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ABSTRACT

We demonstrate storage of excitons in a single nanostructure, a self-assembled quantum post. After generation, electrons and holes
forming the excitons are separated by an electric field toward opposite ends of the quantum post inhibiting their radiative recombination.
After a defined time, the spatially indirect excitons are reconverted to optically active direct excitons by switching the electric field. The
emitted light of the stored exciton is detected in the limit of a single nanostructure and storage times exceeding 30 msec are demonstrated.
We identify a slow tunneling of the electron out of the quantum post as the dominant loss mechanism by comparing the field dependent
temporal decay of the storage signal to models for this process and radiative losses.

The zero-dimensional density of states of self-assembled
semiconductor quantum dots (QDs) provides the basis for
numerous applications for novel optoelectronic devices
such as optical modulators and low-threshold lasers' and
also allows studying fundamental physical phenomena in
these nanostructures. In particular, spins>* and excitons>-®
have been of interest for implementing quantum computation
and communication schemes® in the solid state. Indeed, self-
assembled QDs are inherently scalable!®!' and can be
addressed, manipulated, and read out both electrically and
optically.>*612 Recently, memory devices based on QDs>!3:14
have been realized and spin-to-photon conversion has been
demonstrated.> However, in these experiments one carrier
initially forming the exciton is lost to a reservoir, resulting
in the loss of phase information. Here, we report the storage
of optically or electrically generated excitons in a novel type
of nanostructure: a self-assembled quantum post (QP)."
Unlike in QD based approaches, in our system, both electrons
and holes remain localized within the same nanostructure in
which they are generated, maintaining the phase between
the electron and the hole. By applying an electric field along
the QP axis, electrons and holes are spatially separated
toward opposite ends of the QP. This results in a large
electrostatic dipole moment and a large increase in the
radiative lifetime of the exciton. Such stored excitons can
be reconverted into photons simply by switching a gate
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voltage after a defined time. The storage time exceeds 30
ms at 7 K and is only limited by electron tunnelling out of
the QP. These timescales are sufficiently long to study the
mutual electron—hole spin coherences and reconversion from
stationary to flying photonic gBITs using our storage scheme.
In addition, the large and tunable electrostatic dipole moment
of the stored exciton gives rise to a pronounced change of
the dielectric properties and tailored optical nonlinearities.
This could find direct application in optical phase modulation
devices with superior performance.

The novel nanostructure used in these experiments is a
self-assembled quantum post'>'¢ which is a short quantum
wire with a QD at each end and is embedded in a
semiconductor matrix. In contrast to well-established self-
assembled QDs, the height of the QP can be controlled with
nanometer precision up to 60 nm, and the aspect ratio can
be engineered. The QPs are embedded in a shallow quantum
well preserving confinement in the lateral direction. A
detailed description of the QP fabrication and the device can
be found in Supporting Information. In contrast to quantum
wells,'!® in our system, individual excitons are fully
localized within a single nanostructure and strongly de-
coupled from the environment. The controllable height and
large aspect ratio allows for charge separation along the QP
axis while keeping the electron and hole localized within
the same nanostructure. This property is required for the
generation and phase preserving storage of indirect excitons
and their reconversion into photons which we demonstrate
in this paper. Unlike single or coupled QD based approaches,
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Figure 1. Characterization of individual QPs. (a) Micro-PL spectrum of a single QP with an autocorrelation histogram

(inset) for the

neutral exciton (X% marked in red). 7= 7 K and Py = 1 W/cm 2. As expected for a single photon source, the peak at 7 = 0 ns is clearly
reduced compared with the average peak height (shaded bar) indicative for a single quantum emitter. (b) Transition from direct to indirect
excitons observed in the photoluminescence spectrum of a single QP under applied bias voltage at 7 = 7 K and Py = 50 W/cm~2. For
decreasing gate potential, the electron—holes pairs get spatially separated by the increase of the applied electric field as shown schematically.
At Viae ~ 0.6 V, the carrier overlap vanishes, and the emission quenches which is accompanied by a change of the shift rate due to the
QCSE. The small inserts correspond to a cross section TEM of a QP with the electron and hole wave functions schematically added to it.

our scheme should allow for full transfer of quantum
information from a stationary spin or exciton back into the
optical domain of a flying photonic qBIT".

We begin with introducing the fundamental optical
properties of QPs. In Figure la, we show a typical micro-
photoluminescence (PL) spectrum recorded from an indi-
vidual 40 nm high QP under low optical excitation. This
QP is not embedded in an electrically active structure, and
therefore, no electric field is applied. The spectrum shows
three dominant lines corresponding to the QP exciton ground-
state shell which can be attributed to recombination of the
neutral exciton (X° = le + 1k, marked in red) and two
charged excitons (X' = le + 2h and X~ = 2¢ + 1h). The
energy splitting between these different charge states is
comparable to self-assembled quantum dots'+'¢ (e.g., X~ is
shifted by 4.25 meV to lower energy compared with XO).
We recorded the autocorrelation function g®(z) of the X°
line under pulsed excitation (inset of Figure 1a). In the typical
periodic pattern, the peak at T = 0 s measures the probability
for emission of two photons per excitation cycle. It is clearly
suppressed well below the average height of the other peaks
marked by the shaded gray bar providing direct evidence
that QPs are efficient single photon emitters.” In particular,
a single quantum emitter is required for efficient conversion
between exciton or spin excitations and photons, that is,
between stationary and flying gBITs."”

Nano Lett.,, Vol. 8, No. 6, 2008

In a second experiment, we studied the influence of a static
electric field (F) on the QP emission. The underlying tuning
mechanism is the quantum confined Stark effect (QCSE)
which has proven to be a particularly powerful tuning
mechanism to manipulate, read, or couple gBITs in quantum
dots.>!%-12 Figure 1b shows micro-PL spectra of an individual
40 nm QP encoded in the color scale as a function of the
wavelength and the gate potential (Vg..) applied to our
device (see Supporting Information). F'is oriented along the
QP axis and increases with decreasing Vg, as shown
schematically in Figure 1b. For low electric fields (Vg ~
1.4 V), we observe two dominant spectral lines which
originate from recombination of neutral and charged excitons
in the QP. As F increases, all lines show a weak shift due to
the QCSE up to Vg = ~0.8 V. At this voltage, the PL
energy rapidly changes, and its intensity quenches. Tunneling
of carriers is not expected at such fields (F ~ 30 kV/cm)
and cannot explain the change in the QCSE. The magnitude
of the Stark shift is given by AEg,« = p°AF, where p is the
static excitonic dipole moment. It is directly related to the
mean distance of the electron and hole wave functions s..;
via p = e*s,—, with e being the elementary charge.!® For Viue
> 0.9V, the electron and hole are strongly bound via their
mutual Coulomb interaction, and therefore, s.., remains small
and almost constant giving rise to a weak shift rate. For V.
< 0.9V, the Stark shift AEg,« becomes the dominant energy
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Figure 2. Storage of indirect excitons in QPs. (a) Schematic of the storage scheme. After a reset step during which the QP is emptied, the
sample voltage (black) is switched to the indirect exciton regime. In the beginning of the storage, interval electrons and holes are written
by a laser (red) into the QP and after fy,,qq. read via direct excitons. The detection (blue) is activated only during the time the read step.
The bandstructure and spatial carrier distribution during each step are shown schematically. For control experiments, the write and read
pulses are turned off individually as shown by the dashed lines. (b) Storage spectra taken from a QP ensemble after 20 us (full squares) and
200 us (line) storage times (P, = 20 kW/cm™2, T = 7 K). Without the write and read pulses (open symbols) no signal is detected proving

the storage principle.

contribution and exceeds the binding energy. Therefore, the
electron and hole are separated by the electric field, and their
distance increases, resulting in a larger value of p which is
limited by the height of the QP. This increase in p results in
a much larger slope of the Stark shift and a quenching of
the PL intensity due to a drastic decrease in oscillator
strength. This transition is more abrupt for larger QP height,
and the slope of the indirect exciton is not resolvable.
However, for shorter QPs, this asymptotic linear shift is
observed'® and an example of a 23 nm high QP is included
as Supporting Information Figure S1. The resolved transition
to a linear slope directly reflects the spatial separation of
electron and hole. Moreover, the electrostatic dipole moment
of p = 20 nm determined from the slope reflects the QP
height. The linear shift reflecting the QP height, the reduction
of the oscillator strength, and the lateral carrier confinement
are due to the unique electronic properties of QPs which in
contrast to conventional quantum well or QD structures can
be accurately tailored. Furthermore, these two observations
provide a clear, characteristic fingerprint for an electric field-
driven separation of individual electrons and holes within
the QP leading to a spatially indirect exciton whose radiative
lifetime is substantially and controllably increased.

This unique QCSE enables us to implement a scheme for
storing an indirect exciton in a QP as shown schematically
in Figure 2a. Our method uses a sequence of three electrical
pulses for gating: the sample, the laser to write excitons,
and the detector to read the stored signal. For each step, the
spatial distribution of the electron and hole and the band
structure are depicted schematically. The storage sequence
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starts with a reset step under a large reverse bias (Veser ~
—5 V) under which carriers can tunnel out of the QP. In the
next step, the sample bias is raised to V.., a level where
the exciton is in a spatially indirect long-lived state while
carrier tunnelling out of the QP is suppressed. At the start
of this storage interval, the laser is turned on for 500 ns to
write photogenerated electrons and holes into the QPs.
During storage, both carriers are localized in the same
nanostructure but remain spatially separated because of the
applied electric field. When the sample bias is brought back
close to flat-band (V,..) for a time #,.,s = 1 us, the stored
excitons become spatially direct. Under these conditions, the
electron and hole wave functions overlap, and radiative
recombination can occur. The emitted photons are then
detected during this read step. To reduce the dark count level,
the detector is read out only while the read voltage is applied.
Thus, we define the storage time (fy,.) as the difference
between the time when the “write” laser is turned off and
the time a “read” voltage is applied.

To demonstrate this scheme, we used a sample with a low
surface density of QPs (~1000/um?). The store and read
voltages were set to Ve = +0.5 Vand Vippy = +1.5V,
respectively. Typical storage spectra as a function of
wavelength are shown in Figure 2b for fy,., = 20 us and
220 us. We find a pronounced peak centered at A = 987 nm
with a width of 34 nm consistent with the QP ground-state
PL for a QP ensemble.!> The intensity of this storage peak
does not decrease when the storage time is increased by more
than an order of magnitude demonstrating loss-free storage
of excitons. Higher excitation densities are required for

Nano Lett.,, Vol. 8, No. 6, 2008
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storage compared with PL experiments (e.g., shown in Figure
1) since at these voltages the carrier capture is significantly
quenched. The levels used were chosen a factor ~10 higher
than the excitation density at which the onset of the storage
signal is observed. We want to note that, because of the
nonresonant nature of the excitation, we cannot exclude that
charged excitons are contributing to the storage signal. Since
the excitation densities are not significantly increased beyond
the observed onset, multiexcitons (bi- or triexcitons) should
still be negligible.

Two control experiments were performed to demonstrate
that we are indeed storing an indirect exciton. In the first
one, the read voltage is set to a level at which the exciton
ground-state remains indirect. For this condition, we do not
expect to detect a stored signal since radiative recombination
strongly suppressed for indirect excitons. To confirm that
the read signal originates from excitons photogenerated by
the write laser and not from carriers, respectively, from two
individual electrically injected from the doped layers, a
second control experiment was done in which the laser
remains off. No storage signal should be detected even
though the read voltage is applied since no excitons were
written. The results of these two control experiments are
shown as blue (no read) and green (no write) symbols for
tsore = 20 us in Figure 2b. Clearly, no signal is detected in
both cases demonstrating that we store excitons in the QPs,
which are later read-out simply by changing the gate potential
on our device.

In another experiment, we extended our storage scheme
down to the limit of a single QP. We recorded storage signals
of 1.1 0.1 x 107* and 4.8 & 0.5 x 107* counts/cycle,
after storage times of 20 us and 30 us, respectively, from
two individual QPs (spectra shown in Supporting Information
Figure S2). Since only a single QP is addressed, a reduced
excitation power densities (P, = 100 W/cm™?) is used. To
avoid monochromator losses, the emission of the QPs was
detected after spectral filtering using a 10 nm bandpass filter
centered at the single QP main emission line as shown in
Supporting Information Figure S2. In the control experiments
without the write or read step, we measured a background
of 0.7 £ 0.1 x 107*and 2.0 + 0.5 x 10™* counts/cycle for
the two QPs. From these values, we obtain net storage signals
0of 0.4 0.2 x 107*and 2.8 £ 1 x 10™* counts/cycle. These
values agree well with the expected, instrumentation limited
signal strength from a single QP of ~10~* counts/cycle. The
higher count rate for 30 us storage time compared with that
of 20 us is associated with differences in the alignment which
are most pronounced at these low count rates. As shown in
Figure 2, losses do not occur for times exceeding 200 us
and, therefore, can be excluded. The detected contrast
between the full storage scheme and the control experiments
clearly demonstrates that even the weak storage signal of a
single QP can be detected without using microcavity
structures. In Figure 3a we plot the integrated storage signal
as a function of e for three different values of Virge.
For Virage = 0.1 V (F ~ 50 kV/cm), we observe a slow
exponential decay of the storage signal with a time constant
of 30 & 7 ms. As Vraee 1s lowered and the electric field is

Nano Lett.,, Vol. 8, No. 6, 2008
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Figure 3. Temporal decay of the storage signal and identification
of loss mechanism. (a) For increasing reverse bias (increasing
electric field), the storage signal decays over time due to tunnel
escape of electrons from the QPs as shown schematically. (b)
Comparison between experimentally observed decay times (sym-
bols) and calculated tunnelling time (red line) using a WKB
approximation and radiative lifetime (black line) as a function of
F demonstrates that tunnelling is the dominant loss mechanism.

increasing, we observe faster decays with 7 £ 1 ms and 0.7
+ 0.2 ms for 0.0 V (F ~ 54 kV/cm) and —0.1 V (F ~ 58
kV/cm), respectively. For the radiative lifetime, we expect
the opposite voltage dependence since the increasing separa-
tion of electron and hole reduces their wave function overlap.
This is confirmed by calculations of the radiative lifetime
of spatially indirect excitons as a function of F for a realistic
QP morphology using a strain-dependent 8-band kp
model.'>1920 They are shown by the black line in Figure 3b
and for a larger range of F in Supporting Information Figure
S3. However, the observed lifetime shortening is well-
explained by a reduction of the tunnelling time between the
confined QP states and the GaAs matrix schematically shown
in Figure 3a. In a simple model, the tunnelling time (funnetsing)
can be described by a one-dimensional WKB approximation
(Fowler—Nordheim tunnelling) given by

_ hm =4 3
1/ttunmzlling - o LZ exp[ 3h€F\/2me Eian] (1)

Here, m.”, L, and E,,, are the electron effective mass, the
length of the confinement potential, and the ionization energy,
respectively. We assume that electron tunnelling is faster than
that of holes because of their smaller effective mass?! and
compare in Figure 3b #,eiing (red line) with the experimen-
tally measured decay times. The experimental data is well-
reproduced by this model using m,” = 0.062mq and E,,, =
170 meV which are in good agreement with our calculations
and PL data.'>'® The radiative contribution shows the
opposite behavior as the tunnelling process and decreases
with increasing field because of areduction in the electron—hole
overlap. At ~50 kV/cm, the time scales for tunnelling and
radiative losses are comparable giving rise to the maximum
storage times of 50 ms. Since our experimental data is
reproduced by the computed behavior for tunnel escape of
electrons, we conclude that this process is the dominant loss
mechanism in this field range. Clearly, the storage time could
be further increased to seconds, limited only by radiative
decay (Figure S3) by suppressing tunnel escape with a higher
bandgap material like AlGaAs for capping the QPs.

In a final experiment, we investigated the temporal
statistics of the storage signal. By moving our detection time
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read voltage is applied (see inset). The stored excitons are efficiently
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limited by the device impedance and demonstrates direct reconver-
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window relative to the sample and laser sequence, we found
that the storage signal is only detected during the read voltage
pulse as shown in Supporting Information Figure S4. To
improve our temporal resolution, we performed a time-
correlated single photon counting experiment of the storage
signal. In Figure 4, the logarithmic number of detection
events is plotted as a function of the delay Ar between the
time the read voltage is turned on and the time the
reconverted photon is detected. For the storage signal, we
find a narrow peak with a width of 15 ns and rise and fall
times of #,, = 3.5 ns and f#;; = 5.0 ns, respectively. No
more photons are detected afterward over the duration (¢,e4q
= 1 us) of the read voltage pulse as shown in the inset. We
want to note that this fast read-out excludes carrier injection
from the doped reservoirs which are separated from the QPs
by 110 nm intrinsic GaAs barriers, confirming storage of
electrons and holes within the QPs. Moreover, this fast read-
out is not possible with conventional QD based schemes,
and in our device it is only limited entirely by the RC time
constant of the device itself. It can be optimized for efficient,
fast exciton—photon conversion for quantum information
implementations or triggered single photon generation.
Our device and storage scheme provide exactly the desired
behavior for applications in coherent and optoelectronic
devices since it can be readily extended to purely electrical
pumping. Here, carriers are injected electrically from the
doped reservoirs under a large forward bias. After fast
electrical switching to the storage voltage, radiative recom-
bination is suppressed, and the remaining excitons are stored.
We find efficient storage for electrical injection and a
comparison of two spectra taken under electrical and optical
pumping is shown in Supporting Information Figure S5. This
injection scheme could be crucial for a deterministic,
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electrically pumped single photon source or refreshing of
optical phase modulation devices.

In summary, we have demonstrated a novel scheme to
store a single exciton in a single QP, without the dephasing
transfer of one carrier into a reservoir, as required in a QD
based method. Long storage times of more than 30 ms are
found which are not limited by radiative recombination and
which are not accessible for pairs of QDs since tunnel
coupling is required for coherent spin-preserving interdot
charge transfer.!®!1* By modeling potential physical mech-
anisms as a function of the applied electric field, we identified
a slow tunnelling process of electrons out of the QPs which
dominates the loss of the stored excitons. Furthermore, the
observed time scales exceed measured relaxation and deco-
herence times of spins in QDs.>*?? Since both electron and
hole are kept in the memory, their mutual spin coherence
could be probed directly and without the limitation of a short
radiative lifetime. For further detailed studies on individual
QPs, our device can be combined with optical cavities to
increase light extraction?*?* and significantly improve the
signal/noise ratio in these delicate experiments. Since our
scheme preserves phase information, it could provide a direct
route to convert stationary (spin or exciton) into flying
(photon) gBITs.! This would open a whole field of experi-
ments and novel concepts for implementing optical and
electrical quantum computation schemes. To ensure this a
resonant® pumping scheme of the optically active direct
exciton preferentially using st pulses’ is required to prevent
charged and multiexcitonic contributions. This could be
achieved by reducing the device capacitance by shrinking
its dimensions to allow for faster switching. With such a
device, the electric field can be switched to storage conditions
after the exciton is generated using a resonant optical pulse
before radiative decay can take place. The electrostatic dipole
moments of the optically or electrically generated and stored
indirect excitons exceed those of single or coupled QDs by
several orders of magnitude and are well suited for applica-
tions in electro-optical devices with superior performance.?
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