Surface acoustic wave mediated carrier
Injection into individual quantum post

nano emitters

Stefan Volk12 Florian Knall*2-5 Florian J R Schiilein+2,
Tuan A Truong®, Hyochul Kim34, Pierre M Petroff3, Achim Wixforth!:2

and Hubert J Krennerl:2

1 Lehrstuhl fiir Experimentalphysik 1 and Augsburg Centre for Innovative Technologies ACIT,

Universitat Augsburg, 86159 Augsburg, Germany

2 Center for NanoScience CeNS, Geschwister-Scholl-Platz 1, 80539 Miinchen, Germany
3 Materials Department, University of California, Santa Barbara CA 93106, USA
4 Department of Electrical and Computer Engineering, IREAP, University of Maryland, College Park,

MD 20742, USA

E-mail: hubert.krenner@physik.uni-augsburg.de

Abstract

Acousto-electric charge conveyance induced by a surface acoustic wave (SAW) is employed to
dissociate photogenerated excitons. Over macroscopic distances, both electrons and holes are
injected sequentialy into aremotely positioned, isolated and high quality quantum emitter, a
self-assembled quantum post. This processis found to be highly ef cient and to exhibit
improved stability at high acoustic powers when compared to direct optical pumping at the
position of the quantum post. These characteristics are attributed to the wide matrix quantum
well in which charge conveyance occurs and to the larger number of carriers available for
injection in the remote con guration, respectively. The emission of such pumped quantum
posts is dominated by recombination of neutral excitons and fully directional when the
propagation direction of the SAW and the position of the quantum post are reversed.

Ambipolar acousto-electric charge conveyance of dissociated
electrons and holesin the plane of aquantum well (QW) based
on piezoel ectric surface acoustic waves (SAWS) [1] has been
proposed to realize a precisely triggered single photon source
operating at radio frequencies (rf) in the range from afew tens
of megahertz up to several gigahertz. In this scheme, electrons
and holes are transported in the type-1l potential modulation
induced by the SAW and sequentially injected into a quantum
dot (QD) which emits a single photon per SAW cycle [2].
Until now, this remote injection scheme has been investigated
using QD systems of moderate optical quality or weak
con nement potential such as QDs induced in surface-near
QWs by stressor islands on the sample surface[3—5, interface

uctuation QDs in disordered quantum wires (QWRS) [6,
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7] or indium-rich segments in GaAs nanowires (NWs) [8].
Photon correl ation spectroscopy performed on sharp emission
lines of localized QD-like emission centers in acoustically
pumped QWRs and NWs revealed signatures of multiple
emission centers contributing to the detected signals. These
limitations arise from the weak con nement potential of these
disorder-based approaches [9]. Thus, alternative routes based
on established self-assembled quantum dot nanostructures
are required for which clear photon anti-bunching has been
routinely observed [10, 11]. Moreover, these QDs can be
embedded in high quality factor optical nanocavities to fully
exploit the high gigahertz repetition frequencies provided by
SAWSs using the Purcell enhancement of the spontaneous
emission rate [12]. In conventional self-assembled QDs, the
con ned electronic states and the resulting emission energies
of excitonic complexes can be ef ciently manipulated by a
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SAW [13, 14]. For the implementation of the envisioned
remote acousto-electric injection scheme, a high quality
two-dimensional QW is crucially required to prevent carrier
losses in the vertical direction. The typical two-dimensional
wetting layer on which these islands nucleate indeed provides
a QW-like con nement potential; however, due to its small
thickness of <1 nm, acousto-electric charge conveyance
is inhibited by the resulting low carrier mobilities [15].
One dternative system are height controlled, self-assembled
guantum posts (QPs) [16], the height of which, in contrast
to their QD counterparts, can be controlled from 3 nm
up to >50 nm while preserving high quality single
photon emission [17, 18]. Here, we report the direct
observation of SAW mediated electron-hole injection into
isolated, individual self-assembled QPs. Since these QPs
are embedded in a wide lateral QW, the acousto-electric
charge conveyance by the SAW is highly ef cient and remote
carrier injection is demonstrated over macroscopic distances
only limited by the optically accessible area. After optical
generation, electron—hole pairs are dissociated by the SAW
and transported to the QP. The two carrier species arrive with
a xed time delay of 1t D 2:6 ns. This unique approach
guarantees an inherently sequential injection of electrons and
holes, a property which is challenging to achieve e.g. using
Coulomb blockade. This mechanism is found to be highly
directional with improved stability even at the highest SAW
amplitudes in contrast to a con guration where carriers are
generated at the position of the emitter. Our results represent
amajor step towards a precisely triggered SAW-driven single
photon source using high quality quantum emitters.

The sampl e studied was grown by solid-source molecular
beam epitaxy (MBE) on a semi-insulating (001)-GaAs
substrate. A single layer of 23 nm high QPs was realized
using eight repetitions of a growth cycle consisting of
depositions of 1 monolayer (ML) of InAs and 7 ML of
GaAs, each followed by 1 min growth interruptions [16].
The sample was nalized by a 100 nm GaAs capping layer.
During QP growth, the substrate rotation was interrupted
giving rise to a coverage gradient and a variation of
the QP surface density on the substrate [19]. In the
region where idand nucleation breaks down, ultra-low QP
surface densities of <0.005 QPs= m 2 are realized. Such
ultraslow surface densities alow for optical investigation
of individual QPs under both direct optical excitation and
under remote SAW-driven carrier injection since the average
QP separation of &15 m is comparable to or larger than
typical SAW wavelengths. On these samples we fabricated
interdigital transducer (IDT) electrodes for excitation of
SAWSs of wavelength saw D 15 m, corresponding to SAW
frequencies fsaw D 193 MHz at low temperatures (T D 6 K).
We studied these samples by conventional low-temperature
mi cro-photol uminescence spectroscopy. For optical excitation
we used a diode laser emitting . 100 ps pulses (fiaser D
80 MHz) with a photon energy of Ejaser D 1:875 €V focused
by a 50 microscope objective to a 2 m spot to
photogenerate electron-hole pairs in the GaAs continuum.
The emitted luminescence of the sample was collected over
the full eld of view of the objective and sent to a 0.5 m

imaging monochromator equipped with a liquid nitrogen
cooled two-dimensional CCD detector for spectral and
gpatia analysis. Due to the time-integrated detection and the
unlocked excitation scheme .fsaw  2:4fjaser/, the recorded
data provide an averaged picture of the SAW-controlled
carrier injection and recombination. For all experiments we
employed low optical pump powersfor which screening of the
SAW-induced potential by the photogenerated carriers can be
neglected.

The acousto-€electric charge injection scheme is depicted
schematically in gure 1. In the center of the eld of view
(gray-shaded ared), a focused laser (red circle) generates
electron-hole pairs. These are dissociated in the type-ll
modulation of the effective band edges of the QW by the
SAW [1] as depicted schematically on the left-hand side of

gure 1. The SAW itself is electrically generated by applying
an rf voltage to an IDT and transports electrons and holes
along its propagation direction. A single QP acts as a deep
con nement potential in the conduction and valence bands
into which electrons and holes are sequentialy injected [2,
5, 7]. An exciton is formed after each full cycle of the SAW
which radiatively recombines by emission of a single photon.
On the right-hand side of gure 1 we present direct (spatial)
images of the sample emission without and with a SAW
applied. The excitation laser (Pjaser D 72 NW) was focused
at the center of the two images at x D y D 0 as marked by
ared circle. The detected intensity is encoded in false color
with yellow (black) corresponding to low (high) signal levels.
Here we used a 900 nm long pass to ensure detection only of
emission originating from exciton recombination inside QPs.
Clearly, with the SAW turned off, no signal is detected over
the entire area. When a SAW is excited at P D C18 dBm on
the left-hand side as indicated schematically by the IDT (not
to scale), we observe a bright, diffraction limited, point-like
emission spot arising from emission of a single, isolated QP
located at .xD 30 m;yD 2 m/. This experiment directly
con rms directional SAW mediated acousto-electric charge
conveyance over a distance of two acoustic wavelengths
and subsequent injection into an isolated zero-dimensional
guantum emitter.

In the following, we investigate SAW-controlled carrier
injection in detail. We distinguish between two different
con gurations, direct injection for which the excitation laser
is focused at the position of the QPs and remote, time
delayed and sequential injection for which the point of carrier
generation and the QP are spatialy separated. In  gures
2(a) and (b) we present emission spectra under weak optical
pumping (Pjaser D 22 NW) of the same, single QP under direct
and remote carrier injection, respectively, as indicated by the
associated schematics. The distance under remote injection
wasd D 20 m, corresponding to more than 1.3 acoustic
wavelengths, ensuring carrier injection occurs only due to
acousto-electric charge conveyance. The lower panels show
the detected QP emission encoded in grayscale (white low,
black high signal) as afunction of the rf power applied to the
IDT. For the directly excited QP (cf gure 2(a)) we observe
the characteristic intensity change-over or switching behavior
of dominant emission from the negatively charged exciton



Figure 1. Remote acousto-electric carrier injection—center: an IDT generates a SAW which propagates through the eld of view of the
objective lens (gray-shaded area) with the pump laser focused in its center and a single QP shifted along the SAW propagation direction.
Left: type-1l band edge modulation induced by the SAW |eads to a spatial separation of electrons and holes and after acousto-electric charge
conveyance to sequential injection into the QP. Right: PL images of the QP emission without and with a SAW generated. The pump laser
spot islocated in the center. The QP emission isisolated by a 900 nm longpass interference Iter. A diffraction limited emission spot is
observed with the SAW applied due to acousto-electric charge transport over adistance of 30 m and subsequent injection into a single QP.
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Figure 2. SAW power dependent emission under direct and remote carrier injection—grayscale plots of PL intensity (lower panels) asa
function of SAW power under direct (a) and remote injection (b) asindicated by the schematics with the corresponding exciton

con guration labeled. The normalized intensities of 1X|0 (green triangles/line), 1Xﬁ (red squares/line) and 1X  (blue pentagong/lines) are
plotted in the upper panels. The quenching of QW emission (black bullets/line) is accompanied by a change-over to neutral exciton

emission under direct excitation (a) and remote carrier injection (b).

.1X D 2eC 1N to charge neutral single excitons .1X?, D
le C 1h/ [15, 20]. For QPs, we mostly observe doublets
with indices | and h denoting the lower and higher energy
line. These arise from localized hole states at the two ends
of the QP which is con rmed by the observation of avoided
crossing in electric  eld tunable structures [21] and selective
injection under SAW pumping [20]. The absolute energy
spacing of this doublet depends on the actual morphology of
the QPs and is comparably large for the example presented
here. The switching occurs in the rf power range between
0 and C5 dBm as illustrated by the extracted integrated

and normalized intensities in the upper panel. The 1X

emission (blue pentagons/lines) is largely suppressed at
Pt D 0 dBm and is replaced by emission of the two 1X°
emission lines (red squares/line and green triangles/line).
The onset of acousto-electric charge conveyance is further
con rmed by the quenching of the QW PL in the same
power range whichisplotted as areference (black bullets/line)
in the upper panel of gures 2(a and (b). For high rf
power levels, Py > C12 dBm, we observe a pronounced
guenching due to increasingly more ef cient acousto-electric
transport of the photo-excited carriers away from the QP
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