
Radio frequency occupancy state control of a single

nanowire quantum dot

Matthias Weiß1,3, Florian J. R. Schülein1,3, Jörg B. Kinzel1,3,

Michael Heigl1, Daniel Rudolph2,3, Max Bichler2, Gerhard

Abstreiter 2,3,4, Jonathan J. Finley2,3, Achim Wixforth1,3,5,

Gregor Koblmüller2,3, Hubert J. Krenner1,3,5,⇤

1 Lehrstuhl für Experimentalphysik 1 and Augsburg Centre for Innovative
Technologies ACIT, Universität Augsburg, Universitätsstraße 1, 86159 Augsburg,
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Abstract.

The excitonic occupancy state of a single, nanowire-based, heterostructure quantum
dot is dynamically programmed by a surface acoustic wave. The quantum dot is formed
by an interface or thickness fluctuation of a GaAs QW embedded in a AlGaAs shell
of a GaAs � AlGaAs core-shell nanowire. As we tune the time at which carriers are
photogenerated during the acoustic cycle, we find pronounced intensity oscillations of
neutral and negatively charged excitons. At high acoustic power levels these oscillations
become anticorrelated which enables direct acoustic programming of the dot’s charge
configuration, emission intensity and emission wavelength. Numerical simulations
confirm that the observed modulations arise from acoustically controlled modulations
of the electron and electron-hole-pair concentrations at the position of the quantum
dot.
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1. Introduction

The dynamic control of spin and charge excitations in semiconductor nanosystems is

of paramount importance for applications in quantum-optoelectronic devices. By con-

fining the motion of carriers in one, two or all three spatial dimensions, quantum wells

(QWs), quantum wires (QWRs) and Quantum Dots (QDs) have been realized on planar

substrates and studied in great detail over the past decades. In the field of optically

active QWs and QDs several key experiments have been performed, including for exam-

ple the isolation of individual ”natural”, interface fluctuation QDs in a disordered QW

[1], bright, electrically driven single photon emission [2] or the creation of ”artificial”

molecules with tunable bonds [3]. A central goal in the active field of fundamental and

applied research are semiconductor nanowires (NW). Here, the transfer of these con-

cepts on this one-dimensional platform using axial [4, 5] or radial approaches [6][7][8]

are of crucial importance.

Radio frequency surface acoustic waves (SAWs) represent a particularly attractive and

powerful tool to probe and dynamically control charge excitations in semiconductor

heterostructure including Quantum Hall systems [9, 10, 11], charge transport in one-

and two-dimensional electron channels [12, 13], transport of charges [14, 15, 16], spins

[17] or dipolar excitons [18] and precisely timed carrier injection into QDs for low-jitter

single photon emission [19, 20, 21, 22]. Recently, these concepts have been transferred to

intrinsic nanowires (NWs) [23] and nanotubes [24] and NWs containing complex radial

and axial heterostructures [25, 26, 27]

In this contribution we demonstrate that the excitonic occupancy state of single

a NW-based heterostructure QD can be dynamically programmed by a SAW. The QD

studied is formed by an interface or thickness fluctuation of a thin radial GaAs QW

embedded in a AlGaAs shell of a GaAs NW. As we tune the time at which carriers are

photogenerated over the SAW cycle we find pronounced intensity oscillations of neutral

and negatively charged excitons confined in the QD. At high acoustic power levels these

oscillations become anticorrelated which enables direct acoustic programming of the

QD charge configuration, emission intensity and emission wavelength. We compare the

observed emission characteristics of the QD to numerical calculations of the spatio-

temporal carrier dynamics in the QW induced by the SAW and find that the observed

modulations arise from enhancements of the electron (e) and electron-hole- (e-h-) pair

concentrations at the position of the QD.

2. Sample and optical characterization

The NWs studied here were grown by solid-source molecular beam epitaxy (MBE) in

a self-catalyzed growth process on a silicon substrate.[28] Under the selected growth

conditions, these NWs exhibit predominant zincblende (ZB) phase but with twin de-

fects and short segments of wurtzite (WZ) crystal structure. The average length of
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the NWs was l

NW

= 10µm. In the radial direction the as-grown NWs consist of a

⇠ 60 nm diameter GaAs core capped by a 60 nm thick Al
0.3Ga

0.7As shell. In the center

region of this shell we included a 2 nm thick radial GaAs quantum well (QW). The

chose shell thickness ensures e�cient non-radiative depopulation of defect-related emis-

sion centers[28] within the AlGaAs shell [27]. Finally the NWs were passivated by a

5 nm GaAs layer to prevent oxidation. For SAW experiments we mechanically removed

NWs from the Si substrate and transferred them from suspension onto a YZ-cut LiNbO
3

SAW-chip with lithographically defined interdigital transducers (IDTs). An RF signal

applied to the IDT excites a Rayleigh-type SAW which propagates at the speed of

sound, c
SAW

= 3488m/s, along the Z-direction of the LiNbO
3

substrate. The design

of the IDTs determines the SAWs wavelength to be �

SAW

= 18µm, which corresponds

to a resonance frequency of f
SAW

= 194MHz and SAW period of T
SAW

= 5.15 ns. Af-

ter transfer, we identified NWs with their (111) growth axis aligned along the SAW’s

propagation direction.[23]. A schematic of our sample structure is presented as an in-

set of Fig. 1 (a). We study the optical emission of these NWs by low-temperature

(T = 10K) micro-photoluminescence (µ-PL). Electron-hole pairs are photogenerated

by an externally triggered, pulsed diode laser (E
laser

= 1.88 eV) which was focused by a

50⇥ microscope objective to a ⇠ 2µm diameter spot. The NW emission was collected,

dispersed by a 0.5 m grating monochromator and detected time integrated by a liquid

N
2

cooled Si-charge coupled device (CCD) camera.

Figure 1. – Optical characterization – (a) Overview spectrum exhibiting
signatures of pure ZB and mixed WZ/ZB phases. The emission of a single interface
fluctuation QD is detected on the low energy part of the emission band of the 2 nm QW.
Inset: Schematic of the experimental setup. (b) PL of a single interface fluctuation
QD (schematic) as a function of excitation power showing the emergence of charged
excitons (1X+, 1X� in addition to the neutral exciton 1X0. (c) Extracted emission
intensities of 1X0 (blue triangles), 1X+ (red circles) and 1X� (black squares) as a
function of the optical pump power.

In Figure 1 (a) we present an overview PL spectrum recorded in the center of a

typical NW for an intermediate optical pump power. In this spectrum we identify the
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emission of the NW core at the lowest photon energies. It consists of a characteristic

double peak structure.[29] The high energy peak at E
ZB

= 1.515 eV arises from exciton

recombination in ZB regions of the NW core. The low energy peak at E
ZB/WZ

= 1.488 eV

stems from recombination of spatially indirect excitons of reduced binding energy for

which e’s and h’s are localized in ZB and WZ segments, respectively. The emission of

the 2 nm QW extends over a ⇠ 100meV wide energy band centered at EQW = 1.7 eV.

The large spread of the emission energy is from the (i) the small nominal thickness and

(ii) the fact that growth occurs on the [110]-type facet of a NW. The QW emission

peak consists of a series of sharp emission lines. These characteristics are indicative of a

disordered QW with pronounced exciton localization which for planar QWs occurs due

to local QW thickness fluctuations [30]. In addition to this established contribution,

further localization can occur in our NW-based QWs due to a transfer of the ZB and

WZ crystal phases from the core to the radial shell [31, 32] which in turn superimposes

a type-II heterostructures. The such formed ’natural’, interface fluctuation QDs have

been studied over the past in type-I, direct bandgap GaAs/AlGaAs QWs [33, 34, 35, 36]

as well as in type-II, indirect bandgap GaAs/AlAs QWs [37]. The superior optical qual-

ity of this type of QDs manifests itself in long exciton coherence times [38] and clean

single photon emission [39].

In the spectrum shown in Fig. 1 (a) the emission signal of an individual QD is well

isolated on the low energy side of the QW emission band. Its energy levels are confined

⇠ 20meV below the two-dimensional QW band in which the SAW can induce spatio-

temporal carrier dynamics. We want to note at this point, that this confinement energy

is significantly smaller than that for self-assembled QDs and their two-dimensional

wetting layer. The close examination in Fig. 1 (b) shows that it consists of three

sharp emission lines. We attribute the dominant emission line at E
1X0 = 1.6349 eV to

recombination of the neutral exciton, 1X0 = 1e + 1h and the two weaker signatures

at E

1X+ = 1.6326 eV and E

1X� = 1.6302 eV to the positive, 1X+ = 1e + 2h, and

negative trion, 1X� = 2e + 1h, respectively. At this point our assignment is based on

(i) the observed renormalization energies consistent with the values reported for IFQDs

in planar QWs [40] and (ii) the optical excitation power dependence of the emission

intensities.[33] The latter is plotted in double-logarithmic representation in Fig. 1 (c)

to identify the underlying power law dependencies. Clearly, the line assigned to 1X0

and 1X+ exhibits the smallest slope of 0.8 and 1.0, consistent with a single excitonic

nature. In contrast, 1X� exhibits a larger slope of 1.45 which could be indicative for

a charged exciton or the biexciton. Our SAW experiments presented later will provide

clear evidence for our attribution of this emission line to 1X�.

3. Dynamic spectral modulation and SAW phase calibration

We now turn to the manipulation of the QD’s emission by the dynamic strain and electric

fields of a SAW. To assess the dynamic SAW-driven modulation of the optical emission



Radio frequency occupancy state control of a single nanowire quantum dot 5

Figure 2. – Spectral modulation, phase calibration and temporal evolution

of the band edge modulation – (a) Stroboscopic PL spectra at low acoustic
amplitudes (P

RF

= �10 dBm) as a function of � and photon energy with the normalized
intensity encoded in false color (blue: low intensity, red: maximum intensity). b)
Extracted spectral shifts of 1X0 (diamonds) and 1X� (squares). The solid lines are
fits to the experimental data to calibrate �.(c) Schematic of the temporal evolution of
the SAW-induced bandedge modulation. The grey shaded region indicates the range
of � corresponding to the NW length in our experiment.

we employ an established stroboscopic excitation scheme combined with time-integrated

multichannel detection [41, 42]. In Fig. 2 (a) we show stroboscopic PL data of the above

characterized QD controlled by a SAW excited by applying a radio frequency signal of

power P

RF

= �10 dBm to the IDT. The emission intensity is color coded and plotted

as a function of the photon energy (vertical axis) and stroboscopic phase � (horizontal

axis). Both emission lines observed in the data, 1X0 and 1X�, exhibit a clear sinusoidal

spectral modulations due to the dynamic strain field of the SAW. This strain field and

its corresponding hydrostatic pressure (p) tunes the QD emission due to deformation

potential coupling [43]. At such low acoustic amplitudes the contribution of SAW-

induced lateral electric fields weak [44] and the observed spectral shift is dominated by

the strain contribution. [45, 27] The extracted relative spectral tuning �Estrain of 1X0

and 1X� are plotted as a function of � in Fig. 2 (b). Clearly, the modulations of both
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emission lines are in phase and exhibit similar amplitudes. This is expected because

the underlying deformation potential coupling modulates the e↵ective bandgap with a

weaker contribution arising from a perturbation of the single particle wavefunctions.

[46] The observed spectral shifts correspond to 0.5 < p < 0.8MPa [43]. Taken together,

the maximum (minimum) emission energies are observed for the value of � at which p is

maximum positive (negative). For the crystal cut of our LiNbO
3

substrate we can derive

the �-dependence of the SAW-induced modulation of the conduction (CB) and valence

band (VB) within the GaAs NW using finite element modeling (FEM) [27] which is

shown in Fig. 2(c) for times t = 0 (i.e. time of photoexcitation) and t = T

SAW

/2 at

which the band modulation is translated spatially due to the propagation of the SAW.

Using this calibration reveals that the weak suppression (enhancement) of the 1X0

(1X�) emission occurs for stroboscopic excitation in between the stable (� = �90o) and

unstable (� = +90o) points for e’s in the CB and for which the e-drift is anti-parallel

to the SAW propagation and wavevector k
SAW

. Thus, as the SAW propagates, e’s are

e↵ectively transported back to the position of the QD and increase the net e-density

which in turn reduces the probability of the QD being occupied by 1X0. Therefore, the

SAW e↵ectively induces a anti-correlated rocking motion for e’s and h’s which is weak

at the applied small band edge modulation. This picture does not take into account the

finite length of the NW. Before presenting detailed experimental and numerical results

of the SAW control of the QD’s occupancy state, we want to point out, that we have

to take into account the fact that l
NW

' �

SAW

/2. This boundary condition limits the

spatio-temporal carrier dynamics to a sub-�
SAW

lengthscale, which is in strong contrast

to previous experiments performed on planar self-assembled QDs and Quantum Posts

[47, 41, 48]. The two ends of the NW e↵ectively represent e�cient recombination sites

for carriers and non-radiatively remove these from the system. We convert the spatial

coordinate along the NW axis x to � and take into account (i) QD position in the center

of the NW (x = 0) and (ii) l
NW

' �

SAW

/2. The latter condition implies that, for a fixed

value of � = phi

0

, carrier can be transfer without loss by �x ⇠ �

SAW

/2 away from the

point of photogeneration. i.e. the position of the QD in the center of the NW. This

restriction is indicated by the grey shaded area in Figure 2 (c).

4. Acoustic control of QD occupancy state

In this section we investigate the SAW-regulated occupancy state control in detailed stro-

boscopic PL experiments and numerical simulations of the SAW-driven spatio-temporal

carrier dynamics.

We begin by presenting stroboscopic PL data recorded from the same QD for

P

RF

= �2 dBm, +3dBm, +8dBm in Fig. 3(a-c). The data are plotted in the same

representation as in Fig. 2 (a) and the corresponding CB and VB modulations are

sketched schematically in the upper parts of each panel. As we increase P
RF

, the inten-

sity modulations of the dominant 1X0 and 1X� emissions changes dramatically. Most
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Figure 3. – SAW control of QD occupancy state – Stroboscopic PL spectra
in falsecolor representation for (a) P

RF

= �2 dBm (c) +8dBm and the corresponding
bandedge modulations as schematics in the upper part of each panel: Maximum 1X�

intensity is detected for �  0o, schematics in (a+c). The additional maximum of 1X0

develops for � ' 900, schematics in (b).

notably, the P

RF

= +5dBm, the �-dependence of the 1X0 and 1X� emission intensi-

ties are clearly anticorrelated. This anticorrelation provides a direct route to e↵ectively

program the occupancy state of the QD simply by tuning � at the RF signal generator

used to excite the SAW.

The first striking di↵erence between this data and the data in Fig. 1 is the pronounced

increase of the 1X� emission, which is more intense than that of 1X0. The higher

intensity of 1X� provides direct evidence that this emission line does not arise from

2X0 recombination which should exhibit at most the same intensity as 1X0 under the

applied pulsed optical excitation scheme. We continue by addressing a second partic-

ularly peculiar feature when comparing the data at these three acoustic amplitudes.

It is the development of an global minimum of the QD emission at � = ±180o. At

this local stroboscopic phase the drift of electrons in the SAW-induced electric field is

aligned with the SAW propagation. Thus, both e↵ects add up and result in an e�cient

depletion of the e-concentration at the position of the QD and subsequent loss of this

carrier species. Taking into account that e’s exhibit a larger transport mobility than

h’s, the global minimum of the QD occupancy and emission is indeed expected at this

local phase confirming our �-calibration. As we increase P

RF

, two prominent e↵ects

are observed: (i) The 1X0 emission develops two pronounced maxima at � = �45o and

� = +90o. (ii) The range of � over which 1X� is observed focuses to a �� = 90o wide

range centered around � = 0. The increase of 1X� can be qualitatively understood

by an acoustically regulated return of e’s to the position of the QD as described in the

previous section and shown in the schematics of Figures 2 (c) and 3 (a). Furthermore, at
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high acoustic amplitudes, the first step of this process, the field-driven transfer of e’s to

their stable CB minimum dominates. When � is tuned to positive values, this minimum

shifts outside of the NW. Thus, non-radiative loss of e’s is enhanced for 45o < � < 90o.

The upper limit of � = 90o (cf. schematic in Fig. 3 (b)) corresponds to photogeneration

of e’s at an instable point, the maximum of the CB modulation, while h

0
s are e↵ec-

tively confined at the stable VB maximum. The combination of these e↵ects enhance

the e-h-pair, exciton density at this stroboscopic phase and in turn favours pair-wise

capture. Similar reasoning can be applied for � = �90o at which the exciton formation

is expected to be enhanced further since the transfer of h’s toward their stable point in

the VB is comparably slow due to their reduced transport mobility. This e↵ect leads

to the observed formation of 1X0 in the dot. For �90o < � < 45o the removal of h’s

along the SAW propagation direction breaks down (cf. schematic in Figure 3 (c)) giving

rise to an net increase of the h-density and in turn a reduced probability for forming

1X�. Based on these so far qualitative arguments we attribute the preferential forma-

tion of 1X0 to an enhanced (neutral) exciton concentration at the position of the QD

and the preferential formation of 1X� to that of e’s. Before presenting numerical sim-

ulations of the underlying SAW-driven carrier dynamics we want to point out that the

observed intensity modulations and their dependence on P

RF

is similar to that observed

for planar self-assembled QDs [48]. In contrast, it strongly di↵ers to that observed for

defect-related emission centers [27]: (i) For the defect-related emissions and quantum

tunneling as the underlying mechanism [27], the overall �-dependence of the remains

approximately constant as P

RF

is tuned. The stroboscopic phase of maxima remains

constant and no pronounced shifts are observed in contrast do the data presented here

and similar experiments performed for planar QD and quantum post systems [41]. (ii)

This fixed �-dependence follows the oscillation of the vertical electric field component of

the SAW which dynamically modulates the tunneling probability. In contrast, the data

reported here clearly reproduces the expected �-dependence of the horizontal electric

field component which is aligned with the NW axis as it is also the case for planar QDs

and quantum posts. The combination of these observations provides final evidence for

our assignment of the observed emission lines as arising from exciton recombination in

an interface fluctuation QD.

To confirm that this qualitative picture indeed agrees with the underlying spatio-

temporal carrier dynamics, we performed numerical solutions of the semi-classical drift

and di↵usion processes in the SAW-modulated bandstructure. In contrast to the infinite

QW assumed in previous reports [16, 49], we take into account the geometry of the NW

studied in our experiments. We account for its finite length (l
NW

' �

SAW

/2) and the non-

radiative loss of carriers at the open facets at the NW ends by removing carriers arriving

at position |x| > l

NW

/2 = �

SAW

/4 from the center of the NW (x = 0). In particular we

integrated the calculated e and exciton (e-h-pair) densities at the QD position over time

as a function of �. The �-dependence of these time-integrated densities are plotted in

Figure 4 for low (a), intermediate (b) and high acoustic powers (c), as black and orange
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Figure 4. – Simulation of SAW-controlled electron and exciton densities –
Calculated time-integrated exciton (black) and electron (orange) densities (in arbitary
units) at the position of the QD as a function of � for low (a), intermediate (b) and
high (c) acoustic amplitudes.

lines, respectively. For low acoustic powers (P
RF

) the exciton density remains high

over the entire range of � which is consistent with the overall modulation observed

for 1X0 and also 1X�. In contrast, the calculated e density exhibits a clear and

broad maximum centered at � ⇠ �15o. This maximum nicely overlaps with that of

1X� observed in the experimental data in Figure 3 (a). As we increase the acoustic

amplitude in our simulations (cf. Figure 4 (b+c)) the exciton density develops a clear

double peak structure in good agreement with the experimentally observed maxima of

the 1X0 modulation. Furthermore, also the calculated e-density modulation sharpens

in � which reproduces the modulations of 1X0 in the experimental data. In addition,

an increase of the e density with respect to that of excitons with increasing acoustic

power is clearly resolved in this simulation data. This calculated behavior is in good

agreement with the experimentally observed increase of the 1X� intensity with respect

to that of 1X0 (cf. Figures 2 and 3).

5. Conclusions and outlook

In summary, we have demonstrated that the occupancy state of a NW-based

heterostructure QD can be programmed using SAW-regulated carrier injection under

strictly stroboscopic optical excitation. In our experiments we observe characteristic

intensity oscillation of 1X0 and 1X� as we tune the stroboscopic excitation phase, �.

The modulation show a characteristic dependence on the acoustic amplitude. These

arise from a modifications of the time-integrated exciton and e densities at the position

of the QD as confirmed by numerical simulations of the SAW-driven spatio-temporal

carrier dynamics. Our results clearly demonstrate that concepts developed for planar

semiconductor heterostructures can be readily transferred to a NW-platform. Our

experiments have been performed on radial heterostructure and could be directly applied
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to radial heterostructures. For this type of architecture carrier extraction schemes,

as recently demonstrated for NW-based defect-related emission centers [27] could be

combined with the here reported injection principle to realize SAW-mediated single

carrier transfer between distantoptically active QDs on a single NW [50, 51].
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Review Letters 78 4099–4102



Radio frequency occupancy state control of a single nanowire quantum dot 11
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