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Quantum Dot Optomechanics in Suspended Nanophononic

Strings

Anja Vogele, Maximilian M. Sonner, Benjamin Mayer, Xueyong Yuan, Matthias Weif3,
Emeline D. S. Nysten, Saimon F. Covre da Silva, Armando Rastelli,

and Hubert J. Krenner*

The optomechanical coupling of quantum dots and flexural mechanical
modes is studied in suspended nanophononic strings. The investigated
devices are designed and monolithically fabricated on an (Al)GaAs
heterostructure. Radio frequency elastic waves with frequencies ranging
between f = 250 and 400 MHz are generated as Rayleigh surface acoustic
waves on the unpatterned substrate and injected as Lamb waves in the
nanophononic string. Quantum dots inside the nanophononic string exhibit a
15-fold enhanced optomechanical modulation compared to those dynamically
strained by the Rayleigh surface acoustic wave. Detailed finite element
simulations of the phononic mode spectrum of the nanophononic string
confirm that the observed modulation arises from valence band deformation
potential coupling via shear strain. The corresponding optomechanical
coupling parameter is quantified to 0.15 meV nm~". This value exceeds that
reported for vibrating nanorods by approximately one order of magnitude at
100 times higher frequencies. Using this value, a derived vertical
displacement in the range of 10 nm is deduced from the experimentally
observed modulation. The results represent an important step toward the
creation of large scale optomechanical circuits interfacing single optically
active quantum dots with optical and mechanical waves.

phononic  technologies of industrial
relevance” and have recently attracted
widespread interest in quantum technolo-
gies. This interest has been sparked by
theoretical®® work and hallmark exper-
iments on superconducting qubits.[®
Semiconductor quantum dots (QDs) en-
able the direct transduction of the SAW
phonons’ radio frequencies to the opti-
cal frequencies of QD excitonic two-level
system®1%  via deformation potential
and Stark effect couplings.''*1 One of
the first applications of SAW envisioned
and implemented in QD-based quantum
technologies was the dynamic acoustic
pumping and charge state control via
the acousto-electric effect.'*171 Moreover,
QDs can be integrated in fully suspended
photonic crystal membranes with SAW-
tunable circuit elements®1 enabling the
dynamic control of light-matter interac-
tions at gigahertz frequencies.?”! Such
suspended systems confine both photons
and phonons in the plane.?!! Interestingly,
flexural, anti-symmetric Lamb modes

Phonons are of paramount importance for the realization
of hybrid quantum architectures.!!' These fundamental exci-
tations of condensed matter couple to almost any quantum
system and experience only minute dissipation in crystalline
solids. Surface acoustic waves (SAWs) are one of the very few

excited in these membranes are stress-neutral in the center
plane of the membrane, that is, the volumetric strain vanishes.
Thus, so far experiments focusing on the optomechanical cou-
pling between QDs and mechanical excitations used samples in
which the dots were deliberately displaced from the membrane’s
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Figure 1. a) Sample layout consisting of a metal IDT and a 50 pm long and 2 pm wide suspended nanophononic string fabricated on an (Al,Ga)As-based
heterostructure. A scanning electron microscope image of a typical nanophononic string is shown below. b,c) Emission of a single QD in the unpatterned
region and inside of a nanophononic string (marked by the blue and red dot in the layout) without/with RF voltage applied to the IDT (black/red) at
fre = 370 MHz. Solid lines are best fits of a time modulated Lorentzian (Equation (1)) to the experimental data.

center.?24l In contrast, further experiments showed an unex-
pected pronounced tuning of QDs placed in the center of the
membranel?’ indicating strong optomechanical coupling of the
QD exciton with modulation amplitudes comparable to that ob-
served of a high quality factor cavity mode.

In this communication, we report on the optomechanical cou-
pling of single GaAs/(Al)GaAs QDs to the phononic modes of
suspended nanophononic strings. In the studied frequency band
from f = 250 to 400 MHz, we observe large tuning amplitudes
which are enhanced by more than a factor of 15 compared to
those of QDs strained by conventional Rayleigh SAWs propagat-
ing on the unpatterned surface.

Devices were fabricated on a (Al)GaAs heterostructure con-
taining a single layer of GaAs QDs embedded in (Al)GaAs
barriers in its center. This type of QD is, in contrast to self-
assembled QDs nucleating on a wetting layer,?” not coupled to a
2D continuum of states in which acousto-electric transport could
occur.?*27) Thus, these dots are particularly suited to study strain
tuning by elastic waves?®?% since charging due to the acousto-
electric effect’®?¢ is almost completely suppressed. Figure 1a
shows a schematic of the full device comprising a chirped in-
terdigital transducer, labeled IDT, and a 50 pm long suspended
nanophononic string. A scanning electron microscope image of
a typical nanophononic string and the full layer sequence of the
heterostructure are shown as well. Details on device fabrication
can be found in the Experimental Section. When applying a ra-
dio frequency (RF) voltage to the IDT a Rayleigh SAW is gen-
erated in the unpatterned region. This Rayleigh SAW couples
into the nanophononic string in which it propagates as a Lamb
wave. We performed finite element model (FEM) simulation us-
ing a geometry derived from our SEM characterization. As shown
in Movies M1 and M2, Supporting Information, the Rayleigh
SAW is converted predominantly into an anti-symmetric, flexural
Lamb mode. Figure 1b,c compares the optomechanical response

Adv. Quantum Technol. 2020, 3, 1900102 1900102 (2 of 6)

of two QDs, one in the unpatterned region [marked by blue dot in
(a)] and the other inside of a nanophononic string [marked by red
dot in (a)], respectively. We plot the measured photon energy, E,
relative to the center energy of the unmodulated line, E,, as sym-
bols. The data plotted in red (black) correspond to the emission
intensity of a QD transition when the RF signal is switched on
(off) and the QD is (not) dynamically strained. Clearly, the emis-
sion lines show the expected broadening at both positions when
the RF signal (fp; = 370 MHz, Py = 29 dBm) is switched on.
Most strikingly, the broadening observed for the QD inside the
nanophononic string is largely enhanced compared to the QD
in the unpatterned region. The observed broadening can be de-
scribed by a Lorentzian line modulated in time with a frequency
Sfrp 2230 Tt is given by

2A
I(E) = I, +fRF7

dat,

/l/fRF w
X
0 4~(E—(EO+AE-sin(Z”'fRF't)))z"‘W2

1)

in which AE and w denote the amplitude of the optomechani-
cal modulation and the unperturbed linewidth of the QD emis-
sion line, respectively. Best fits of Equation (1) (full lines in Fig-
ure 1b,¢) faithfully reproduce the experimental data and allow us
to quantify AE to be 0.23 and 1.40 meV for the Rayleigh SAW
and on the nanophononic string, respectively. The minute off-
set of the center of the modulated relative to the unmodulated
emission line arises most likely due to heating despite of the
employed pulsed SAW excitation scheme.?% In the Supporting
Information we present stroboscopic experiments in Figure S1,
Supporting Information. The data presented there confirm the
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Figure 2. Lower panel: Time-integrated emission spectra (symbols: experi-
mental data; lines: best fits of Equation (1)) of four individual QDs located
along the principal axis of the nanophononic string with (red) and without
(black) a Rayleigh SAW injected. Arrows mark the positions of these dots
in the SEM image in the center. Upper panel: Optomechanical tuning am-
plitude AE extracted from the modulated spectra of the lower panel.

conversion of the Rayleigh SAW into a flexural mode propagat-
ing in the nanophononic string.

In Figure 2 we investigate the position dependence of the op-
tomechanical tuning in the x-direction along the nanophononic
string. The lower panel shows the optomechanical response
of four different QDs located at different positions along the
nanophononic string. Arrows indicate these positions in the SEM
image in the center. Clearly, all four QDs show a clear optome-
chanical response when a Rayleigh SAW is injected into the
string giving rise to the previously described broadening of the
emission line (red symbols) compared to the unmodulated case
(black symbols). Again, lines show best fits of Equation (1) to the
experimental data. In the upper panel of Figure 2, we plot the
optomechanical modulation amplitude AE as a function of posi-
tion. This analysis shows that AE is almost independent on the
position, indicating that no pronounced attenuation occurs on
the 50 pm lengthscale of our strings.

Next, we analyze the frequency dependence of the optome-
chanical coupling in both areas. Figure 3a,b shows f,-dependent
emission spectra of QDs strained by a Rayleigh wave (left pan-
els) and inside a nanophononic string (right panels). The data
in Figure 3a,b are recorded with a RF signal (Pg; =29 dBm)
applied by two different IDTs with designs nominally facilitat-
ing SAW excitation from 250 — 300 and 350 — 400 MHz, re-
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spectively. The overall conversion efficiencies of theses chirped
transducers is reduced compared to unchirped designs because
only few finger pairs contribute to the excitation of a certain
SAW frequency. The excited Rayleigh SAWs first propagate across
the free, unpatterned surface and then are injected in differ-
ent nanophononic strings. The normalized emission intensity is
color-coded, with blue (red) corresponding to minimum (max-
imum) intensity, and plotted as a function of f (vertical axis)
and relative emission energy E — E, (horizontal axis). As fpy is
tuned, both QDs in the unpatterned region shown in Figure 3a,b
exhibit weak optomechanical modulations. The modulations
do not cover the full nominal frequency ranges of the IDTs
due to imperfections in the nanofabrication and the aforemen-
tioned limited number of finger pairs contributing. In contrast
to QDs strained by Rayleigh waves, the two dots inside the
nanophononic string show strong enhancement of the optome-
chanical modulation over a wide frequency band. This broad-
band response arises from the injection of the Rayleigh wave
into the nanophononic beam. Despite the acoustic impedance
mismatch between Rayleigh SAWs and Lamb modes, efficient
conversion is achieved? over the entire frequency band of the
IDT. This broadband injection is in strong contrast to discrete
frequency response observed for indirect coupling schemes em-
ploying sample architectures in which the nanomechanical res-
onator is rigidly connected to a piezoelectric actuator.?*30331
For the two frequency bands studied we deduce enhancements
by factors of 10 and 15 with respect to the corresponding
data obtained with Rayleigh SAWs, as shown in Figure 3a,b,
respectively. Moreover, we detect a strong modulation between
260 — 270 and 360 — 380 MHz, where no modulation is observed
for the QDs in the unpatterned region. Remarkably, for the fre-
quency band studied in Figure 3b the largest modulation is ob-
served for the QD in the nanophononic string at fz = 266 MHz.
The extracted AE are plotted as a function of fi, in the right
panels, demonstrating the broadband enhancement of the op-
tomechanical modulation inside the nanophononic string. This
coupling is position-independent for both frequency bands as
demonstrated in Figure S2, Supporting Information. We per-
formed detailed FEM simulation of the phononic modes of the
string using a geometry derived from our SEM characterization.
The obtained dispersion in our 50 pm-long and 2 pm-wide string
is plotted in Figure 3c. Our simulation confirms the propagation
of three flexural modes which we refer to as Mode 1, Mode 2, and
Mode 3. The dispersions are plotted as red, blue, and green lines
in Figure 3c. Mode 1 and Mode 2 are the two fundamental flexu-
ral modes. Mode 1 has almost constant displacement across the
short axis (y-direction) of the string which vanishes at the edges.
In contrast, Mode 2 shows an inverted displacement profile with a
node in the center (y = 0) and maximum and minimum displace-
ment amplitude at the opposite edges. Mode 3 is the first higher
order mode with two nodes along the short axis and consequently
maximum/minimum displacement in the center (y = 0) and the
edges of the string. In addition to propagating solutions, a se-
ries of bound resonances are predicted by our simulations with
discrete wavevectors and frequencies. These bound solutions are
marked by symbols in Figure 3c overlapped over the calculated
dispersions of the propagating modes. In our experiment we cou-
ple Rayleigh SAWs into these modes and, therefore, we expect
that we excite all three modes both as bound resonances as well as

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a,b) False-color plots of the normalized emission intensity of QDs modulated by a Rayleigh-type SAW (left panel) and inside a nanophononic
string (center panel) as a function of fzr and AE. Right Panel: Optomechanical modulation amplitude AE derived from the data in the other panels. The
QDs embedded in a nanophononic string show an enhanced optomechanical coupling compared to the QD in the unpatterned region. c) Simulated
dispersion of flexural modes of a 50 ym long and 2 pm wide suspended nanophononic string in the f range covered in our experiment. Each data point
represents one calculated stationary mode. The dotted lines mark the frequency ranges in which pronounced coupling is observed. The displacement

profiles of the calculated modes are shown in the insets. The wavevector k points along the x-direction. The short axis of the string is parallel to y,

perpendicular to k.
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Figure 4. Simulated flexural mode profiles of the nanophononic string in the QD layer calculated by FEM. The vertical displacements u,, shear strains
components e,, and e,, as well as optomechanical coupling parameter y,, are depicted for the three mode profiles. As the volumetric strain vanishes
at the QD layer, only shear strains of the modes contribute to the observed optomechanical tuning.

and propagating modes.?23¥ Furthermore, in the frequency band
in which we observe strong enhancement of the optomechanical
modulation (marked by dashed lines), our FEM simulations in
Figure 3¢ predict multiple bound resonances for all three modes.
Hence, individual resonances apparent in the data shown in the
center and right panels of Figure 3a,b cannot be unambiguously
attributed to certain bound resonances or disentangled from cou-
pling to propagating modes. Moreover, we expect a strong varia-
tion of the coupling efficiency for different frequencies due to
two additional effects. First, the frequency response of the IDT is
not flat over the full range of frequencies and, second, the acous-
tic impedance mismatch between the Rayleigh SAW and Lamb
waves.?
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Nevertheless, our FEM simulations allow us to quantify
the strength of optomechanical coupling for the three flexural
modes. Since the center of the beam in vertical direction (z) at
which the layer of QDs is located is a stress-neutral plane for
flexural modes, the volumetric strain vanishes. Thus, the ob-
served optomechanical response of the QDs has to arise from
off-diagonal elements of the strain tensor (shear strain) and the
corresponding deformation potentials. Deformation potential
coupling by shear strain is known to be weak compared to that
by the diagonal elements (normal strain). Thus, the investigation
of deformation potential coupling due to shear strain is typically
challenging and our experiment elegantly suppresses the domi-
nant normal strains. In Figure 4, we analyze bound resonances

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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of each of the three different modes. The upper rows show the
vertical displacements (u,) which confirm the different symme-
tries of the three modes. The shear strains ¢,, and ¢, are plotted
in the two center rows. For Mode 1, only e, is finite, while for
Mode 2 and Mode 3 both shear strains contribute to the observed
optomechanical tuning. Using the Pikus—Bir strain Hamiltonian
and considering that the conduction band is negligibly affected
by shear strains,* we determine the optomechanical coupling

parameter to
9Eqp (eiz +e, )
= =d- . (2)
Ju u

4 z

Yom

Because the center of the nanostring is a stress-neutral plane,
Equation (2) only contains the valence band deformation poten-
tial d and the shear strain tensor components e,, and ¢,,. Us-
ing our FEM simulations and Equation (2) we are able to di-
rectly evaluate y,,, for all three modes using the bulk value of
the deformation potential of GaAs, d = —4.8 eV.3* The obtained
profiles are plotted in the bottom row of Figure 4. Our simu-
lations predict the largest y,,, ~# 0.2 meV nm™' for Mode 1 and
Yom ~ 0.1 = 0.15 meV nm~ for Mode 2 and Mode 3. As expected,
these values are approximately one order of magnitude smaller
than that for Rayleigh waves, for which strong normal (volumet-
ric) strain dominates.>?®) However, the values obtained are about
one order of magnitude larger than that reported for vibrating
nanowiresB%*! at more than two orders of magnitude higher fre-
quencies. From our simulations we can also quantify the dis-
placements corresponding to the values of AE observed in our ex-
periment. The maxima AE = 1.401 meV at f;; = 370 MHz and
1.336 meV at fp = 266 MHz in Figure 3a,b correspond to u, =
10.5 + 3.5nm and 10.0 + 3.4 nm, respectively. Analogous anal-
ysis of the data for Rayleigh waves yields u, = 0.08 nm (y,,, ~
2.89 meV nm™) and 0.04 nm (y,,, ~ 2.08 meV nm™!) at these
frequencies. The strong enhancement of u, in the nanophononic
string is a direct consequence of the localization of mechanical
energy in this fully suspended structure and that the string can
freely oscillate, in contrast to the Rayleigh wave.

In conclusion, we demonstrate that QDs can be coupled to
flexural modes of a suspended nanophononic string and observe
a strong enhancement of the optomechanically induced spectral
modulation at radio frequencies exceeding 400 MHz, important
to reach the resolved sideband regime.l'% In this regime para-
metric transduction becomes accessible and enables the imple-
mentation of hybrid quantum dot optomechanical transduction
and control schemes. Our scheme could be also applied to QD-
molecules to dynamically switch coupling of charge and spin ex-
citation by strain. Furthermore, our scheme can be directly ap-
plied to exciton and spin qubits of QD molecules® 2 or of op-
tically active defect centers,**! for which recent proposals*°—8l
promise high fidelity quantum control schemes, or QDs form-
ing in nanowires.[1213174950 Moreover, our work marks a firstim-
portant step to interface optomechanical crystals with engineered
dispersions of phonons and photons and operation frequencies
in the GHz domain."2 Finally, the observed optomechanical
coupling arises exclusively from shear strain modulating the va-
lence band of the semiconductor, a rarely studied effect compared
to normal strain coupling.
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Experimental Section

Sample Design: The (Al)GaAs heterostructure consists of the follow-
ing layer sequence (beginning from the GaAs substrate in z-direction): a
1.2 pm thick Aly 3Gag ,As sacrificial layer, a 4 nm thick GaAs layer followed
by a 77 nm thick Al 4Gag gAs layer, the GaAs QD layer obtained by fill-
ing with 2 nm GaAs droplet-etched nanoholes, a 75 nm thick Aly 4Gag gAs
layer, and a 4 nm GaAs think layer.

First, multi-passband IDTs were fabricated in a standard lift-off
processi!l using a Cr/Au (5 nm/50 nm) metallization which is inert to
hydrofluoric acid (HF) etching employed to release the nanophononic
strings.

Second, nanophononic strings were fabricated in a top-down process.
The beam pattern was defined by electron beam lithography and trans-
ferred using ICP-RIE using a BCl;/Cl,/Ar process, and undercut was ob-
tained by selective HF etching and critical point drying. After underetching,
the QDs are located in the middle of the nanobeam along the growth direc-
tion and the two 4 nm thick GaAs layers protect the Al-containing strings
from oxidation.

Acousto-Optical Spectroscopy: QDs are studied by conventional low
temperature (T = 10 K) microphotoluminescence (p-PL) spectroscopy.
Rayleigh SAWs are generated on the unpatterned heterostructure by a sig-
nal generator connected to the IDTs. The SAW is generated in short pulses
to suppress unwanted heating of the sample.l?l Furthermore, the laser ex-
citing the p-PL is synchronized with the electrically generated SAW pulses
by a delay generator to probe the QDs only when the acoustic wave is
present. In stroboscopic experiments the laser repetition rate was com-
mensurate to fzr and the relative phase was tuned.['®>3]

Numerical Simulations: The phononic mode spectrum was calculated
using COMSOL Multiphysics using a tetrahedral mesh and bulk mechan-
ical properties of all materials of the heterostructure. The geometry for
simulations comprises in vertical direction the nominal heterostructure
and in the plane the shape of the string and the adjacent undercut area as
derived from optical microscope and SEM images.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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