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Nanoquakes at work: A quantum conveyor belt for photons
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Abstract

Storing light in the lateral potential of an intense piezoactive surface acoustic wave propagating on a semiconductor quantum
well is demonstrated. We show that the lateral piezoelectric �elds of the wave are strong enough to �eld-ionize and thus
dissociate optically generated excitons and to e�ciently capture the resulting free electrons and holes. As the wave propagates
at the speed of sound across the semiconductor sample, the trapped carriers can be transferred to a location on the sample
being di�erent from the one of the optical excitation. Deliberate screening of the lateral electric �elds leads to an induced
recombination after very long storage times. We explain the physical mechanisms responsible for this remarkable e�ect and
investigate the ionization, trapping, transport, and recombination in detail. ? 1998 Elsevier Science B.V. All rights reserved.
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The storage of light in some kind of a container and
the deliberate release of the radiation at possibly even
another location sounds like a very hard task as it is
di�cult to trap the speedy photons for appreciable long
storage times. Especially in semiconductors it seems to
be contradicting at �rst glance. On the one side, there
are semiconductors with large absorption coe�cients
as their direct band structure provides a large proba-
bility for a photon to generate an electron–hole (eh)
pair. For the same reason, however, the recombination
lifetimes are quite short. On the other hand, semicon-
ductors with an indirect bandgap provide longer life-
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times but for the same reason the absorption in form
of (eh) pairs is very small. Early attempts to overcome
this contradiction relied on the fact that a given band
structure in k-space may be e�ciently modi�ed if it
is modulated in real space. For instance, alternating
layers of n-type and p-type material result in the so-
called nipi superlattices [1,2], where potential minima
of both the conduction and the valence band alternate
with the period of the superlattice. In these structures,
a spatial separation of optically generated electrons
and holes has been achieved which resulted in unusual
long recombination times. The reason for the increase
in recombination lifetime is the reduced wave func-
tion overlap between the photo generated carriers be-
ing directly linked to the recombination probability.
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Another recent attempt uses a coupled double quan-
tum well system in which the electrons and holes after
their generation reside in di�erent parts of the poten-
tial [3]. Illumination with a far-infrared source is then
used to transfer the electron in real space towards the
hole and to induce a photoluminescence recombina-
tion. Hence – it seems quite favorable to rely on a spa-
tial separation of photo generated carriers in a direct
gap semiconductor to achieve considerably prolonged
recombination lifetimes while retaining the large ab-
sorption coe�cients.
Here, we would like to report on a di�erent tech-

nique to achieve this spatial separation of the photo
generated electrons and holes in a semiconductor
quantum well [4]. For this purpose, we use surface
acoustic waves (SAW) propagating on the piezo-
electric semiconductor substrate [5]. Surface acoustic
waves are modes of elastic energy that propagate at
the surface of a semi-in�nite medium. The simplest
modes of such waves are Rayleigh waves, in which
the particle displacement is elliptic in the sagittal
plane perpendicular to the direction of propagation.
If the medium is piezoelectric, the waves are accom-
panied by appreciable lateral and vertical electric
�elds giving rise to both lateral and vertical mod-
ulation of the band edges in the semiconductor. If
these �elds are large enough, exciton ionization or
a spatial separation of the photo generated e–h pairs
can result [6]. The SAW are quite e�ciently excited
on a piezoelectric substrate by means of the so-called
interdigital transducers (IDT). Those consist of two
comb-like metalized structures being connected to a
high-frequency signal generator. Mediated by the in-
verse piezoelectric e�ect, the application of a voltage
to the IDT leads to a deformation of the substrate
right below the transducer. If the frequency of the
excitation is chosen such that the condition f= v=p
is met, a coherent and monochromatic sound wave
is launched along the surface of the crystal. Here, v
denotes the SAW velocity for the given crystal cut
and p the periodicity of the IDT.
In Fig. 1, we depict the typical sample layout as

used in our experiments. The undoped quantum well
samples are grown by molecular beam epitaxy on a
(1 0 0) – GaAs substrate. The well consists of 10 nm
pseudomorphic In0:15Ga0:85As grown on a 1�m thick
GaAs bu�er and is covered by a 20 nm thick GaAs
cap layer. The active area of the sample is etched

Fig. 1. Sketch of the sample geometry used in our experiments.
The active layers of the undoped semiconductor quantum well
are etched in the form of a cross-like mesa. On each end of the
arms, an IDT is deposited. IDT1; 2 operate at a frequency of
f=840Mhz, IDT3; 4 are designed for f=420Mhz.

into two 2.5mm long and 0.3mm wide bars form-
ing a cross-like mesa with an IDT at each end. The
SAW velocity for (1 0 0) GaAs and [1 1 0] propaga-
tion is v=2865m=s, and the IDTs are designed to op-
erate at a center frequency fSAW =840MHz (IDT1)
and f=420MHz (IDT3), respectively. They are par-
tially impedance matched to the 50
 radio frequency
(RF) circuitry using an on-chip matching network
thus strongly reducing the insertion loss of each trans-
ducer. The sample is mounted in an optical cryo-
stat and the experiments presented here are performed
at T =4:2K. Light from either a pulsed laser diode
(�laser = 780 nm) or a tuneable titanium–sapphire laser
is used for optical interband excitation above band
gap and the photoluminescence (PL) of the sample
is analyzed in a triple grating spectrometer. Either a
photomultiplier or a charged coupled device (CCD)
serve as a detector for the PL. Application of a high-
frequency signal to one of the IDTs launches a SAW
that can be detected at the other IDT after the acoustic
delay of the order of 1�s determined by the spacing
of the IDTs. Either pulsed or continuous wave (cw)
operation of the SAW transducers is possible.
In Fig. 2, we show the observed quantum well PL

under the in
uence of a SAW at f=840MHz for
di�erent SAW amplitudes [4]. The PL is analyzed at
the same spot where it is excited, close to the mesa
center. As can be seen from the �gure, an increase
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Fig. 2. Photoluminescence (PL) spectra for the quantum well sam-
ple under the in
uence of an intense SAW. With increasing SAW
power the PL intensity rapidly decreases whereas its energetic
position and line width remain nearly una�ected. At the highest
acoustic power show in the �gure, the PL is completely quenched
[3].

of the SAW power leads to a decrease of the de-
tected PL intensity, whereas the energetic position and
line width remain nearly una�ected. For the highest
powers shown (+13:5 dBm=22.4mW), the PL be-
comes completely quenched. This quenching of the
PL by the SAW is interpreted by an ionization of the
optically generated excitons in the strong lateral piezo-
electric �elds. To give an impression on the achiev-
able �eld strengths, we show in Fig. 3 how both the
vertical and the lateral �elds depend on the acoustic
power imposed to our sample. At the same time we
plot the magnitude of the corresponding SAW poten-
tial. Even for quite moderate SAW powers, very high
electric �elds of the order of several kV=cm are eas-
ily achieved. These piezoelectric �elds of the SAW
modulate the band edges with respect to the chemi-
cal potential similar as in doping superlattices [1,2]
or statically imposed laterally periodic electric �elds

Fig. 3. Lateral and vertical components of the piezoelectric �elds
in the SAW as a function of the acoustic power and for the given
parameters. Also shown (right axis) is the piezoelectric potential
associated with the wave.

using an interdigitated gate electrode [7]. In our mov-
ing potential superlattice with period �=3:4 �m the
excitons become polarized predominantly by the lat-
eral electric �eld until they dissociate at high �elds
into spatially separated e–h pairs. These are then ef-
�ciently stored in the potential minima and maxima
of the conduction and the valence band, respectively.
A very simple estimate yields that �elds as high as
Ecrit ≈Eb=(ea∗B)∼ 104 V=cm will ionize photo gener-
ated excitons. Eb∼ 9meV denotes the exciton binding
energy, e the elementary charge, and a∗B∼ 9 nm the
e�ective (Bohr) exciton radius of our system. Hence,
the lateral �eld of the SAW is de�nitely high enough
to dissociate the photo generated excitons in our sam-
ple. The in
uence of the vertical �elds, however, can
be neglected in our case as we are working on a com-
paratively thin (d=10 nm) quantum well.
The observed quenching of the PL under the in
u-

ence of an intense SAW is already an indication of the
increased trapping probability in the moving lateral
potential of the SAW. As the potential modulation is
moving with the speed of sound, consequently, the
spatially separated and trapped e–h pairs are swept
away by the SAW and propagate across the sample
without recombining. The dramatically prolonged
recombination time together with their propagation
along the surface of the quantum well enables us
to directly follow the transport of photo generated
carriers over macroscopic distances that may exceed
millimetres in our experiment. For this purpose, we
need to cancel out the lateral electric �elds that are re-
sponsible for the trapping of the charges. On a piezo-
electric semiconductor, this is easily achieved by a



148 A. Wixforth = Physica E 3 (1998) 145–151

Fig. 4. Experimental evidence for the transport of photo-generated
charges in the �eld of the SAW. A short RF pulse is transformed
into a SAW packet at f=840Mhz. Transversing the excitation
region (x= xin), this SAW pulse is “loaded” with e–h-pairs which
immediately become spatially separated. The spatial separation
dramatically decreases the recombination probability which in turn
results in a tremendously increased lifetime. After very long storage
or delay times the SAW arrives at a metalized region of the sample
where the lateral electric �elds are screened and the recombination
of the photo-generated charges is no longer impossible. The result
is a strong PL signal at this location (x= xout) [3].

metallization of a part of the samples surface [8].
In this case, the lateral �elds are screened and
the trapping potentials are 
attened out. The car-
riers are now free again to di�use, hence con-
siderably increasing their recombination probabil-
ity. In other words, it should be possible to opti-
cally generate excitons at some point of the sam-
ple, dissociate them in the �eld of a SAW and
then let them “surf” on the SAW to a di�erent
location of the sample. Here, a metallization of the
sample surface leads to a re-assembly of the stored
bipolar charges into photons which can be detected in
the form of a time delayed PL at the remote location.
The corresponding experiment is sketched in Fig. 4.

We show the PL being detected at the site xout as
a function of time after the optical generation of
excitons at site xin. The lower part of the �gure indi-
cates the timing sequence of the experiment. A short
(�=200 ns) SAW pulse at PSAW =+13 dBm is gener-
ated at t= t0. To avoid any spurious e�ects, we switch

Fig. 5. PL intensity as a function of the acoustic power P2 at con-
stant power P1 =+4:5 dBm for two counter propagating SAW of
the same frequency f1 =f2 = 840MHz. Only for P1P2 (standing
wave condition) the PL recovers, whereas for the other cases the
PL is e�ciently suppressed [3].

the laser o� after the SAW pulse has transversed
the optical excitation area at x= xin and t= t1. Some
400 ns later (t= t2), a strong PL signal is detected at
x= xout, exactly at the time when the “loaded” SAW
arrives at the screening electrode. The light has been
“stored” in the SAW potential and then transported in
the form of a bipolar polarization to this remote loca-
tion, like on a conveyor belt. The storage time reached
in this experiment is mainly given by the transport path
on the �nite length of our sample (�x=1mm, in this
case). Only a small fraction of the photoexcited car-
riers is lost along this way [4] and hence much longer
storage times can be achieved by a more sophisticated
sample design. The �xed time delay between exci-
tation and detection of the PL in the present experi-
ment, however, is given by the �xed distance between
excitation area (x= xin) and detection area (x= xout).
A simple way to also achieve tuneable time delays

is presented in Fig. 5. Here, the recombination of the
trapped bipolar charges is triggered by a second sound
wave propagating in the opposite direction of the �rst
one. If the amplitudes and frequencies of both waves
are the same, a standing wave pattern will form, in
which the trapping potential is partially lifted and the
e–h pairs are free to recombine again. We show the re-
sult of an experiment, where two counterpropagating
SAWs at f=840MHz are used to perform this task.
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Fig. 6. Corresponding experiment to Fig. 5 in frequency space.
Two counter propagating waves of constant and equal power
(P1 =P2 =+4:5 dBm) are launched across the sample. The fre-
quency of the �rst SAW f1 = 841:5Mhz, whereas f2 is tuned.
Only for the exact standing wave condition (f1 =f2) a bright PL
is observed. Note that the width of the peak is only some 200Hz
at a center frequency of about 1Ghz!

We keep the amplitude of the �rst (pumping) SAW
�xed such that the PL is already quenched by about
50%. The amplitude of the second SAW is varied dur-
ing the experiment. As long as it is small as compared
to the one of the “conveying” SAW, the PL intensity
remains nearly una�ected. However, as soon as both
SAW amplitudes are of the same order, and a standing
wave pattern forms, the PL intensity increases dramat-
ically and �nally at P1 =P2 reaches its original value.
For higher powers P2 the situation reverses and now
SAW2 starts to e�ciently quench the PL.
Even more impressive is the corresponding experi-

ment in frequency space that is shown in Fig. 6. Here,
both amplitudes of the SAWs are kept equal and �xed
at P1 =P2 =+4:5 dBm, like in Fig. 5. Now the fre-
quency of SAW2 is varied. As long as both SAW fre-
quencies are di�erent by more than about 1 part in
107 (!), the PL remains e�ciently suppressed. Only
for the exact standing wave geometry the PL recovers.
Then and only then the time-averaged wave function
overlap of both electrons and holes becomes non-zero
which in turn is equivalent to a non-vanishing recom-
bination probability. The extreme sensitivity of this
experiment regarding smallest frequency di�erences
might even have some importance for future device
applications.
A crucial point for the above experiments is the

electric-�eld-induced ionization process for the exci-

tons. If the ionization in incomplete, only a fraction of
the photo-generated charges will be spatially separated
and trapped in the wave. This together with a possible
escape of some carriers will cause a reduced transport
e�ciency of the conveyor belt. Above, we gave a
simple estimate for Ecrit ≈ 104 V=cm, the critical �eld
necessary for a spatial separation of the electrons and
holes. From our experiments, however, we extract
a somewhat lower value – a disagreement that will
be addressed in the following: we are making use of
the fact that SAW transmission experiments are very
sensitive to small areal conductivities of a close-by
charge carrier system [5]. The attenuation as a func-
tion of the conductivity indicates a maximum at some
critical conductivity �m ≈ 3× 10−7
−1=sq [5], where
the impedance of the space-charge layer is matched
to the surface SAW admittance of the sample. To
directly observe the exciton ionization process in the
�eld of the “pump” SAW, we monitor the transmitted
intensity P4 of a second SAW propagating perpendic-
ularly to the “pump” SAW as a function of the acous-
tic power P1 of the latter [9]. On the length scale of
the SAW, the optically generated excitons behave like
neutral particles as their e�ective Bohr radius is much
smaller than �SAW. The areal conductivity related to
the �eld-induced polarization of the excitons is negli-
gible, so we do not expect any screening of the piezo-
electric potential of the transmitted SAW and hence
no attenuation as described in Ref. [5]. However, once
the excitons are �eld-ionized, their “fragments” –
electrons and holes – are spatially separated and sub-
sequently con�ned in the lateral potential wells of the
pump SAW. Now the probe SAW encounters many
parallel stripes of free electrons and holes, resembling
a lateral “nipi”-structure with a period �SAW;1. Those
electrons and holes are free to move along the direction
normal to the propagation of the pumping and con�n-
ing SAW and are therefore expected to interact with
the second SAW according to their areal conductivity.
This is exactly what we observe experimentally.

The result is shown in Fig. 7, where we plot the trans-
mitted SAW intensity P4 =P3 exp (−�d) as a func-
tion of the power P1 of the “pumping” SAW and for
two di�erent optical excitation energies Elas, as will
be discussed below. P3 is the incident power of the
“probe” SAW, d the length of the interaction region,
which in our case corresponds to the width of the
pumping SAW path, namely d=300 �m.
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Fig. 7. SAW transmission experiment to study the process of the
exciton ionization in the �eld of a pumping SAW P1. A second
SAW is propagated at low power P3 perpendicular to the �rst
one and is analyzed in intensity P4 at IDT4. The attenuation
of this “probe” SAW strongly depends on the areal conductivity
of the photo-generated charges. As long as the excitons are not
yet dissociated by the SAW1, they behave like neutral particles
with zero areal conductivity. The sudden inset of SAW absorption
indicates the occurrence of a �nite areal conductivity caused by
the ionization of the excitons. In (a), only the InGaAs quantum
well is optically excited, resulting in purely 2d excitons, whereas
in (b) also the barriers are excited and 3d excitons are generated
simultaneously [8].

The inset of the �gure shows the measured intensity
of some prominent PL lines as a function of the SAW
pumping power P1. 2d-FX denotes the quantum well
(2d) free exciton as already shown in Fig. 2, the other
symbols are attributed to the bulk (3d) free exciton
and some acceptor (A) or donator (D) bound excitonic
states [10]. It is interesting to note that – in agreement
to the observations in Ref. [10] – all di�erent PL lines
become suppressed under the in
uence of the SAW.
The threshold �elds, however, di�er slightly which
can be attributed to their di�erent binding energies.
At very low pumping power levels P1, the probing
SAW is nearly una�ected as indicated by a constant
transmitted SAW intensity P4 over several decades of
P1. However, for pumping power levels greater than
approximately P1 =−10 dBm, a strong decrease of

the transmitted SAW intensity P4 or equivalently an
increase of the attenuation coe�cient � is observed.
This decrease of the probe SAW intensity is strongly
dependent on the energy Elas of the exciting laser, as
can be seen in the upper two traces in Fig. 7.
In Fig. 7a, the energy of the incident laser Elas =

1:48 eV is chosen such that only the InGaAs quantum
well is optically excited, resulting in a selective popu-
lation of the QW by photo generated excitons. For low
acoustic pump powers P1, their quasi-static conduc-
tivity in the QW is negligible, indicated by a constant
probe intensity P4.
However, for P1¿−6 dBm, corresponding to a lat-

eral piezoelectric �eld strength of E1¿600V=cm, the
probability for the dissociation of the excitons by �eld-
induced tunnelling processes rapidly increases which
is marked by a sharp onset of the absorption of the
probe SAW. This change in the SAW transmission can
be understood by the absorption process as described
in Ref. [5]. The point of minimum transmission
(or equivalently maximum attenuation) corresponds
to the situation, where the averaged conductivity �
of the spatially separated electrons and holes reaches
the critical conductivity �m as de�ned above. Further
increase of the pumping power P1 results in an in-
crease of the carrier densities and thus, caused by an
increased screening, in a smaller interaction between
the probe SAW and the mobile carriers. The result is
a signi�cantly reduced attenuation coe�cient �.
Optical excitation at a laser energy of Elas = 1:59 eV

(see Fig. 7b) being larger than the band gap of the
quantum well barriers leads to the generation of both
3D excitons in this GaAs barrier (bulk) material and in
the InGaAs quantum well. This simultaneous genera-
tion of 2D and 3D excitons is clearly observed in our
experiment, as the transmitted SAW intensity exhibits
two well-de�ned minima at about P1 =−8 dBm and
P1 = 0 dBm. Those minima correspond to maxima in
the SAW attenuation � as described above. The onset
of the SAW attenuation, however, is now shifted to-
wards lower pumping powers of P1 =−13 dBm, cor-
responding to a piezoelectric �eld strength of only
E1 = 300V=cm. This attenuation at smaller pumping
powers can be attributed to the dissociation of the
3d excitons in the GaAs barrier material. As the ex-
citon binding energy of 3d excitons is considerably
smaller than the one for the 2d excitons in the InGaAs
quantum well, the piezoelectric �elds necessary for
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ionization will also be smaller. Caused by the varia-
tion of the SAW – induced �elds with depth into the
crystal, the dissociation rate of the 3d excitons also
varies with depth. Both this �eld strength variation as
well as the presence of di�erent excitonic states with
di�erent binding energies in 3d will result in a some-
what smoother onset of SAW attenuation in the 3d
case as compared to the 2d case. Note, that the on-
set of exciton ionization, indicated by the onset in the
SAW absorption, agrees very well with the decrease
of the PL intensity of the most intense neutral accep-
tor bound exciton (A0; X ) as shown in the inset of
Fig. 7. A theoretical estimate of the critical electric
�elds necessary for the ionization of either 2d or 3d
excitons is given in Ref. [9]. This estimate is based
on a calculation of the tunnelling ionization time for
excitons in the presence of an electric �eld [6] and
turns out to be of the order of 0.5 ns for an electric
�eld of 1 kV=cm. Time-resolved measurements of the
PL on the same samples 1 showed a very good agree-
ment between our calculation, the measured ionization
threshold �elds and the tunnelling ionization lifetime.
It would be very interesting to study the dependence
of the lifetime on di�erent external parameters like a
magnetic �eld or the temperature. According to our
model the ionization threshold electric �eld should
then be also strongly a�ected.
In summary, we have demonstrated that it is in fact

possible to capture light in a container and then release
it at some other time and at some remote location.
We showed that the combination of vertical con�ne-
ment of bipolar charges in a quantum well together
with a strong lateral con�nement mediated by the
lateral piezoelectric �elds of a surface acoustic wave
can result in what we call a “photon conveyor belt”.
Combining the large absorption coe�cient of direct
band gap semiconductors and the long lifetimes for

1 We thank A. Haugeneder, G. von Plessen, and J. Feldmann
for the time-resolved PL measurements on our samples.

optical excitations in indirect band gap semiconduc-
tors yields a new and promising approach also for fu-
ture optoelectronic device applications.
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