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Acoustically pumped stimulated emission in GaAsÕAlGaAs 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 up to;0.1-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 modul
the optical properties of piezoelectric bulk solids such
LiNbO3 and GaAs,1,2 and the impact of acousto-optical tec
niques seems to be quite far reaching. These technique
plied to semiconductor heterostructures including quan
well ~QW! structures appeared very recently to be a sub
of increased interest.3–6 The priory concern behind these e
forts is the expectation of the use of acoustic driving te
niques for tailoring optoelectronic devices. For examp
acoustically tunable lateral potential modulation can
achieved in the plane of a QW by employing piezoelec
fields of acoustic waves, which store the photoexcited ca
ers into the moving potential and thus can be used for opt
signal processing.3,6

It is known that electrons and holes confined to low
dimensional quantum structures offer superior opti
performance.7 Carrier confinement to lower dimensions
particularly interesting for low-threshold laser application
The storage of electron or hole plasma in the piezoelec
potential of acoustic waves is expected to strongly enha
carrier interaction effects in photoluminescence~PL!, which
may have interesting practical consequences inherent to
occurrence of spontaneous and stimulated emission in s
conductor heterostructures. However, only a few stud
have hitherto been performed in this research field. Theo
cally, evidence of acoustic pumping effects has been
tained by analyzing a localized quantum dot pumped
stored electrons and holes.8 When acoustic waves cross th
dot, the stored carriers drop into the dot and form an ex
tonic state which yields a train of equally spaced photons
lasing. Experimentally, dynamic band-structure modulat
and carrier distribution have been shown to profoundly i
pact PL in QW’s.4,9

In this paper, we demonstrate that an extremely nar
PL line can be observed in GaAs/AlGaAs QW structu
pumped by ultrasonic vibrations. The occurrence of this l
is attributed to the injection of high electron and hole den
ties due to driving piezoelectric fields between the antino
of the standing acoustic wave resulting in a stimulated o
0163-1829/2003/67~12!/125301~5!/$20.00 67 1253
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cal emission. The interest in this kind of research is b
fundamental, leading to a better understanding of acou
cally affected luminescence in quantum wells, and appli
since one should expect that acoustic driving techniques
be integrated into quantum well microcavity optics yieldin
different types of light-emitting devices.

The samples used in our experiments were grown
molecular-beam epitaxy. They consist of ann1-type ~001!
GaAs substrate, a 3000-Å GaAs Si-doped (1018 cm23)
buffer layer, 30 periods of undoped 100-Å GaAs quantu
wells separated by 100-Å Al0.5Ga0.5As barriers, and a 300-Å
GaAs Be-doped (231018 cm23) cap layer. The backside
Ohmic contacts were formed by alloying AuGe on the su
strate.

An Au Schottky contact was evaporated on the top of o
of the samples. By biasing the barrier, this sample was u
to study the origin of the observed photoluminescence b
and to estimate the densityn2D of a two-dimensional~2D!
electron gas~2DEG! from the evolution of the PL band.10

Another sample, without Schottky barrier and exhibitin
n2D'2.531011 cm22, was used to study the acoustic pum
ing effect.11 The size of this rectangular sample was abo
53430.62 mm3. Ultrasonic vibrations were achieved b
mounting the sample onto the 41°Y-Xcut LiNbO3 piezoelec-
tric plate, as shown in Fig. 1. An AVTECH AV-1015-B puls
generator was employed to feed the plate. Minimizing
temperature rise of the sample, the driving plate was de
erately energized by short pulses of about 1ms. All spectral
measurements were taken with a varying pulse repetition
and a fixed duty cycle of 20%. By adjusting the length of t
plate to that of the sample, a resonant vibrating system
hibiting a set of acoustic modes was achieved. The meas
ments were then performed at the lowest longitudinal eig
modes of the sample vibrations, and the maximum vert
displacement of the sample surface was estimated to b
the order of 0.2 nm in the employed frequency range fr
300 to 400 kHz. The sample was mounted on a cold finge
a closed cycle refrigerator operated down to 12 K, and
luminescence was detected at or near 30 K. It was excited
©2003 The American Physical Society01-1
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a He-Ne laser and collected in a near-backscattering ge
etry perpendicular to the QW plane. The exciting light w
focused on a region of the order of 200mm in diameter. The
sample could be shifted laterally relative to the optical a
of the double monochromator~SPEX-1680, 1200-g/mm grat
ing! used to disperse the PL. The luminescence signal
detected by employing a Hamamatsu R928 photomultip
tube followed by either a model 162 boxcar averager o
72080 Perkin Elmer lock-in amplifier. In the former case, t
PL signal was averaged over the aperture that matched
duration of the pump pulse. In the latter case, the PL sig
was collected at the repetition frequency of these pulses

Considering that the redistribution of mobile charges u
derneath the sample surface is supposed to play a key ro
the present study, we compared our luminescence data
maps of surface displacements induced by acoustic vi
tions and with the motions of charges underneath. The ve
cal displacements were taken with a grounded metal tip c
nected to a calibrated miniature wide-band piezoelec
detector~Fig. 1!. The tip was attached to the vibrating su
face, and the output rf signal was found to be proportiona
the local surface displacement. To monitor the motions
charges induced by the oscillating sample, a sharp meta
was brought close~'100mm! to its surface~rf charge in Fig.
1!. The flow of charge gave rise to a voltage on the tip on
one side due to the capacitance between the tip and
sample as a whole and on the other side between the tip
the confinement region, which is oscillatory in time with th
same frequency as the driving rf signal. The tip rf volta
was then measured by a sensitive amplifier.

While scanning the tip across the surface, the amplit
of the oscillatory signal was mapped, which directly reflec
the contours of acoustically distributed charges. In orde
correlate the local variations of charge on a subsurface w
the luminescence data taken from the QW, we employe
He-Ne laser. By this we provided enhanced charge dens
in the confinement region outside the electron-hole gen
tion area, which is due to the drift diffusion of electrons a
holes in the plane of the QW. By extracting two images tak
with and without laser light, we were able to display co
tours of charges inherent to the confinement region. With

FIG. 1. Sample and measurement schematics. On the left
the tip for detecting surface displacements is seen. On the right
the capacitance coupling between the metal tip and the sample
to image the charge flow in the confinement region is shown.
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technique, we avoided artifacts in the images, which co
occur because of antenna pickup and ground loop effe
These studies were performed at room temperature, and
spatial resolution in these experiments was<100 mm.

A set of PL spectra is shown in Fig. 2 illustrating th
changes in the emission with voltageU applied to the
LiNbO3 transducer. It is seen that acoustic pumping ma
the emission line~spectrum 1! progressively weaker in inten
sity. The line gets broader and undergoes a low-energy s
~spectra 2 and 3!, which is reminiscent of the changes in th
2DEG luminescence observed with increasing electron-
densities.10 We therefore believe that the observed PL band
due to recombination of an electron plasma and a photo
cited valence-band hole. The changes seen in spectra 2 a
compared with spectrum 1, may originate partly from t
increased electron density in acoustic fields because of
piezoelectric coupling to the 2DEG,12 and partly from the
sample heating that accompanies the vibrations in GaAs

Since our main intention has been to study nontherm
phenomena, special care was taken to avoid inaccurate
perature measurements and to make sure that the pumpi
not a purely thermal process. As will be seen below, a
contribution from a possible heating of the sample can ea
be ruled out by carefully analyzing the spectral changes
higher pumping.

Increasing the pumping amplitudeU above about 40 V
changes the observed emission spectrum quite consider
The broad PL band of the electron-hole plasma is furt
quenched and becomes remarkably broader~‘‘A’’ in spec-
trum 4 of Fig. 2!. Simultaneously, a narrow emission line
appears in the spectral range of the electron-hole plasma
combination together with a line C recovered in the range
the nonpumped PL line shown in spectrum 1. As the pum
ing amplitude increases further, the peak energy of line
decreases only slightly and its intensity increases~see Fig. 3!

e,
e,
ed

FIG. 2. PL spectra of the GaAs QW taken by a boxcar avera
at different pumping amplitudesU: 1–0, 2–30, 3–40, and 4–45 V
The zeros are displaced from top to bottom. Spectrum 4 is enla
by a factor of 50 for clarity. Full widths at half maximum are 6
~spectrum 1!, 7.1 ~2!, 7.9 ~3!, 1.8 ~4, line B!, and 2.2~4, line C!
meV.
1-2
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at the expense of line C until nearly all the intensity is co
centrated in one single line. These results cannot be
plained by the temperature dependence of the PL band p
ing that the observed narrow emission is not due to ther
processes.

However, there are good reasons to believe that suc
behavior is qualitatively consistent with the redistribution
free carriers in the oscillating piezoelectric potential of t
QW plane. Indeed, the unbound electrons in the 2DEG t
to relax in the piezoelectric potential. Since the employ
acoustic frequency is much lower than the conductivity
laxation frequency, the bunching of charge in the 2DEG~and
variations ofn2D in the QW plane!, which increases with
increasingU, is expected to follow the piezoelectric fiel
distribution and, hence, to form regions of accumulated
depleted electron densities. The height of the entrance sl
the monochromator allows to study the total length of
light-emitting zone of the sample, which is rather large, a
to observe simultaneously the PL originating from the reg
of varying electron-gas density. This should explain the
currence of a remarkably broadened emission band A wi
hardly discernible peak energy in spectrum 4 of Fig. 2 a
the observation of line C, which is probably due to a ban
to-band electron-hole recombination arising in a lo
electron-density region. Line C is then expected to be n
rower than the emission line in spectrum 1, which is inde
observed, and shifted to higher energies, which is not
served. The unnoticed shift to higher energies may be
plained by possible sample heating due to the pump
which would shift a band-to-band electron-hole recombi
tion to lower energies. As discussed below, the pumpi
induced spreading of charge across the QW is a complic
process. With the technique employed, we are unable to
rectly map the spatial variations of the emission lines A–C
the plane of the QW. However, the energy position and
emission intensity of the lines are found to change wh
moving the laser spot across the sample, in qualitative ag
ment with the model of bunched charges.

The assignment of line B in Fig. 2 is not straightforwar
Based on the low-energy shift of this line compared to
band-to-band electron-hole recombination in line C, an ex
ton origin of line B may be one explanation. However, co

FIG. 3. Evolution of line B in spectrum 4 of Fig. 2 for pumpin
amplitudesU546 ~1!, 48 ~2!, and 50~3! V. The full width at half
maximum is 0.13 meV for the strongest line in spectrum 3. T
spectra were taken by a lock-in amplifier. The zeros are displa
from bottom to top.
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sidering the heating effect of the pumping on electrons in
2DEG, the dominance of excitons over the electron-h
plasma seems unlikely. Consistent with this notion is the f
that line B didn’t merge with line C when the temperatu
was slightly increased. This last result taken together w
the low emission intensity in line B may be indicative of th
involvement of above-barrier heated electrons in the em
sion of line B. This would imply that the acoustic pumpin
injects carriers from the low-band-gap GaAs layers into
high-band-gap AlGaAs layers, which then recombine in
rectly both in real and momentum space with holes in Ga
QW’s. However, the observed evolution of the spectral sh
of line B with increasingU weakens the evidence of thi
assignment. The recombination from higher-energy state
hot electrons would yield a distinct high-energy tail of lin
B, which is expected to increase with increasingU. How-
ever, this is not in agreement with the data shown in Figs
and 3.

We therefore believe that the origin of line B is probab
better understood in the framework of stimulated emiss
occurring in a Coulomb-correlated electron-hole plasma.13 In
recent studies, Akiyama and co-workers13,14 identified the
gain mechanism in photoexcited quantum wires, which th
showed to be due to recombination in the dense electron-
plasma peaked in the energy range of the spontaneou
combination of free electrons and holes. Within such an
proach, the domains of free electrons and holes in the os
lating driving potential move back and forth in opposi
directions inside the plane of the QW’s.15 When the moving
electron and hole clouds are allowed to spatially overl
they form an active region and radiate in a broad emiss
band. As soon as the injected spatially varying electron
hole densities become high enough for the stimulated em
sion to occur in the region of overlap, line B arises within t
range of the spontaneous emission represented by ba
~Fig. 2!. Line B gets sharper and sharper from spectrum 1
spectrum 3 in Fig. 3 accompanied by the development
optical modulation structures, which are best resolved
spectrum 3. They are separated by approximately 0.1 nm
are most likely characteristic of the cavity modes. All the
findings are strong indications for the occurrence of stim
lated emission.

The validity of the presented model is further support
by the data shown in Fig. 4. The surface vibrations imaged
Fig. 4~a! reveals the regions of high and low vibration am
plitudes~white and black areas, respectively!. In the acous-
tically induced charge motion image shown in Fig. 4~b!, re-
gions of high and low signals are presented as white
black areas, respectively. The most striking observation is
maximum flow of charges@white areas in Fig. 4~b!# between
the antinodes of the standing wave@white regions in Fig.
4~a!#. Consistent with our model we explain the observ
contours as follows. Free electrons are collected at the pie
electric potential maxima~hatched cloud in the inset of Fig
5!. In a half period of the standing wave, the potential pha
is reversed~dotted lines!, and the electrons are expelled ou
wards ~arrows in the inset!. The applied rf pump causes
therefore, the electrons to move back and forth between

e
d
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antinodes displayed in Fig. 4~a! as white areas, in very goo
agreement with the data of Fig. 4~b!.

In a more quantitative manner, these results can also
discussed in terms of the electron current density, which
assumed to have the same harmonic time dependence a
driving rf field, J(x,y,t)5 j (x,y)exp(2ivt), wherev is the
vibration angular frequency, and is given byj52r0m“w
2D“r. Here,m andD are the electron mobility and diffu
sivity, respectively,w(x,y) is the piezoelectric potential, an
r(x,y) is the perturbation in the charge density relative
the equilibrium valuer0 . Applying the equation for charge
conservation ]r/]t1“•J50 yields the relation j (x,y)
5A“w(x,y), whereA is a constant parameter. We have c
culated this relation numerically by starting from Fig. 5~a!,
which shows the representative displacement fieldu(x,y)
taken around an antinode of the standing wave. By mak
one further approximation,w(x,y)5(e/«)u(x,y) with e the
piezoelectric constant and« the dielectric constant, we arriv
at the current-density distribution shown in Fig. 5~b!. Com-

FIG. 4. ~a! Vertical displacement image taken from the sam
surface.~b! Acoustically driven rf charge image taken in the sam
region as in~a!. The striking laser light is focused at aboutx53,
y52 mm outside the imaged region.
es
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paring Figs. 4~b! and 5~b!, it is readily seen that the maps a
in reasonable agreement thus proving that the charge
indeed moves away from the displacement antinodes.
similar manner, our PL exhibited a distinct enhancemen
the sharp-line emissions~cf. Fig. 3! between the antinodes o
the standing wave, in good agreement with our model.
deed, the overlap of electron and hole wave functions is
pected to increase rather distinctly just between the antino
because this is clearly the region where the electron and
clouds, moving in the opposite directions, would overlap.

To conclude, we have observed a remarkable narrow
of the 2DEG luminescence line in acoustically pump
GaAs/AlGaAs quantum well structures. Weighing differe
alternatives, it is suggested that one of the most proba
explanations for the narrowing of the line is the occurren
of stimulated emission. We believe that the presented d
upgrade the importance of acoustic pumps for exploring
ing in semiconductors well beyond mere promises. Furt
investigations are needed to optimize the cavity design
to demonstrate acoustically driven lasing.
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FIG. 5. ~a! Representative antinode of the surface displacem
Black to white corresponds to increasing displacement amplitu
~b! Numerically computed electron current density~see text for de-
tails!. Inset: schematics of the piezoelectric potential distribut
across thex axis at timest50 ~solid line! andt5T/2 ~dotted lines!
with T as the standing-wave period.
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