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distributions of the two momentum states are
not the same even though each momentum state
contains the same total number of atoms (Fig.
2B). Consequently, when the two momentum
states are combined with successive w and /2
Bragg pulses, it is not possible to establish com-
pletely constructive or completely destructive
interference. Three-dimensional numerical sim-
ulations that take into account the difference in
the atomic density distributions (Fig. 2B) predict
the maximum contrast to be 78%, which is in
good agreement with our measured contrast of
71(6)%. This is to be compared to a Mach-
Zehnder BEC interferometer (100% contrast)
(7) that splits the condensate into two momen-
tum states with identical density distributions,
using a single /2 Bragg pulse. The corrected
maximum contrast of 78% implies that 83(14)%
of the amplified wave is phase-coherent with the
initial seed.

The phase-coherent matter-wave amplifi-
er presented here is capable of amplifying a
matter wave whose momentum p is in the
range 0 < p < 2%k, provided the phase-
matching condition is respected. If ¢ is the
angle between the direction of propagation of
the superradiance beam and that of the seed
matter wave, the phase-matching condition
becomes p = 2%k cosd. This condition is
relaxed by the momentum spread of the
source condensate, which, for a particular
choice of ¢, can be thought of as the matter-
wave amplifier bandwidth.

In the present experiment, both the Bragg
and the superradiance pulses were illuminat-
ed along the same direction. If we injected a
small fraction of atoms along a different di-
rection, we would be able to study mode
competition in the matter-wave amplification
process. One could use phase-coherent mat-
ter-wave amplification to enhance the num-
ber of atoms in atom lithography or hologra-
phy (I7) experiments in order to reduce sig-
nal accumulation time. Furthermore, it should
be possible to make a ring cavity for matter
waves using multiple Bragg diffractions as
mirrors. By combining such a matter-wave
cavity and the phase-coherent amplification
mechanism demonstrated here, it should be
possible to construct a new type of high-
brightness atom laser.
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Exciton Storage in
Semiconductor Self-Assembled

Quantum Dots
T. Lundstrom, W. Schoenfeld, H. Lee, P. M. Petroff*

Storage and retrieval of excitons were demonstrated with semiconductor self-
assembled quantum dots (QDs). The optically generated excitons were dissociated
and stored as separated electron-hole pairs in coupled QD pairs. A bias voltage
restored the excitons, which recombined radiatively to provide a readout optical
signal. The localization of the spatially separated electron-hole pair in QDs was
responsible for the ultralong storage times, which were on the order of several
seconds. The present limits of this optical storage medium are discussed.

Storing information in a cheap way will require
ultrahigh packing densities as well as inexpen-
sive self-assembling techniques and fast meth-
ods for writing and retrieving the information.
Today, over 10 million atoms are required for
storage of a single bit of information, but de-
mands for faster addressing will require even
smaller structures. Semiconductor QDs, which
involve a few thousand atoms, may offer an
attractive path toward achieving these goals.
Charge storage devices based on the resistivity
changes of a two-dimensional electron gas lo-
cated near a layer of self-assembled QDs have
been demonstrated at low temperature (Z, 2).
Quantum well (QW) devices designed for op-
tical storage have been proposed and demon-
strated (3, 4). Their storage characteristics are
limited to short storage times (several hundred
microseconds) at low temperature. Here, we
present an approach for storing and retrieving
information in QDs that uses an optical method
and allows for exciton storage times of several
seconds.

The QDs (5) are produced by molecular
beam epitaxy (MBE). The size of the lens-
shaped QDs (~30 to 40 nm in diameter and ~3
to 5 nm in height) is on the order of the electron
wavelength, and the carrier energy levels are
quantized. The sequential loading of electrons
and holes and the three-dimensional confine-
ment character of the carriers in the QDs have
been demonstrated (6). The delta function den-
sity of states yields ultranarrow luminescence
lines, and several studies have recently shown
the importance and complexity of many body
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effects in the relaxation processes involved in
strongly excited QDs (7).

The device structure of QDs presented
here is based on the splitting of an optically
generated exciton into an electron-hole pair
for the write cycle. The electron and hole are
stored in closely spaced strain-coupled QD
pairs. The effects of this strain coupling are to
locally lower the band gap of the material and
to localize the electron-hole pair (8). After the
electron and hole are stored for a given time,
an applied voltage bias can bring them to-
gether in the same QD, where they recombine
radiatively for the readout cycle. We show
exciton storage times at low temperature,
which are more than a billion times longer
than the exciton lifetime in normal QDs.

The central part of the device structure con-
tains an InAs QD layer and a narrow GaAs QW
that are separated by a thin AlAs layer. The 7%
lattice mismatch between InAs and GaAs cre-
ates a strain field around the coherently strained
InAs QDs. This strain field extends through the
thin AlAs barrier into the narrow GaAs QW,
where it creates a buried strain-induced QD
(SIQD) (8). The cross-sectional micrograph
from a transmission electron microscope
(TEM) (Fig. 1) indicates that the strain field of
the InAs QD extends to the GaAs QW, where it
gives rise to a strain contrast. The QW thickness
is chosen to ensure that its lowest electron
energy level is above the X vall"eiz\ minimum in
the AlAs barrier. This approach allows one to
engineer the ladder of electronic levels shown
in Fig. 2. The cascaded energy level structure
ensures that the excitons created in the QW are
efficiently separated into electron-hole pairs un-
der the influence of an electric field. The relax-
ation of the electron from the SIQD to the X
valley is a rapid process that occurs in a few
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picoseconds as was shown for QW structures
(9). Further relaxation of the electron into the
InAs QDs should also take place rapidly by
tunneling or thermal excitation or both. In a
QW structure, these relaxation processes have
been shown to take place in 30 ps (9). This
transfer process can be enhanced by inserting
the structure into a metal/insulator/semiconduc-
tor device with an n*-doped GaAs layer serv-
ing as a back contact and a semitransparent
Schottky top surface contact. An applied volt-
age bias will provide the exciton storage func-
tion to the device. The read process will be
induced by a positive bias that will induce the
hole tunneling from the SIQDs to the InAs
QDs.

Several sample structures were grown
by MBE on semi-insulating (001) GaAs
substrates. After deposition of an AlAs/
GaAs 40 (20 A/20 A) short-period super-
lattice for smoothing, a 1000 A—thick n*
GaAs (10'® cm™3) back contact layer was
grown, followed by an Al ,Ga, ;As (400 A)
barrier. Then the 68 A—wide GaAs QW was
deposited, and the InAs QDs layer was in-
serted in this QW. This was then followed by
the deposition of a thin (60 or 100 A) AlAs
barrier, followed by a thin 25 A GaAs QW, a
500 A Al, ;Ga, ;As barrier, a thin AlAs/
GaAs 7 (20A/10 i) short-period superlattice,
and finally a 50 A GaAs capping layer. A
semitransparent Schottky contact was evapo-
rated on the surface to provide the top gate.
Several undoped samples with layer sequenc-
es similar to the layers described here were
also grown for optical studies.

The samples were mounted in a closed-
cycle helium cryostat and cooled to a temper-
ature below 5 K. An argon ion laser was used
for excitation. The photoluminescence (PL)
signal was collected through a 0.19-m single
monochromator and detected by either a
cooled photomultiplier tube or a liquid nitro-
gen—cooled silicon charge-coupled device
camera. For the time-resolved PL experi-
ments, an argon ion laser was modulated at
0.2 Hz with a pulse width of about 50 ms. For
shorter time-resolved PL measurements, an
acousto-optic modulator and a small aperture
were used to create short (<0.5 ws) argon ion
laser pulses. A multichannel scaler, whose
smallest time bin width was 5 ns, was used to
count and accumulate a time-dependent his-
togram of the single photons.

The photoluminescence of SIQDs for sev-
eral optical pumping powers is labeled as B
in Fig. 2. The luminescence lines shown on
the PL spectra correspond to the transitions
indicated on the band diagram schematic.
The optically induced dipole created by the
efficient separation of the electron and hole
into adjacent QD-SIQD pairs induces a band
bending that is responsible for the observed
blue shift of the luminescence (Fig. 2) as the
optical pumping power is increased (8). The
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highest pumping power results in a saturation of
the SIQD luminescence, and eventually the thin
QW luminescence process dominates.

After the electron-hole pairs are loaded, they
can be stored under various voltage bias condi-
tions. For these experiments, we chose a 0-V
bias, and the only built-in field is caused by the
Fermi level alignment between the n*-doped
back GaAs electrode and the semitransparent
Schottky contact front electrode. A typical result
of a time-resolved PL experiment is shown (Fig.
3) along with the corresponding schematic band
diagrams of the device. The detection wave-

Fig. 1. (A) Schematicof
the QD memory struc-
ture showing pairs of
strain-coupled QDs and

Strain induced QDs

length was set to the peak of the QD lumines-
cence (peak A at 1.25 eV in Fig. 2) and only a
small number (~10%) of QDs contribute to the
signal. During the laser pulse, we observed an
intense emission from the QDs. Because a bias
readout pulse of 0.5 V was applied 3 s after the
write laser pulse, we observed luminescence
from the QDs, indicating a successful readout of
the stored charge. Without a laser excitation
pulse, there was no detectable luminescence
from the QDs (Fig. 3B). For this device struc-
ture, the optimal readout voltage bias pulse was
found to be 0.5 V with a duration of 3 ps.

SIQDs. ) An electron- ‘?:L;Lg; g%r; ' ot

hole pair generated by b © s T LS

optical pumping s \ / oW InAsQD
shown. The electron is InAs Qs

localized and stored in fg gt -

the InAs QD, and the
hole is stored in the

10 nm

SIQD directly above the QD. (B) Cross-sectional TEM micrograph shows the strain contrast around the
buried InAs QD and in the GaAs QW. g, Bragg reflection selected for this image.

Fig. 2. (A) Low-tem-
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perature  photolumi-
nescence spectra of
the QD memory sam-
ple for increasing
pump powers (0.32,
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cm?). Dashed lines in-
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shifts; T, temperature;
a.u., arbitrary unit. (B)
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Fig. 3. Time-resolved
luminescence  from
the QDs detected at
1.25 eV. (Top) The
schematic band dia-
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Fig. 4. Readout of the QD photoluminescence
as a function of temperature for a forward bias
of 0.5 V and a storage time of 100 ms.

The PL line shapes corresponding to the
InAs QDs after a storage time of 100 ms for
a range of temperatures between 3 and 130 K
are shown (Fig. 4). The integrated PL signal
in the temperature range from 10 to 130 K
falls off with increasing temperature, and
from this data, the measured activation ener-
gy for the exciton loss with temperature is
~20 meV. Analysis of the luminescence shift
with increasing temperature suggests that the
temperature dependence of the band gap, to-
gether with thermal evaporation of carriers
out of the thinnest QDs in the structure, are
responsible for the observed red shift. From
the collected signal in Fig. 4, we obtained a
rough estimate for the device efficiency of
~107° at 10 K after storing the information
for 100 ms. This number could be improved
by loading the excitons while the device is
under a negative bias of ~—3 V. This will
ensure a more efficient transfer of the electrons
from the X level in the AlAs into the InAs QDs.

The time dependence of'the stored lumines-
cence at low temperature (Fig. 5) for a readout
bias of 0.5 V shows a stored luminescence
signal decay, I, which can be fitted to two
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Fig. 5. Low-temperature (3 K) integrated inten-
sity of the readout signal as function of time for
a forward bias of 0.5 V. The lines are exponen-
tial fits to the data. The storage time extrapo-
lated to the average noise level (on this scale,
6 X 1073)is ~10 s.
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exponentials. For short storage times (5 us to
800 ms), I, ~ 4 X 107%/e%7, but for long
storage times (800 ms to 3 s), I, ~ 3 X 107%
€®18¢ where ¢ is the storage time in seconds.
The stored signal decreases by ~50% in 3 s,
and extrapolation to the noise level gives a
storage time of nearly 10 s. The origin of these
losses is still not clear, but several effects could
be responsible for the decreasing readout signal.
First, the overlap of the wave functions of elec-
trons and holes could be important, and some of
the stored spatially indirect excitons could be
lost during the storage time. Second, carrier
(hole) losses could occur by capture at deep
levels in the AlAs barrier by tunneling during
the storage cycle. Third, it is possible that some
of the electrons stored in the InAs QDs could be
recombining with the residual holes, because
the MBE material has a carbon acceptor back-
ground concentration of ~5 X 10> cm™3.
The exciton storage times are remarkably
long, ~10° times those of the exciton life-
times in QDs (1 — 5 X 1077 s). These long
exciton storage times should also be com-
pared to exciton lifetimes in n-doped/insula-
tor/p-doped/insulator QW structures. Typical
values of ~1 ms at 4 K have been reported
(10), and in this case the structure does not
exhibit a memory function. In type I-type
II—coupled QW structures that do not contain
QDs, exciton lifetimes of a few microseconds
have been reported (9). The long storage
times in the present QD structures are con-
sistent with electron-hole pair localization in

the QD pairs and a low concentration of
recombination centers in the QDs.

Much remains to be done to fully under-
stand these long exciton lifetimes and to
make use of the high density of QDs as an
inexpensive storage medium. Nevertheless,
writing and retrieving information using light
and self-assembled QDs may offer substan-
tial speed and power advantages for the next
generation of devices.
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Experimental Tunneling
Ratchets

H. Linke,"* T. E. Humphrey," A. Léfgren,? A. O. Sushkov,’
R. Newbury," R. P. Taylor,” P. Omling?

Adiabatically rocked electron ratchets, defined by quantum confinement in
semiconductor heterostructures, were experimentally studied in a regime
where tunneling contributed to the particle flow. The rocking-induced electron
flow reverses direction as a function of temperature. This result confirms a
recent prediction of fundamentally different behavior of classical versus quan-
tum ratchets. A wave-mechanical model reproduced the temperature-induced
current reversal and provides an intuitive explanation.

In the absence of any net macroscopic forces,
asymmetric potentials can be used to induce a
particle flow when subjected to external fluc-
tuations (/-5). Referred to as ratchets, their
operation has been proposed as the underly-
ing physical principle of molecular motors in
biological systems (/, 2, 5-7), such as the
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myosin-actin system that affects muscle con-
traction (8, 9). Fluctuation-induced particle
current-has also been observed in artificial
ratchets (/0—16). When tunneling contrib-
utes to the particle flow in -an-adiabatically
rocked ratchet, it has been predicted that the
current.direction will depend on temperature
(17). Here we use quantum confinement to
define an electron ratchet in a semiconductor
nanostructure. We find that the two contribu-
tions to the rocking-induced current (tunnel-
ing through and excitation over the ratchet’s
energy barrier) flow in opposite directions.
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