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Abstract

A photonic wire antenna embedding individual quantum dots (QDs) constitutes
a promising platform for both quantum photonics and hybrid nanomechanics. We
demonstrate here an integrated device in which on-chip electrodes can apply a static
or oscillating bending force on the upper part of the wire. In the static regime, we
achieve a control over the bending direction and apply at will tensile or compressive
mechanical stress on any QD. This enables to blueshift or redshift their emission, with
direct application to the realization of broadly-tunable sources of quantum light. As a
first illustration of operation in the dynamical regime, we excite the wire fundamental
flexural mode and use the QD emission to detect the mechanical vibration. With
an estimated operation bandwidth in the GHz range, electrostatic actuation opens
appealing perspectives for the exploration of QD-nanowire hybrid mechanics with high-

frequency vibration modes.
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Quantum dots (QDs) embedded in photonic structures feature key assets for photonic
quantum technologies.! In particular, this solid-state platform can generate various non-
classical states of light on-demand, with high brightness and fidelity.?* However, applica-
tions requiring multiple sources in spectral resonance face a significant challenge. Whatever
the growth technique, two given QDs generally slightly differ by their geometry or alloy
composition, resulting in distinct emission wavelengths. Spectral tuning of the QD emission
is mandatory to overcome this limitation. Among various possible ‘tuning knobs’, such as
temperature,® electrical® and magnetic” fields, mechanical stress stands out. This approach,
usually implemented with a piezo actuator,® offers a large tuning range while preserving
the excellent QD optical properties.?'? In practice, maintaining the source brightness upon

spectral tuning requires a broadband photonic structure such as an optical nanocavity, 131317
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a microlens'® or a waveguide.'%?* Whereas piezo actuators were successfully integrated with

24727 an alternative strategy can be employed to strain photonic wire

most of these platforms,
antennas. When a force is applied on the free end of a nanowire, it bends. As a result, QDs
embedded near the anchored end experience a large strain. This modifies their bandgap en-
ergy, leading to the desired spectral tuning. Recently, this idea was demonstrated by simply
pushing the top part of a photonic trumpet with a micro-manipulator tip.2®

In this Letter, we build on this proof-of-principle experiment and demonstrate a prac-
tical, integrated device in which on-chip electrodes generate an electrostatic bending force.
Control over the amplitude and bending direction is achieved thanks to two distinct bias
configurations. This enables to blueshift or redshift the emission of any individual QDs
embedded in the wire. Beyond static operation and its applications to quantum photonics,
on-chip electrodes can also apply an oscillating force on the wire and thus excite vibration
modes. We perform a spectroscopy of the fundamental vibration mode and anticipate that
the large operation bandwidth of electrostatic actuation will enable to explore QD-nanowire

hybrid mechanics with high-frequency vibration modes.

As shown in Fig. 1(a), we consider a photonic trumpet, a conical nanowire antenna that



efficiently funnels the emission of embedded QDs into a Gaussian output beam.?%?° The
antenna is here made of GaAs, stands on a planar silica/gold mirror and features a top
SizN, antireflection layer (thickness: 115 nm). The trumpet is oriented along the ‘vertical’
z axis. Through the paper, we set dimensions equal to the ones of the investigated devices:
height A = 16.4 um, bottom radius 7, = 130nm and top radius r; = 800nm. Close to its base,
the trumpet embeds a single sheet of self-assembled InAs QDs. The vertical QD location is
precisely controlled (zqp = 95 nm), but their lateral location in the trumpet cross-section is
random.

A simple analytical model illustrates the potential of trumpet bending for stress tuning.
A transverse force f = f,X is applied on the top facet center, with an associated moment
Mo = hf,y (O is the center of the trumpet base, see Fig. 1(a)). Euler-Bernoulli beam

theory predicts that the stress tensor & within the trumpet is dominated by the longitudinal

oete) == (55) (i) (o) v

with 7(z) the cross-section radius at height z and § = r;/r, — 1 a parameter that charac-

component:

terizes beam tapering (see Supporting Information for calculation details). As illustrated
in Fig. 1(a), half of a given cross section is stretched (0., > 0), whereas the other one is
compressed (0., < 0). The stress is null on the z = 0 diameter and reaches a maximum in
absolute value for the two circumference points with = = £r(z). Surprisingly, beam tapering
has no impact on the stress at the base (z = 0). However, it significantly affects the longi-
tudinal stress distribution. In the QD section (95 nm above the clamped base), the stress
predicted by Eq. (1) is in excellent agreement with finite element simulations. To proceed,
we model QDs as point-like structures. A given QD located at xgp undergoes a spectral
shift AE = so,,(zqp). The leading contribution to the tuning slope s is the change in the

bandgap energy of the QD material. Here, the trumpet longitudinal z axis coincides with



the growth direction. For a uniaxial stress applied along this direction, s reads3%:3!

S = [CLQD(l — QVGaAs) + bQD(l + VGaAs)} /YGaAs' (2)

Here, Yagaas = 85.9 GPa and vga.as = 0.31 are the Young modulus and Poisson ratio of
GaAs, respectively; aqp and bgp are the hydrostatic and shear deformation potentials of
the QD, respectively. We assume an Ing5GagsAs alloy composition and perform a linear
interpolation between InAs and GaAs?? to obtain agp = —7.2eV and bgp = —1.9eV.
Equation (2) then yields s = —61 peV.MPa™'. For example, a tiny force of 1 nN already
generates 0,, = —8.6 MPa (e,, = —0.01 %) for xqp = 7(2qp). The corresponding spectral
shift AE = 530 ueV exceeds the QD radiative linewidth (~ 0.7 ueV) by nearly three orders
of magnitude. Trumpet bending is thus an efficient way to tune the emission of embedded
QDs. In this example, the minute wire deflection (top facet deflection of 12 nm, bending
angle below 0.05°) does not affect light collection.

In our device, the bending force is generated by three on-chip electrodes (Fig. 1(b)).
The bottom gold mirror serves as a first, planar electrode (B). In addition, two needle-
like electrodes (left, L and right, R) are located close to the top facet, at a distance of
d;, = dr = 550 nm. We first consider bias configuration R: R is biased at a potential Vj,
whereas all other electrodes are grounded. This setting establishes a highly inhomogeneous
electrical field between the tip of R and the bottom plane. As discussed in the Supplementary
Information, the large relative permittivity of GaAs (¢, = 12.9) enables the build-up of a
strong dielectric polarization of the trumpet, which is then attracted towards the tip of R —
the area of most intense electric field. Free carriers associated with non-intentional doping
of GaAs further increase the trumpet polarization and thus the applied force. For a modest
voltage Vg. = —10V, we estimate the moment of the electrostatic force to be 5 nN.um for a
dielectric trumpet and 22 nN.um for a metallic one. Our weakly doped GaAs trumped lays

between these two limit cases. According to Saint-Venant principle, the stress in the QD



section can be estimated by simply replacing (hf,) by the moment of the electrostatic force
in Eq. (1).

The electrostatic force features a roughly quadratic voltage dependence: whatever the
sign of Vg, the trumpet is always attracted toward the right electrode in configuration R. We
achieve control over the bending direction by using the mirror symmetric bias configuration
L. A potential V. is applied to the left electrode, whereas all other electrodes are grounded.
The trumpet is then attracted towards L. Such a control over the bending direction enables
obtaining red and blue shifts for any QD location, thereby doubling the spectral tuning
range.

Figure 2 shows a scanning electron microscope (SEM) image of the investigated device. As
detailed in the Supporting Information, fabrication starts with the molecular beam epitaxy
growth of a planar GaAs structure containing self-assembled InAs QDs. After deposition of
a silica and gold layers, the sample is flip-chipped on a host wafer and finally undergoes top-
down processing. Notably, a carefully optimized plasma etching defines the trumpets and
the suspended electrodes in a single step. We patterned series of subfields, each featuring 32
trumpets with nominally identical top radius. Each trumpet is flanked by a pair of electrodes
that are connected to two contact pads. The following experiments are conducted on devices
that belong to the same subfield and thus feature identical nominal dimensions.

Static tuning experiments are performed using the setup described in Ref. 28. The
device is mounted on a cryogenic sample holder (T' = 5K) in a SEM chamber equipped with
an optical access. The QDs luminescence is excited by a continuous wave laser tuned to
Aexe = 830nm, in the absorption continuum associated with the QD wetting layer. The laser
is focused on a single trumpet device with a parabolic mirror (spot size: a few pm). The same
mirror collects the device luminescence, which is routed towards a grating spectrometer (600
grooves per mm, focal length 55 cm) equipped with a Si CCD camera for spectral analysis.
The bottom Au mirror is grounded and the two top electrodes are contacted with movable

tips (see Fig. 2(b)). After placing the tips, the imaging electron-beam is shut down when



performing experiments: the associated charges indeed impact both the QD optical emission
and the electrostatic actuation. Figure 3(a) shows a reference micro-photoluminescence
spectrum acquired when all electrodes are grounded (no applied force). It features sharp
peaks associated with the recombination of excitonic complexes trapped in various QDs.

We first investigate spectral tuning in configuration R (R biased at Vj., L grounded).
In order to limit leakage current and preserve the device integrity, Vy. is kept between
—10 V and 46 V (see Supporting Information for I-V measurements). Figure 3(b) is a
zoom on the QD emission line 4 for various Vj.. A clear spectral shift is visible, without
noticeable degradation of the intensity nor spectral broadening. From a fit to a Lorentzian
spectral profile we determine the central emission energy Ey and deduce the spectral shift
AFEq4. = Ey(Vae) — Eo(0). Figure 3(c) shows the voltage dependence of AFEy. for the 5 QD
lines identified in panel (a). Strikingly, distinct QD lines can exhibit very different AFjy.,
which can be of opposite signs. Such a dispersion directly reflects the inhomogeneity of
the stress profile in the QD section (Fig. 1(a)). Figure 3(d) shows similar measurements in
configuration L. Compared to configuration R, all QDs exhibit a spectral shift of opposite
sign: as the trumpet bends in the opposite direction, the zone previously under tensile stress
is now compressed, and vice versa. The absolute value of the shifts are slightly smaller in
configuration L. Due to a fabrication imperfection, the trumpet is slightly closer to electrode
R, which explains the observed asymmetry. One can also remark that the curves associated
with QD lines 1 and 2 are superimposed: they very likely belong to the same QD, as distinct
excitonic complexes feature similar response to strain.??

Overall, the measured spectral shifts are correctly reproduced by a quadratic voltage
law centered at Vi, = 0 (solid lines in Fig. 3(c) and(d)). A close inspection reveals that
negative V.’s systematically lead to slightly larger spectral shifts than positive ones. As
discussed in the Supplementary Information, we attribute this feature to an asymmetry in
the electrostatic bending force. To compare experimental and predicted shifts, we introduce

AFE,.x, the largest absolute spectral shift that is achieved considering all the QDs embedded



in a given device. For Vg. = —10V in configuration R, QD line 4 exhibits AEp. = 530 peV.
In order to gain statistics, we repeated this experiment in 6 nominally identical trumpets with
the same bias configuration (~ 40 distinct emission lines in total). The average maximum
shift is 470 peV. This value exceeds the estimation for a purely dielectric trumpet by a factor
of 2, but remains smaller than the predicted value in the metallic case. We conclude that
free carriers in GaAs significantly contribute to the electrostatic force.

In a future device, realistic improvements in the quality of the dielectric materials (SiOq
and SizNy), possibly combined with an increase of their thicknesses, should allow multiplying
the maximum voltage by a factor of 10. This will increase the applied force and consequently
the tuning range by two orders of magnitude. At the same time, this represents an oppor-
tunity to investigate the response of self-assembled QDs to large (|ez| ~ 1 %) tensile or
compressive strains.®! As shown in Fig. 1(a), nanowire bending immerses embedded QDs in
a huge stress gradient. Its impact on QD optical properties that are sensitive to the overlap
of electron and hole wavefunctions, such as the fine structure splitting of the neutral exciton,
remains largely unexplored. In this context, a supplementary pair of electrodes would offer a
vectorial control over the bending direction, enabling to control the orientation of the stress
gradient in the wire cross-section.

The electrostatic actuation scheme demonstrated in this work can tune independently
several devices embarked on the same chip. This represents a key asset for the scale-up
to applications requiring multiple sources operated in parallel. In practice, the choice of
moderately off-axis QDs (radial distance below 7,/2) will preserve a reasonable tuning range
without compromising the excellent light extraction offered by photonic nanowires.®® As

36-38

demonstrated in very similar structures, a clean, resonant QD excitation is also desirable

in order to optimize the spectral coherence of the emitted photons. Furthermore, the single-

35,39 combined with the specific

mode electromagnetic environment defined by a photonic wire
stress pattern associated with trumpet bending is also particularly well suited to explore

collective effects, such as superradiance.’ Indeed, the presence of tensile and compressive



stress in a cross section facilitates the tuning of two distinct QDs into resonance.

In the last part of the paper, we discuss the application of electrostatic actuation in the
dynamical case. Indeed, the on-chip electrodes can also apply an oscillating force on the
wire and thus excite its resonant vibration modes. Figure 4 demonstrates this capability,
which is leveraged to perform a mechanical spectroscopy of the fundamental flexural mode.
The experiment is performed using the micro-photoluminescence setup described in Ref.
15 (we use identical laser excitation as for the static case). Measurements are conducted
on another trumpet, with nominal dimensions that are identical to the one investigated
for static actuation. All electrodes are grounded, except for electrode R which is biased
at V(t) = Vie + Vaccos(wt). For Vi. > V., this setting results in an oscillating force
f(t) = fac + faccos(wt) with fg. oc V2 and fae o< Vi.Vae. We sweep the driving frequency
w/(2m) and detect wire vibration by recording the QD emission spectrum. Figure 4(a) shows
three raw measurements for Vg, = —5V and V. increasing from 82 mV up to 452 mV. Far
from the mechanical resonance, individual QD emission lines feature a well-defined emission
energy, centered at Ej = Ey + AFq., with AFE4. the static shift induced by Vi.. When the
driving frequency is scanned across the mechanical resonance, one observes a simultaneous
blurring of all QDs emission lines. Due to strain coupling, the central energy of each QD
emission line adiabatically follows the mechanical oscillation according to: Ey(t) = Ej +
AFE,(w) cos(wt+p(w)). The observed blurring reflects the time-averaging of this oscillation,
which is much faster than the integration time (1 s per spectrum, i.e. per value of w).
Similarly to the case of static actuation, the amplitude of the spectral oscillation, AF,.(w),
varies from dot to dot, because the mechanical stress in the QD section is position-dependent.
In the following, we ignore the phase ¢(w) that is washed-out by time averaging.

For a quantitative analysis, we focus on the brightest line of Fig. 4(a) (white arrow in the
central panel). The QD emission spectrum is fit to S(E,w) = I fo%r Lsp(E — Ey(t))dt. Here,
I is an intensity scaling factor, Lsg(E — Ey(t)) is a Lorentzian spectral profile centered at

Ey(t) with a full width at half maximum 0E. Figure 4(b) confirms that this expression offers



an excellent description of the QD emission. Far from the resonance, S(E,w) reduces to a
Lorentzian profile centered at 1.367eV with a linewidth 6 ¥ = 150ueV. Across the mechanical
resonance, the fit yields AFE,.(w), a quantity that is directly proportional to the vibration
amplitude of the wire and thus reflects the mechanical spectral lineshape. AF,. is plotted
versus the driving frequency in Fig. 4(c). In the low-loss limit, the resonance curve can be
fit to AE,c(w) = AE,(0)[(1- (ﬁ)Q)Z + (QLM)Z] 71/2, which yields the mechanical resonance
frequency w,,/(27) = 230 kHz and the mechanical quality factor @,, = 1.2 x 103. These

values are comparable to earlier investigations that used either a piezo actuator3!:4!:42

or
incoherent thermal noise® to excite the resonance. We also note that modest driving voltages
already lead to large oscillation amplitudes. Compared to the static deflection, the vibration
amplitude at resonance is indeed enhanced by a factor equal to @,,. For V,. = 454 mV, the
faint QD line pointed by an orange arrow in Fig. 4(a) features AE,. = 9meV at resonance.
This corresponds to a top facet vibration amplitude of 150nm. In the future, pushing further
the driving voltage will enable to explore the non-linear mechanical properties of microwire
oscillators.

Overall, these results establish electrostatic actuation as a promising tool for QD-nanowire
hybrid mechanics. Recently, it was shown that a modulation of the excitonic QD population
using a resonant optical driving can excite a classical vibration of the wire.3® This represents
a first step towards the realization of quantum states of motion, a goal motivated by the
fundamental exploration of the quantum-classical boundary. Increasing the mechanical fre-
quency from the sub-MHz range up to the GHz range represents a natural route to reduce
the impact of thermal noise and reach the coherent interaction regime. In addition, coupling
an emitter to a high-frequency mechanical mode gives birth to spectrally-resolved Raman
transitions — the so-called resolved-sideband regime.*? The latter enables an optical control

of the resonator, or can be leveraged to interface optical and microwave signals.*+#® In this

44,46 45,47-49

vibrant context, platforms based on propagating or localized modes are actively

investigated; actuation strategies that offer a large bandwidth are also in high demand.
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With an estimated electrical bandwidth of 7 GHz (see SI), electrostatic actuation stands as
particularly well-suited to excite the high-order vibration modes of a microwire.

To conclude, we demonstrated on-chip electrostatic actuation of photonic wire anten-
nas embedding spectrally-isolated QDs. In the static case, it allows applying a controlled
mechanical stress on the QDs with direct application to the realization of tunable single-
photon sources. The stress profile in the wire cross-section is also very favorable for bringing
several QDs into resonance, in order to explore collective quantum effects such as superradi-
ance. In the dynamical regime, electrostatic actuation constitutes a convenient tool to excite
high-frequency mechanical vibration modes, with direct application to QD-nanowire hybrid

mechanics.
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Figure 1: Device concept. (a) Applying a force f = f,%x on the trumpet top facet gener-
ates stress in the QD cross-section. Map of the longitudinal stress component (o,,) in the
QD section, calculated for f, = 1 nN. The triangles represent randomly-located QDs. (b)
Schematics of the device: three on-chip electrodes generate an electrostatic bending force.
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Figure 2: Scanning electron microscope images of the fabricated device. (a) Side
view of photonic trumpets flanked by on-chip electrodes. (b) Top view of a device subfield
contacted with two tips. The left pad and the bottom electrode are grounded; the right pad
is biased at potential V. > 0, which reduces secondary electron emission and yields a dark
contrast.
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Figure 3: Static spectral tuning. (a) Reference micro-photoluminescence spectrum, mea-
sured when all electrodes are grounded. (b) Spectra of the QD emission line 4 for Vg, ranging
between —10 V and +6 V (configuration R). The transparent solid lines correspond to mea-
surements; the plain solid lines are fit to Lorentzian lineshapes. (c) Spectral shifts AFEg. of
individual QD emission lines versus Vj. in configuration R. (d) Same plot in configuration
L. Dots are experimental points and solid lines are fit to a parabolic law centered at Vg. = 0.
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Figure 4: Mechanical spectroscopy of the fundamental flexural mode. (a) 2D color
plot of the photoluminescence intensity versus the photon energy and the driving frequency
w/(2m). In these three measurements, Vg is set to —5V whereas V. increases from 82mV up
to 452mV. (b) Emission spectra of the most intense QD line (white arrow in the middle panel
of (a)) for selected values of w/(27). Experimental data (transparent solid lines) are fit to
the expression given in the main text (plain solid lines), which yields the spectral amplitude
AFE,.. (¢) Mechanical spectroscopy of the fundamental flexural mode: AFE,. versus w/(27).
Dots are extracted from the experimental data and the solid line is a fit (see text for details).
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Figure 5: TOC graphic.
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