive joule heating.

The optical setup is shown in Fig. 1. The source
of high-intensity light for modulation of the acous-
toelectric parameters in GaAs samples was a Q-
switched YA1G: Nd laser (Quantronix Mode1112A)
which provided pulses of 200-nsec half -width at a
peak power up to 3kW. The intensity of light reaching
the sample was controlled by a variable attenuator.
Light emerging from the laser was polarized in a
vertical plane by an intracavity polarizer P, . Two
prism polarizers, P, and P„external to the laser,
were used to vary the light intensity between 0 and
the full output, while maintaining an ultimate verti-
cal polarization. The light intensity incident on the
sample was proportional to cos'o. , where n is the
angle between the axis of the rotatable polarizer
P, and the vertical axes of P, and P,. To monitor

the intensity of light reaching the sample, a small
fraction of it was deflected from the main beam by
a beam splitter 8, further attenuated at A (by an-
other beam splitter and a light diffusing MgO sur-
face), and detected by a. Si photodiode detector D, .
The lens L, was used to produce a spot of =1 mm
diam in order to illuminate the whole domain.

The domains could be illuminated either in a
transverse or a longitudinal geometry. In the for-
mer, the laser beam is incident perpendicular to
the length of the sample and illuminates only a
small segment of it, generally that through which
the domain is passing. The timing of the light
pulse has to be synchronized with the domain's
passage through that segment. In the longitudinal
case, the light beam passes through the whole
length of the sample, filling the crystal with light,
but with uniformity limited by an absorption coef-
ficient" =1-2 cm '. Proper timing of the light
pulse allows illumination of the domain at any
stage of its transit through the sample.

In addition to studying the photoconductive
changes in current in the samples, we measured
the concon. itant changes produced in the phonon
population in the domains. This was accomplished
by Brillouin scattering measurements made just
after the illumination of the domain by the YAlG
laser pulse. For this purpose, a separate light
source and detecting system were necessary. As
shown in Fig. 1, a pulsed high-pressure Hg arc
lamp was used as a source. By varying the angle
of incidence g, of the Hg light on the sample as
well as the observed scattering angle 8, we could
study phonons of different frequencies, as has
been described before." For on-axis phonons,
the phonon frequency f is obtained from the scat-
tering angle by the relation f= (2v, /X) sin(~ 8),
where 8= 2|It, X is the wavelength of light in the air,
and v, is the sound velocity. The intensity of light
scattered at a given angle is a measure of the pho-
non intensity at the corresponding frequency.

Light from the mercury lamp was focused on the
sample by two lenses L, and L,. This light, as a
10-p.sec pulse, was relatively long compared to
the 0.2- p,sec laser pulse. The Brillouin scattered
light was focused by a lens L, on a Si photodiode
detector D,. An aperture S defined the collection
cone. An interference filter F, passing lig!at at
9800+250 A, was placed in front of the detector to
prevent YAlG laser radiation from reaching the
photodiode. The detector D, and its associated
optical components were mounted on a rotatable
arm, with the sample placed directly above the ro-
tation axis. This permitted the variation of the
scattering angle 8. Similarly, the incident angle P
was changed by moving the arm containing the
mercury lamp and its associated lenses about the
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III. EXPERIMENTAL RESULTS

A. Photoconductivity in domains

The photoconductive modulation by the laser
light, at the different stages of development of the
domain, is revealed directly in the current pulse
shape. A summary of the dominant effects is pre-
sented in Figs. 2 and 3.

As an introduction, we show in Figs. 2(a) and

(0)
kV

same axis.
Individual current and voltage pulses showing the

effect of the laser modulation were generally dis-
played on a Tektronix 7623 storage oscilloscope.
However, when we wanted to determine the varia-
tion of photocurrent (and/or Brillouin scattering
signal) with incident laser intensity, we utilized
two boxcar integrators. The YA1G light intensity,
as monitored by the detector D„wasaveraged by
a PAR 162 Boxcar with 164 input plugin, using an
0.05- p,sec gate. The output was connected to the
horizontal drive of an X-Y recorder. The photo-
current in the sample or the Brillouin scattering
signal, depending on the measurement, was aver-
aged by a PAR 160 Boxcar, also with an 0.05- p,sec
gate, and its output was connected to the vertical
axis of the recorder. Laser, mercury lamp, and
high-voltage pulse, as well as the whole detection
system, were triggered once per second from a
common source.

2(b) the voltage and current pulses in the dark to
identify the stages of domain evolution. The ex-
ternal voltage applied to the sample is high enough
to drive the electrons to a drift velocity e, exceed-
ing the appropriate phonon velocity v„which is
the necessary condition for amplification. The
circuit maintains a nearly constant voltage during
each pulse. The current is initially constant at its
ohmic value while the acoustic flux builds up from
its thermal equilibrium value. After an incubation
time of =2 p,sec, the acoustic flux grows strong
enough to cause the drop in current to a low satu-
ration value. Generally, it is the acoustic flux
near the cathode that is most favorably amplified
and eventually forms a domain, about 1-2 mm
wide, which propagates through the sample with
velocity v, . The drop in current is caused by
strong stimulated emission of phonons by the elec-
trons, due to the amplified phonons in the domain.
The domain becomes a region of very high resis-
tance which concentrates most of the voltage drop
across the sample. After the external voltage
pulse is shut off at t =4 psec, the current persists
for about a microsecond as the energy and momen-
tum concentrated in the acoustic flux are trans-
ferred back to the electrons. ""

Next we shall demonstrate the diverse ways in
which the current trace is affected by the YAlG
laser pulse. In Figs. 3(a}and 3(b}, voltage and
current pulses in the dark are drawn again with
solid lines. The superimposed current spikes in-
dicated by dashed lines are caused by light pulses
incident in the transverse illumination geometry.
The four current spikes shown at t,-t, are repre-
sentative of the four characteristic stages in do-
main evolution. If the light pulse illuminates the
fully grown domain at time t„then the current is
increased by as much as an order of magnitude at
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FIG. 2. (a) Voltage pulse and (b) current pulse char-
acteristic of do~&n formation.
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FIG. 3. (a) Voltage pulse and (b) current pulse with
superimposed photoconductive spikes (dashed lines)
produced by the laser light pulses in transverse geom-
etry. The circled area is shown enlarged in (c) and (d).
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the peak of the light pulse. However if the same
spot is illuminated at any earlier time t„either
before the domain has formed, or before it reaches
the spot, the photoconductive spike is very weak
or completely suppressed. The persistent current
regime is contained in the circled part of the cur-
rent trace in Fig. 3(b), and shown enlarged in 3(c)
and 3(d). When the domain is illuminated at time
g 3 Just after the external voltage is shut off and
while the acoustic intensity is still very strong,
then the current is increased by the light pulse.
However if we wait till t„after the persistent cur-
rent and hence the acoustic flux has significantly
attenuated, we find that the current is now strongly
reduced by the light pulse. It must be emphasized
that at times I;„t„and t, no perceptible effect
was observed if light passed through the sample
outside the domain.

In general, the timing and duration of the current
modulation pulse correspond closely to that of the
light pulse. However there are some interesting
cases of after effects which will be discussed
later.

B. Comparison of photocurrent and Brillouin
scattering data and prehminary analysis

To supplement the phenomena illustrated in Fig.
3, a series of measurements of current modula-
tion versus incident light intensity was taken. In
addition, Brillouin scattering measurements were
made in the domain to determine the influence of
the intense light on the growth of the acoustic flux.
For greatest convenience, the intense YA1G light
was applied here in the longitudinal geometry, as
shown in Fig. 1. The combination of the photocon-
ductive and acoustical-phonon measurements was
extremely useful for elucidating the details of the
photoacoustoelectric effect.

In Fig. 4, the photoexcitation current measured
at its peak pulse value is plotted against the inci-
dent light intensity in the t, and t, regimes. In the
former, the current grows monotonically with the
light intensity, achieving a 75/0 enhancement over
the dark value. In contrast, in the t, regime the
increase in current is much greater, up to a value
over seven times the dark current. Since the do-
main region concentrates about 90% of the sam-
ple's resistance, the creation of extra free car-
riers in this region greatly increases the current
in the sample. Auxiliary electrical probe mea-
surements showed that the electric field across
the domain was partially shorted out by the light
pulse.

The very weak effect of light at t, in the Ohmic
regime is due to the fact that the intense illumina-
tion affects only a relatively small segment of the
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FIG. 4. Variation of current with YA1G laser inten-
sity in longitn~&~l geometry. The top curve was taken
in the t 2 regime, the bottom curve in the t~ regime.

sample, and hence modulates only a small frac-
tion of the total resistance. This is most obvious
in transverse illumination geometry, but is still
a factor in longitudinal illumination because of the
appreciable absorption of light along the length of
the sample. That the local conductivity modula-
tion is actually much higher than is apparent from
the gross current changes, was verified by esti-
mates based on the fractional volume of the sam-
ple illuminated, and by supplementary experi-
ments (described in Sec. III C) on small samples
which could be completely and uniformly filled
with light. From the fact that there is indeed a
large conductivity increase in the Ohmic regime,
we can conclude that there must be a large in-
crease in free-carrier concentration.

Returning to the t, regime, we note that as a
consequence of the increase in excess free car-
riers cited above, there must be a modulation of
the strength of the acoustoelectric interaction.
Estimation of the direction of this effect requires
the detailed theoretical analysis presented in Sec.
IV. However, some immediate insight is obtain-
able from the Brillouin scattering experiments
which tell us how the phonon population is changed
by the light pulses. The scattering measurements
were made 250 nsec after the peak of the YA1G
light pulse. The mercury-lamp intensity is much
less than the YA16 laser intensity and contributes
negligibly to the photoconductive effects. The
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Brillouin scattering curves, taken in the t, regime
for phonons of frequencies equal to 0.8 and 2.3
GHz, are shown in Fig. 5. %e see that the phonon
intensity is considerably increased by the YAlo
laser excitation, by as much as 40 and 80% re-
spectively at the two frequencies. From this we
can conclude that the acoustoelectric gain was
transiently increased.

To analyze the last result, we have to examine
what factors determine the acoustoelectric gain.
For simplicity, we consider only the small-signal
form" of the gain, which can be written as &=os,
where y=v, /v, -1 and the coefficient a, is given
by the expression' '

a, =K'(o~((u/(o„+ (o /(o) ' .
K, the electromechanical coupling constant, is
proportional to the piezoelectric tensor; e
= (&unvc)'~', where &o~ = ev,'/pkT is the diffusion
frequency, and &ac= a/e is the dielectric relaxa-
tion frequency; e, p, , k, T, o, and a are, respec-
tively, the electron charge, electron mobility,
Boltzmann constant, temperature, conductivity,
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and dielectric constant. The expression in Eq. (1)
is valid if (a) ql & 1, where q is the phonon wave
vector and / is the mean free path of electrons;
and if (b) y «(&oc/ra+ &o/&on). These approxima-
tions apply reasonably well to our material.

The acoustoelectric gain is maximum for the
phonons with the angular frequency ~= ~ . Since
cr=ne p, , the frequency of the maximum acousto-
electric gain f = &o„/2v, is proportional to v s. In
Fig. 6, 0., is plotted as a function of the acoustic
frequency f, for n, = 6 & 10"cm ' and also for 4s,
and 10n,. The increase in n modifies ~~ and hence
the screening of the piezoelectric field. This sim-
ply shifts the acoustoelectric gain curve a,(f) to
higher frequencies, decreasing the gain coefficient
at the frequencies f«f, which correspond to the
data of Fig. 5.

In spite of the expected reduction of e, by the il-
lumination, we found in Fig. 5 that the phonon in-
tensity was increased. Apparently the gain has in-
creased, indicating that the factor y, must have
increased more than enough to compensate for the
decrease in e,. It follows then, that with increas-
ing light intensity, e~ must increase in the domain
along with n, and that the current density j=mes~
must therefore increase faster than n. Thus, the
high-resistance domain shows a faster than linear
response to carrier excitation.

In Fig. 7 we present the photoconductive and
Brillouin scattering curves at t„justafter the
voltage pulse is shut off, when a persistent cur-
rent is driven by the still very strong acoustic
flux. The current increases with light intensity
until it is about twice the value in the dark, then
starts to decrease. The Brillouin scattering curve
shows a decrease of phonon intensity at 0.8 GHz.
What happens here can be explained as follows: In
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FIG. 5. Dependence of Brillouin scattering intensity
of light from the Hg lamp on YA1G laser intensity. The
laser pulse preceded the Brillouin scattering measure-
ment by 250 nsec. Both curves were taken in the t2
regime. The upper one is for scattering by 2.3-GHz
phonons, the lower one for 0.8-GHz phonons.

FIG. 6. Piezoelectric coupling coefficient ap, cal-
culated from Eq. (1), as a function of acoustic frequency,
for three values of the carrier concentration: np =6
WO cm 4sp and 10op Frequencies of ~~~um
acoustic gain for these three cases are represented by
f~, f~, &a~ f~, respectively.
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FIG. 7. Current and Brillouin scattering curves in
the t3 regime, as a function of the peak laser light in-
tensity in longituA~! & geometry. The scattering curve
is for 0.8-GHz phonons. Photograph in the insert shows
two persistent current traces, one in the dark, another
with the laser pulse Ql~~&nation of the intensity chosen
to maximize the current increase. Note also that after
Qlumination the current decays faster.

the t, regime, the persistent current density is
saturated at approximately j~=n,ev, as the acous-
tic flux drives nearly all the electrons at a drift
velocity very close to v, ."" If the light pulse in-
creases the number of electrons from n, to n, it
causes an enhancement of the persistent current.
It should be noted here, that had there been an in-
crease in holes, they would have been dragged by
the phonons in the same direction as the electrons
and a persistent current in the opposite direction
would have been produced, thus giving a net de-
crease in persistent current. The fact that a
sharp increase in j~ is observed, means that pro-
duction of electrons by the laser light is strongly
predominant over production of holes.

As the amplified phonon flux is forced now to
drive more electrons, it must attenuate faster. In
confirmation of this expectation of enhanced acous-
toelectric attenuation, the Brillouin scattering da-
ta at 0.8 GHz show more than 35% decrease of the
phonon intensity after application of the light
pulses. The current pulse trace in the insert of
Fig. 7 shows indirectly the weakening of the total
acoustic flux. This is revealed by the fact that
after the light pulse is over, the persistent acous-
toelectric current drops to a value which is below
the original dark current level.

C. Photoexcitation mechanism

The photoconductive effects observed in the four
stages of acoustic domain evolution, all required
an increased carrier concentration for their ex-
planation. Furthermore, the results in the per-
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FIG. 8. Current and Brillouin scattering curves in
the t4 regime, as a function of the peak laser light in-
tensity in longitudinal geometry. The scattering curve
is for 0.8-GHz phonons. Photograph in the insert shows
two persistent current traces, one in the dark, another
with the laser pulse of the maximum intensity available.

In the t, regime, the acoustic flux has attenuated
substantially, and therefore, the persistent cur-
rent has decreased below its saturation value.
Fig. 8 shows that, with increasing light intensity,
the persistent current at this stage drops rapidly,
until it is almost completely quenched at the full
laser power. Correspondingly, the density of 0.8-
GHz phonons is significantly enhanced at high light
intensity. The fact that j~ is forced to decrease
means that there is a reduced rate of momentum
transfer from the phonons to the electrons. This
is consistent with the observation that the acoustic
flux at frequencies f& 1.5 GHz does not attenuate
as fast as in the dark.

The analysis of why j~ decreases at increased
light intensity, in spite of the higher carrier con-
centration, is rather involved as various compet-
ing factors have to be taken into account. The de-
pendence of j~ on changes in n, and y, on the
acoustic flux spectrum, on circuit conditions, and
illumination geometry is considered in detail in
Sec. IV.
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sistent current regime at t, required a dominance
of electron concentration. When these effects
were first observed, it was difficult to understand
how the YA16 laser light could produce a very
large increase in electron concentration, especial-
ly in view of the relatively weak absorption (less
than 2 cm ') in this material. To ascertain the
magnitude of the photoconductive effect without the
complication of domains, we measured the effect
in the Ohmic regime. To get meaningful data it
was necessary to produce uniform excitation in the
%hole sample volume between the electrical con-
tacts. The samples used for the acoustic amplifi-
cation could not be utilized in this experiment be-
cause of their large dimensions. In these samples,
in the transverse geometry, only a small segment
is affected by light. In the longitudinal geometry,
the light beam excites carriers throughout the
sample but not uniformly. For samples 2 cm long,
an absorption coefficient of only 1.5 cm ' causes
the light intensity to drop along the sample to a
level of =5/0 of its initial value. To attain uniform
light intensity, small samples 0.2 x 0.2 x 0.05 cm'
had to be used, with light uniformly incident on the
large side.

The increase of conductivity with light intensity
was found to be sublinear in the whole range stud-
ied, ultimately approaching a saturation level" at
intensities of =4 MW/cm'. This high intensity,
providing a 25-fold enhancement in conductivity,
was obtained with a more powerful laser" than the
one we used for modulation of acoustoelectric in-
stabilities. However, even the weaker laser light
provided a 4-10 times increase in conductivity,
depending on the sample used. The peak light in-
tensity in the experiments described in this paper
was =70 kW/cm'. After reflection and attenuation
losses, it produced a fourfold increase in the local
carrier concentration.

The only mechanism that can account for very
strong photoenhancement of the conductivity and
its ultimate saturation is the excitation of elec-
trons from deep traps, present in concentrations
=10" cm '. A more detailed account of the ultra-
high intensity measurements and the prevalence of
such deep traps at =1.2 eV below the conduction
band in GaAs has been published elsewhere. " As
discussed there, any major contribution from non-
linear optical effects, hot carrier effects, or gen-
eration of holes was ruled out.

IV. THEORETICAL ANALYSIS OF MODULATION OF
ACOUSTOELECTRIC INTERACTIONS

A. Model and basic equations

We shall now discuss in detail the modulation of
acoustoelectric current and acoustic flux by a

photoexcited excess electron population in n-GaAs.
We use a simple model' ' based on small-signal
acoustoelectric theory, which neglects any non-
linear phonon-phonon interactions, or possible de-
pendence of the piezoelectric interaction strength
on acoustic intensity, and other strong flux effects.
Nevertheless this very simplified approach suf-
fices to explain qualitatively all the aspects of the
observed phenomena.

The rate of change of momentum for an interact-
ing system of electrons and acoustic waves in the
presence of a driving electric field is given by'"'

rr ev~

Vg ~ V~

E~ represents the average electric field in a re-
gion much larger than an acoustic wavelength, but
small compared to the spatial distribution of the
acoustic flux. Q is the acoustic energy density for
phonons and is a function of frequency f. The first
term on the right-hand side is the rate of momen-
tum loss for electrons via Ohmic processes while
the second term describes the acoustoelectric rate
of momentum transfer to the acoustic flux,
summed over all frequencies.

The phonon arnplification (or attenuation) rate
depends on the acoustoelectric gain coefficient
coy, through the relation '

dP = croy~ —crag+ (pro+ ns)Po ~ (3)

where the term 0.1,$ describes the nonelectronic
or lattice attenuation at a given acoustic frequency.
The last term permits dQ/dt to go to zero at v~= O

and Q = $0, where Q, is the thermal equilibrium
acoustic energy density.

Starting from these two coupled equations, we
can determine what happens to the current and
acoustic flux when the electron concentration n is
suddenly increased by a laser pulse. We expect
that a, will adjust to a new value within a few elec-
tron collision times. The acoustic flux takes much
more time to change as n is increased. Its growth
rate in Eq. (3) changes through its dependence on
n, and also through the dependence of y on n, the
latter being determined from the solution of Eq.
(2). We neglect any change in electron mobility
associated with the excitation of the excess car-
riers, either due to the change in the charge status
of deep traps" or due to carrier heating by the
laser light. The very large increase in conductiv-
ity justifies the assumption that the increase in n
is the overwhelmingly dominant effect. Finally,
an estimate of the energy dissipated in the sample
by a single light pulse showed that the change in
sample temperature is less than 1'K.
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In solving Eq. (2) for the dependence of y on n,
we impose the experimental condition that the to-
tal voltage across the sample is maintained con-
stant, either at the voltage V produced by the ex-
ternal pulse, or at zero after the pulse is shut
off. The acoustic flux is taken to be confined in a
narrow propagating domain of width d «L, where
L is the length of the sample. For the illumina-
tion geometry, we consider two simple cases: (a)
transverse geometry, where the laser pulse uni-
formly illuminates only the domain region while
the rest of the sample is kept dark, and (b) an
idealized longitudinal geometry, where n is uni-
formly increased throughout the sample, a condi-
tion that is not attained experimentally. Its anal-
ysis is included to see how illumination geometry
can affect the observations.

The experimental data in Figs. 3 and 9 were
taken in the transverse geometry, and the rest
with the light beam passing through the length of
the crystal. However, because of absorption, even
the latter situation falls closer to the transverse
than to the idealized longitudinal case."

1. Case (a): Transverse geometry

The carrier concentration and drift velocity are
taken to be n, and (v~), in the dark part of the sam-
ple and n and v~ in the illuminated segment. We
assume the current continuity relation is applicable
even when a strong domain is present. Then

dark and illuminated segments of the sample, we
obtain for the total voltage across the sample

n ~v o,(v, /v, —l)4
(5)

where 4, the total acoustic energy in the domain,
and B„aneffective average acoustoelectric inter-
action coefficient, are defined by

L

B,c =A n,Qdx,
0 y

(8)

where A. is the cross sectional area of the sam-
ple. Even though the integration is over the total
length of the sample, the only significant contri-
bution comes from the domain region. From Eq.
(5), an expression for the electron drift velocity
in the domain is obtained

v~ (n, /n)(v, /v, )+ n, 4C(n, /n)'
v, 1+ ao4 C(n, /n)' (7)

where v, = pV/L is the initial Ohmic drift velocity
of the electrons in the absence of the acoustic flux;
generally v, /v, —- 20 in our experiments. C is a
constant, equal to pl(n, ev,'I A).

2. Case(b): Longitudinalgeometry

For the case where the whole sample is uniform-
ly illuminated, n and v„arealso uniform in the en-
tire sample, and integration of Eq. (2) gives

Using Eqs. (2) and (4), and integrating over the

(4) ~v v, /v, + o.,4C(n, /n)
v, 1+ a,C C(n, /n)

(8)

YANG YANG

~vs

(b)

Using Eq. (3) describing the rate of change of the
acoustic energy density in conjunction with either
Eq. (7) or (8), we can determine the modulation of
the current and acoustic flux by the light at the
different stages of the domain evolution.

8. tl regime

In the t, regime the acoustic flux is still very
weak, and hence,

TIME {I pSeC/dIV)

FIG. 9. Current modulation effects for light incident
on the sample in the t& regime in transverse geometry.
(a) Position of the light beam does not coincide with the
location of the embryonic domain. Only a s~~&1 current
spike is observed. (b) Light beam illu~&~~tes the em-
bryonic domain. In addition to the current spike, there
is an increase in the incubation time of the domain.

The effect of the light pulse in transverse geome-
try is to multiply the left-hand side of this relation
by (n, /n)', making it still smaller. With this con-
dition, Eq. (7) reduces to v~ = (n, /n)v, . Locally, n
may be increased severalfold but the current is
changed only slightly since only about $ of the
sample is illuminated. The local reduction of gain
coefficient y can cause, for a light pulse of suffi-
cient intensity, a crossover from net amplification
(a,y& o~) to net attenuation (o,y & n~). In addition,
the n, (f) curve is shifted to higher frequencies,
permitting this crossover to occur at lower light
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intensities for most of the frequencies of interest.
If the laser beam is focused on a spot near the
negative end of the sample, through which an em-
bryonic or not-yet-developed domain is passing,
the reduction in net gain described above can
cause an appreciable increase in the incubation
time of the domain. This is demonstrated in Fig.
9(b). By contrast, if the laser light is incident at
any other spot along the sample, it produces only
the small spike in the current trace shown in Fig.
9(a). The increase in the incubation time corres-
ponds well to the width of the intense light pulse,
and is sensitive to synchronization of the laser
pulse with the embryonic domain. This result pro-
vides a simple means of locating where the do-
main originates, since we can now "see" it at an
early stage, before it can affect the sample's re-
sistance.

In the longitudinal case, Eq. (8) shows v~, and
hence, y to be independent of light intensity. How-
ever, an increase in the incubation time in this
case can be caused by a decrease in no as the 0.',
curve is transiently shifted to higher frequencies.

C. t2 reyme

In the t, regime, the acoustic flux is very strong
and practically all the voltage drop occurs across
the domain. For n=n„ the current density drops
to a level which is found to saturate with increas-
ing applied voltage. We can express this by j,«

n,e(v~)—, ~, which is about 10%%up of its original
Ohmic value. This situation corresponds to the
condition

20—

I /I
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the same for both geometries.
We can now explain the very rapid increase of

current with light intensity in the t, regime. From
Eq. (13), we see that v~ should initially increase
linearly with n, and the current density j =nev~
should grow faster than n.

For large n, we must use the full expressions
of Eqs. (7) and (8). The resulting dependence of

j on n is plotted in Fig. 10 for a few values of the
parameter D = 0.,4C. The increase of j with n in
this case is faster for the idealized longitudinal
geometry. In comparing Fig. 10 with experiment,
it should be remembered that n increases sublin-
early with light intensity, making the variation of

j with light intensity slower than its variation with
n. On the other hand, we note that as n increases,
e, and hence D, decrease for the frequencies
f&f corresponding to most of the acoustic flux.
Thus j must increase more rapidly than would ap-
pear from the fixed D curves in Fig. 10.

As a point of reference for comparing the theo-
retical curves with experiment (Fig. 4) the maxi-
mum value of n achieved in the domain is =4n, .
The experimentally observed, sevenfold increase
in j agrees reasonably mell with the calculated
curves in Fig. 10 for n = 4n, and D = 20, especially
when we consider that the experimental situation
was intermediate between the two ideal geometries.

+Dec»1 . (10)

Here the saturation drift velocity in the dark is
given by

(vd)~at vi/vz

16

l2

Measurements (Fig. 3) show that the saturation
current density j,« is close to 2n,ev„which im-
plies that a,4C is close to v, /v, . However, in
such strong acoustic flux, a, is not necessarily
given by the small-signal relation, Eq. (1), and
the flux distribution 4 has been influenced by non-
linear phonon-phonon interactions. "'

When the light pulse is applied, for sufficiently
strong flux we have the condition 0

I

&/n,

~v 1
(n/n, )(v, /v, ) (13)

where p = 1 or 2 for longitudinal and transverse
geometry, respectively. Under this condition

FIG. 10. Norma&ized current density in the t2 regime
as a function of the carrier concentration, calculated
for several values of the parameter D. Solid lines
represent the ideal transverse case, dashed lines the
ideal longitudinal geometry.
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Next we discuss the data of Fig. 5, which shows
the enhancement of the acoustic flux by the light
pulse. From Eq. (3), the flux growth rate is de-
termined by the acoustoelectric gain aoy. As il-
lustrated in Fig. 6, e, is expected to decrease at
frequencies fsf, and to increase only at f»f .
The calculated variation of the factor y with n,
which applied to all frequencies, is shown in Fig.
11. For both longitudinal and transverse geome-
tries y increases with n, but the increase is faster
and monotonic for the former case. Effectively, y
increases faster than is shown if we take into ac-
count the fact that D decreases as n increases.
Thus the net acoustoelectric gain depends on the
balance between various factors and also on the
frequency of the phonons. Since the fractional de-
crease in a, is less at 2.3 GHz than at 0.8 GHz we
can understand greater enhancement of the flux at
the higher frequency. For this frequency, the data
of Figs. 6 and 11 show that for n= 4n, in the do-
main, the increase in y can more than compensate
for the decrease in n„which explains the en-
hanced flux growth. For the lower frequency, the
enhancement of the acoustoelectric gain seems
rather marginal. However, at the low frequencies
the contribution to the growth from nonlinear down
conversion from flux at higher frequencies riiay
well outweigh that from acoustoelectric gain. The
theoretical curves predict that at n» 4n, the
acoustoelectric gain would be reduced.

The observed flux increase in the domain clearly
demonstrates that y must have been increased,
since n, must have decreased at the measured
frequencies. An increase in y is consistent with
defining y as ve/v, —1. We may consider what
would happen if we had chosen an alternative defi-
nition" of y as pE, /v, —1, where E~ is the local
field in the domain. Our probe measurements of
this field showed it to be appreciably decreased

when the domain is strongly illuminated. Thus the
alternative definition would have given a decrease
in y and it would not have been possible to explain
the increase in flux. The light modulation experi-
ment therefore indicates that the latter form of y
is not tenable.

D. t3 and t4 regimes

When the voltage across the sample is cut off,
we obtain a persistent current j~ given by

j~ n v~ a,4 C(n, /n)

noev, n, v, 1+aoCC(no/n)~
' (14)

We consider first the condition n=n, . If the volt-
age drops to zero very rapidly, the acoustic flux
is initially as strong as in the t, regime; hence Eq.
(14) simplifies to give v~= v, . (Actually, ve/v,
=0.95 for D=20 and n=n, }. The persistent current
j~=nev~ is proportional to the carrier concentra-
tion, as long as v~ = v, . However for a sufficiently
large increase in n, v~ is reduced according to Eq.
(14). Calculations of v~/v„y, and j~ as a function
of n are plotted in Figs. 12 and 13. The calcula-
tions show that v~ decreases with increasing n for
both illumination geometries, and the persistent
current which was enhanced by weak light, contin-
ues to increase (but tends eventua. lly to saturate)
with n for p= 1 (longitudinal case} or passes
through a maximum as the light intensity is in-
creased for p=2 (transverse case). The experi-
mental curve of Fig. 7 showed an initial increase
in j~ with n, in agreement with the theory. As n is
increased further, j~ reaches a peak and then de-
creases. This can be understood from the trans-
verse geometry case in Fig. 13 if we invoke the de-
crease in 80, hence D, with increasing n.

The initial increase of j~ with n depended on the
condition that the flux was very strong, corres-
ponding to Eq. (10}. For weaker flux (smaller D}
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FIG. 11. Gain coefficient y and ~z/v, in the t 2 regime
as a function of n, calculated for several values of D.
Solid lines represent the ideal transverse geometry,
dashed lines the ideal longitu~~Ft» geometry.
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FIG. 12. Gain coefficient y and e& jv, in the t 3 and t 4

regimes as a function of n, calculated for several values
of D. Solid lines represent the ideal transverse geom-
etry, dashed lines the ideal longitudinal geometry.
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and/or large n/n„quite different results are ob-
tained. As the acoustic flux attenuates in going
from the t, to the t, regime, the calculated curves
of Figs. 12 and 13 for progressively smaller val-
ues of D become applicable. The weak flux curves
of j~ in Fig. 13 for D = 5 and D = 1 in transverse ge-
ometry show very small, if any, initial positive
increment before going negative with increasing n.
This result is in good agreement with the experi-
mental data for j~ in Fig. 8. However, the strong
dependence of the theoretical results in Fig. 13 on
the illumination geometry should be noted. Our
experimentally observed decrease in j~ with n re-
quires a dominantly transverse geometry in which
the excess electrons are produced mainly in the
domain.

Figure 13 and Eq. (12) indicate that it is the
ratio of the a,CC term to n/n, which should deter-
mine the direction of the change in the persistent
current during illumination. This is demonstrated
nicely by the experimental curve of Fig. 14, where
the decay of the persistent current is shown for
several different light intensities. The measure-
ment was done by slowly scanning the triggering
time of the consecutive laser pulses through the
entire persistent current region. A boxcar gate
moving at the same rate provided a record of the
magnitude of the current at the peak value of the

dip, 4
(15)

Then, using Eq. (5}with V=0, we can express
(d4/dt)„ in terms of the persistent current j~ and
carrier concentration n in the domain. For trans-
verse geometry,

dt n
(16)

while for longitudinal geometry, the factor n/n, is
replaced by unity. Thus from the variation of nj~
or j~ with light intensity, depending on the geome-
try, we should be able to predict how the acoustic

light pulse. The change over from positive to neg-
ative current modulation is readily seen to occur
at an earlier time (i.e. , at stronger acoustic flux}
for more intense light.

Finally, we turn to the modulation of the acousto-
electric attenuation in the persistent current re-
gime. The persistent current is a manifestation of
the rate of loss of momentum from the acoustic
flux to the carriers. Thus, the change of j~ with
light provides a measure of the change of the
acoustoelectric attenuation of the integrated flux
C. From Eq. (3), the rate of change of the total
acoustic momentum in the domain 4/v„ through
electronic losses alone is given by
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I"IG. 13. Norxnalized current density in the t 3 and t 4

regimes as a function of the carrier concentration,
calculated for several values of the parameter D. Solid
lines represent the ideal transverse geometry, dashed
lines the ideal longitudinal geometry.

TIME ( 0.5p sec/div )

FIG. 14. Experimental curves of the decay of the per-
sistent current j& at different peak light intensities.
The solid line represents j& in the dark (I=0), the
dashed lines are for three illu~F1~tion intensities. The
measurement was done by slowly sc~~~&~g the firing
time of the consecutive laser pulses. A boxcar gate,
moving at the same rate, provided a record of the mag-
nitude of the current at the peak value of the light pulses
as a function of time.
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attenuation changes.
In the t, regime, the initial rapid increase in j~

and n at low light intensities enhances the attenua-
tion rate and explains directly the induced de-
crease in phonon intensity (enhanced attenuation)
seen by Brillouin scattering in Fig. 7. At higher
light intensity, j~ reaches a peak and decreases,
while n continues to increase sublinearly. The
opposing influences of these two factors are re-
flected in the data in I'ig. 7, which show that the
acoustic flux stops decreasing and becomes nearly
constant.

The t, regime is an extension of this situation
and applies to weaker flux, consisting of the most
slowly decaying low-frequency components. The
fast drop in persistent current with light intensity
(Fig. 8) is the dominant factor in accounting for the
observed decrease in acoustoelectric attenuation.
The latter is manifested by a residual acoustic
flux signal whose magnitude increases with light
intensity.

So far we have described the change in acoustic
attenuation of the integrated flux and assumed it
to apply to the flux at 0.8 GHz. This assumption
is reasonable since the frequencies f«f are
strongly dominant' after prolonged attenuation.
However, if we wish to discuss the attenuation of
any particular frequency component we still have
to determine its dependence on o.,y. Our theoreti-
cal curves in Fig. 12 show that the coefficient y be-
comes more negative during the light pulse, which
serves to increase the acoustoelectric attenuation
at all frequencies. The observed reduction of at-
tenuation of 0.8-GHz flux indicates that n, de-
creases more than enough to compensate for the
opposing trend of y. However, at the higher fre-
quency, f= 2.3 GHz, we did find increased atten-
uation. Here, as could be expected, the decrease
in e, was not large enough to compensate for the
change in y. In this case, just as in the t, regime,

we find that the acoustoelectric attenuation is de-
termined by opposing tendencies in o, and y, with
the outcome dependent on the acoustic frequency.

V. CONCLUSIONS

We have described a series of measurements in-
volving transient photoconductive modulation of
acoustoelectric current and of acoustic flux in pro-
pagating domains of amplified phonons. It was de-
termined that the primary effect of the light pulse
is to produce a large number of excess free elec-
trons by photoexcitation from deep traps. A mod-
el based on small-signal acoustoelectric theory,
was used to explain qualitatively how the pulse
change of carrier concentration produced the di-
verse modulation effects seen at different stages
of domain development. For our limited purposes
it was not necessary to take into account nonlinear
interactions between very strongly amplified pho-
nons, which are known to influence greatly the
form of the amplified phonon spectrum. "

The analysis showed how the change in gain co-
efficient y= v~/v, —1 and the piezoelectric coupling
coefficient n, affected the rate of growth or decay
of acoustic phonons and their spectral distribution.
The increase of the incubation time, if the light
beam illuminated the position of the embryonic do-
main, gave us information about very early do-
main development, before it showed up in the re-
sistance of the sample. The evidence of enhanced
gain in the domain in the t, regime strongly favors
the view that v~ rather than pE is the dominant
factor in determining the coefficient y. The de-
pendence on acoustic frequency of the amplifica-
tion in the t, regime and of the attenuation modu-
lation in the t4 regime, demonstrated the transient
shift of the n, curve to higher frequencies by the
sudden increase in electron concentration.
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