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Acoustically pumped stimulated emission in GaABIGaAs quantum wells
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We report on an extremely narrow linewidth of a two-dimensional electron-gas photoluminescence in GaAs/
AlGaAs quantum wells pumped by ultrasonic vibrations. Below the threshold pumping amplitude, the ob-
served emission line is weak, broad, and undergoes a redshift consistent with the evolution of an electron-hole
plasma recombination in the oscillating piezoelectric fields accompanying the sample vibrations. Above the
threshold, a narrow emission line arises, which sharpens upOtd-meV full width at half maximum, and
gains intensity with increasing pumping amplitude. Weighing different alternatives, it is suggested that the data
are best explained within the framework of stimulated emission originating from the acoustically pumped
injection of enhanced electron and hole densities.
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Acoustic waves have been widely employed to modulatecal emission. The interest in this kind of research is both
the optical properties of piezoelectric bulk solids such afundamental, leading to a better understanding of acousti-
LiNbO; and GaAs;? and the impact of acousto-optical tech- cally affected luminescence in quantum wells, and applied,
nigues seems to be quite far reaching. These techniques agince one should expect that acoustic driving techniques may
plied to semiconductor heterostructures including quantunie integrated into quantum well microcavity optics yielding
well (QW) structures appeared very recently to be a subjectlifferent types of light-emitting devices.
of increased interest.® The priory concern behind these ef-  The samples used in our experiments were grown by
forts is the expectation of the use of acoustic driving tech-molecular-beam epitaxy. They consist of af-type (001)
niques for tailoring optoelectronic devices. For exampleGaAs substrate, a 3000-A GaAs Si-doped *fitn3)
acoustically tunable lateral potential modulation can bebuffer layer, 30 periods of undoped 100-A GaAs quantum
achieved in the plane of a QW by employing piezoelectricwells separated by 100-A AlGa, :As barriers, and a 300-A
fields of acoustic waves, which store the photoexcited carriGaAs Be-doped (X10' cm™3) cap layer. The backside
ers into the moving potential and thus can be used for opticalDhmic contacts were formed by alloying AuGe on the sub-
signal processing® strate.

It is known that electrons and holes confined to lower- An Au Schottky contact was evaporated on the top of one
dimensional quantum structures offer superior opticalof the samples. By biasing the barrier, this sample was used
performancé. Carrier confinement to lower dimensions is to study the origin of the observed photoluminescence band
particularly interesting for low-threshold laser applications.and to estimate the density of a two-dimensional2D)

The storage of electron or hole plasma in the piezoelectrielectron gag2DEG) from the evolution of the PL bani.
potential of acoustic waves is expected to strongly enhance Another sample, without Schottky barrier and exhibiting
carrier interaction effects in photoluminescerib&), which  n,p~2.5x 10" cm 2, was used to study the acoustic pump-
may have interesting practical consequences inherent to theg effect!! The size of this rectangular sample was about
occurrence of spontaneous and stimulated emission in sen-x 4 0.62 mnt. Ultrasonic vibrations were achieved by
conductor heterostructures. However, only a few studiesnounting the sample onto the 4Y°X cut LiINbO; piezoelec-
have hitherto been performed in this research field. Theoretiric plate, as shown in Fig. 1. An AVTECH AV-1015-B pulse
cally, evidence of acoustic pumping effects has been obgenerator was employed to feed the plate. Minimizing the
tained by analyzing a localized quantum dot pumped bytemperature rise of the sample, the driving plate was delib-
stored electrons and hol&&Vhen acoustic waves cross the erately energized by short pulses of aboyisl All spectral

dot, the stored carriers drop into the dot and form an excimeasurements were taken with a varying pulse repetition rate
tonic state which yields a train of equally spaced photons oand a fixed duty cycle of 20%. By adjusting the length of the
lasing. Experimentally, dynamic band-structure modulationplate to that of the sample, a resonant vibrating system ex-
and carrier distribution have been shown to profoundly im-hibiting a set of acoustic modes was achieved. The measure-
pact PL in QW's*® ments were then performed at the lowest longitudinal eigen-

In this paper, we demonstrate that an extremely narrownodes of the sample vibrations, and the maximum vertical
PL line can be observed in GaAs/AlGaAs QW structuresdisplacement of the sample surface was estimated to be of
pumped by ultrasonic vibrations. The occurrence of this linethe order of 0.2 nm in the employed frequency range from
is attributed to the injection of high electron and hole densi-300 to 400 kHz. The sample was mounted on a cold finger of
ties due to driving piezoelectric fields between the antinodea closed cycle refrigerator operated down to 12 K, and the
of the standing acoustic wave resulting in a stimulated optiluminescence was detected at or near 30 K. It was excited by
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FIG. 1. Sample and measurement schematics. On the left side, r 4
the tip for detecting surface displacements is seen. On the right side, . . . A L
the capacitance coupling between the metal tip and the sample used 1.51 1.53 1.55
to image the charge flow in the confinement region is shown. Photon Energy (eV)

. . FIG. 2. PL spectra of the GaAs QW taken by a boxcar averager
a He-Ne laser and collected in a near-backscattering geomy Jiorant pumping amplitudes: 1-0, 2—30, 3—40, and 4—45 V.

etry perpendicula}r to the QW plane. The_ ex_citing light WaSThe zeros are displaced from top to bottom. Spectrum 4 is enlarged
focused on a region of the order of 2@n in diameter. The 5 factor of 50 for clarity. Full widths at half maximum are 6.4

sample could be shifted laterally relative to the optical axisigpectrum 1, 7.1 (2), 7.9 (3), 1.8 (4, line B), and 2.2(4, line O
of the double monochromat@8PEX-1680, 1200-g/mm grat- meV.

ing) used to disperse the PL. The luminescence signal was
detected by employing a Hamamatsu R928 photomultiplietechnique, we avoided artifacts in the images, which could
tube followed by either a model 162 boxcar averager or accur because of antenna pickup and ground loop effects.
72080 Perkin Elmer lock-in amplifier. In the former case, theThese studies were performed at room temperature, and the
PL signal was averaged over the aperture that matched ttspatial resolution in these experiments was00 um.
duration of the pump pulse. In the latter case, the PL signal A set of PL spectra is shown in Fig. 2 illustrating the
was collected at the repetition frequency of these pulses. changes in the emission with voltadeé applied to the
Considering that the redistribution of mobile charges un-LiNbO; transducer. It is seen that acoustic pumping makes
derneath the sample surface is supposed to play a key role the emission linéspectrum 1 progressively weaker in inten-
the present study, we compared our luminescence data witkity. The line gets broader and undergoes a low-energy shift
maps of surface displacements induced by acoustic vibraspectra 2 and)3which is reminiscent of the changes in the
tions and with the motions of charges underneath. The verti2DEG luminescence observed with increasing electron-gas
cal displacements were taken with a grounded metal tip cordensities-® We therefore believe that the observed PL band is
nected to a calibrated miniature wide-band piezoelectridue to recombination of an electron plasma and a photoex-
detector(Fig. 1). The tip was attached to the vibrating sur- cited valence-band hole. The changes seen in spectra 2 and 3,
face, and the output rf signal was found to be proportional tacompared with spectrum 1, may originate partly from the
the local surface displacement. To monitor the motions ofncreased electron density in acoustic fields because of the
charges induced by the oscillating sample, a sharp metal tipiezoelectric coupling to the 2DE&,and partly from the
was brought closé~100 um) to its surfacerf charge in Fig.  sample heating that accompanies the vibrations in GaAs.
1). The flow of charge gave rise to a voltage on the tip on the Since our main intention has been to study nonthermal
one side due to the capacitance between the tip and thghenomena, special care was taken to avoid inaccurate tem-
sample as a whole and on the other side between the tip anrature measurements and to make sure that the pumping is
the confinement region, which is oscillatory in time with the not a purely thermal process. As will be seen below, any
same frequency as the driving rf signal. The tip rf voltagecontribution from a possible heating of the sample can easily
was then measured by a sensitive amplifier. be ruled out by carefully analyzing the spectral changes at
While scanning the tip across the surface, the amplitudéigher pumping.
of the oscillatory signal was mapped, which directly reflected Increasing the pumping amplitude above about 40 V
the contours of acoustically distributed charges. In order tewhanges the observed emission spectrum quite considerably.
correlate the local variations of charge on a subsurface witfThe broad PL band of the electron-hole plasma is further
the luminescence data taken from the QW, we employed guenched and becomes remarkably brogdat in spec-
He-Ne laser. By this we provided enhanced charge densitigsum 4 of Fig. 3. Simultaneously, a narrow emission line B
in the confinement region outside the electron-hole generaappears in the spectral range of the electron-hole plasma re-
tion area, which is due to the drift diffusion of electrons andcombination together with a line C recovered in the range of
holes in the plane of the QW. By extracting two images takerthe nonpumped PL line shown in spectrum 1. As the pump-
with and without laser light, we were able to display con-ing amplitude increases further, the peak energy of line B
tours of charges inherent to the confinement region. With thislecreases only slightly and its intensity increases Fig. 3
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- ' ' ' ' ' sidering the heating effect of the pumping on electrons in the
£ ] 2DEG, the dominance of excitons over the electron-hole
= 3 1 plasma seems unlikely. Consistent with this notion is the fact
8 1 that line B didn’'t merge with line C when the temperature
21 2 1 was slightly increased. This last result taken together with
.«E the low emission intensity in line B may be indicative of the
= 1 involvement of above-barrier heated electrons in the emis-

- i ,N__\,\_J\’\.,._. ] sion of line B. This would imply that the acoustic pumping
1521 ' 1553 ' 1525 injects carriers from the low-band-gap GaAs layers into the
Photon Energy (eV) high-band-gap AlGaAs layers, which then recombine indi-

rectly both in real and momentum space with holes in GaAs
FIG. 3. Evolution of line B in spectrum 4 of Fig. 2 for pumping QW's. However, the observed evolution of the spectral shape
amplitudesU =46 (1), 48 (2), and 50(3) V. The full width at half  of |ine B with increasingU weakens the evidence of this
maximum is 0.13 meV for the strongest line in spectrum 3. Theagsignment. The recombination from higher-energy states of
spectra were taken by a lock-in amplifier. The zeros are dlsplaceﬂot electrons would yield a distinct high-energy tail of line
from bottom to top. B, which is expected to increase with increasidg How-

. . . L ever, this is not in agreement with the data shown in Figs. 2
at the expense of line C until nearly all the intensity is CoN-,nd 3

centrated in one single line. These results cannot be ex- . - . .
plained by the temperature dependence of the PL band proy- We therefore believe that the origin of line B is probably

! S etter understood in the framework of stimulated emission
ing that the observed narrow emission is not due to therma] R
processes occurring in a Coulomb-correlated electron-hole plasiia.

. . 4 . . g
However, there are good reasons to believe that such rpeent studies, Akiyama and co-workers' identified the

behavior is qualitatively consistent with the redistribution of 92in meéchanism in photoexcited quantum wires, which they
free carriers in the oscillating piezoelectric potential of theShowed to be due to recombination in the dense electron-hole

QW plane. Indeed, the unbound electrons in the 2DEG ten@lasma peaked in the energy range of the spontaneous re-
to relax in the piezoelectric potential. Since the employed-ombination of free electrons and holes. Within such an ap-
acoustic frequency is much lower than the conductivity reroach, the domains of free electrons and holes in the oscil-
laxation frequency, the bunching of charge in the 2D@@d ~ lating driving potential move back and forth in opposite
variations ofn,p in the QW plang which increases with directions inside the plane of the QWSWhen the moving
increasingU, is expected to follow the piezoelectric field electron and hole clouds are allowed to spatially overlap,
distribution and, hence, to form regions of accumulated andhey form an active region and radiate in a broad emission
depleted electron densities. The height of the entrance slit diand. As soon as the injected spatially varying electron and
the monochromator allows to study the total length of thehole densities become high enough for the stimulated emis-
light-emitting zone of the sample, which is rather large, andsion to occur in the region of overlap, line B arises within the
to observe simultaneously the PL originating from the regiorrange of the spontaneous emission represented by band A
of varying electron-gas density. This should explain the oc{Fig. 2). Line B gets sharper and sharper from spectrum 1 to
currence of a remarkably broadened emission band A with apectrum 3 in Fig. 3 accompanied by the development of
hardly discernible peak energy in spectrum 4 of Fig. 2 andptical modulation structures, which are best resolved in
the observation of line C, which is probably due to a band-spectrum 3. They are separated by approximately 0.1 nm and
to-band electron-hole recombination arising in a loware most likely characteristic of the cavity modes. All these
electron-density region. Line C is then expected to be narfindings are strong indications for the occurrence of stimu-
rower than the emission line in spectrum 1, which is indeedated emission.
observed, and shifted to higher energies, which is not ob- The validity of the presented model is further supported
served. The unnoticed shift to higher energies may be exby the data shown in Fig. 4. The surface vibrations imaged in
plained by possible sample heating due to the pumpingrig. 4(a) reveals the regions of high and low vibration am-
which would shift a band-to-band electron-hole recombinaplitudes(white and black areas, respectivelyn the acous-
tion to lower energies. As discussed below, the pumpingtically induced charge motion image shown in Figb} re-
induced spreading of charge across the QW is a complicategions of high and low signals are presented as white and
process. With the technique employed, we are unable to coblack areas, respectively. The most striking observation is the
rectly map the spatial variations of the emission lines A—C inmaximum flow of chargepwhite areas in Fig. é)] between
the plane of the QW. However, the energy position and thehe antinodes of the standing wajmwhite regions in Fig.
emission intensity of the lines are found to change wheri(a)]. Consistent with our model we explain the observed
moving the laser spot across the sample, in qualitative agreeontours as follows. Free electrons are collected at the piezo-
ment with the model of bunched charges. electric potential maximghatched cloud in the inset of Fig.
The assignment of line B in Fig. 2 is not straightforward. 5). In a half period of the standing wave, the potential phase
Based on the low-energy shift of this line compared to thes reverseddotted line$, and the electrons are expelled out-
band-to-band electron-hole recombination in line C, an exciwards (arrows in the insgt The applied rf pump causes,
ton origin of line B may be one explanation. However, con-therefore, the electrons to move back and forth between the
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(b) with T as the standing-wave period.

paring Figs. 4b) and 3b), it is readily seen that the maps are

in reasonable agreement thus proving that the charge flow
indeed moves away from the displacement antinodes. In a
similar manner, our PL exhibited a distinct enhancement of
the sharp-line emissior(sf. Fig. 3) between the antinodes of
the standing wave, in good agreement with our model. In-
deed, the overlap of electron and hole wave functions is ex-
antinodes displayed in Fig(# as white areas, in very good pected to increase rather distinctly just between the antinodes
agreement with the data of Fig(b). because this is clearly the region where the electron and hole

gouds moving in the opposite directions, would overlap.

In a more quantitative manner, these results can also b T lud h b d Kabl
discussed in terms of the electron current density, which is  '© ¢onclude, we have observed a remarkable narrowing
the 2DEG luminescence line in acoustically pumped

assumed to have the same harmonic time dependence as tfle — .
driving rf field, J(x,y,t) =] (x,y)exp(—iet), wherew is the aAs/AlGaAs quantum well structures. Weighing different

B o N alternatives, it is suggested that one of the most probable
\ﬁbDrthls‘n Ha;%lyjlf\;;rdegugpecyt/ﬁ ea 2?e cljrgrlwvznokl))iﬁty gg’g Y:Iiglffu- explz_inations for t_he_ narrowing pf the line is the occurrence
sivity, respectivelyo(x,y) is the piezoelectric potential, and of stimulated emission. We believe that the presented data
p(X,y) is the perturbation in the charge density relative to. upgrade the importance of"acousuc pumps for exploring ISS'
the equilibrium valuep,. Applying the equation for charge ing in semiconductors well beyond mere promises. Further
conservation dp/dt+V-J=0 yields the relationj(x,y) investigations are neegjed to c_)ptlmlze_the cavity design and
= . ! to demonstrate acoustically driven lasing.
=AV ¢(X,y), whereA is a constant parameter. We have cal-
culated this relation numerically by starting from Figah One of us(0.A.K.) would like to thank the Department of
which shows the representative displacement fig(d,y) Physics, Seoul National University, for support through the
taken around an antinode of the standing wave. By makin@K21 Program during which a course of spectral measure-
one further approximationp(x,y) =(e/e)u(x,y) with ethe  ments was performed. The authors like to thank the Swedish
piezoelectric constant andthe dielectric constant, we arrive Foundation for the Promotion of Semiconductor Physics for
at the current-density distribution shown in Fighp Com-  financial support.
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FIG. 4. (a) Vertical displacement image taken from the sample
surface.(b) Acoustically driven rf charge image taken in the same
region as in(a). The striking laser light is focused at about 3,
y=2 mm outside the imaged region.
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