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Strain tuning emerged as an appealing tool for tuning of fundamental optical properties of solid
state quantum emitters. In particular, the wavelength and fine structure of quantum dot states can
be tuned using hybrid semiconductor-piezoelectric devices. Here, we show how an applied exter-
nal stress can directly impact the polarization properties of coupled InAs quantum dot-micropillar
cavity systems. In our experiment, we find that we can reversibly tune the anisotropic polarization
splitting of the fundamental microcavity mode by approximately 60 peV. We discuss the origin of
this tuning mechanism, which arises from an interplay between elastic deformation and the photoe-
lastic effect in our micropillar. Finally, we exploit this effect to tune the quantum dot polarization
opto-mechanically via the polarization-anisotropic Purcell effect. Our work paves the way for op-
tomechanical and reversible tuning of the polarization and spin properties of light-matter coupled

solid state systems.

INTRODUCTION

Micropillar cavities are a widely used design
implementation of high-performance solid state single
photon sources [IH8], microlasers operating in the
weak [9, [10] and strong coupling regime [I1, 12,
and non-linear photonic crystal lattices [I3, [14].
The behaviour of a quantum dot (QD) embedded
in such a cavity is described by cavity quantum
electrodynamics [3, [4]. In particular, by making use
of the Purcell effect, it is possible to significantly im-
prove the QD performance [I5] [16], through enabling
efficient collection of single photons with near unity
indistinguishability [T7HI9]. Deterministic fabrication
of such micropillar devices yields great improvements
in the spatial and spectral alignment of the cavity
and the QD [20, 2I]. Nevertheless, spectral fine-
tuning remains the missing tool required to overcome
remaining fabrication inaccuracies. Temperature
and electrical tuning techniques cause a significant
deterioration of the source performance via phonon-
induced decoherence [22] and carrier tunnelling,
respectively [23]. On the other hand, strain tuning
techniques allow for reversible shifting of the emitter
energies without degrading their optical properties
[24, 25]. In addition, this technique was implemented
for manipulation of the fine structure splitting (FSS)
of QDs to establish sources of entangled-photon pairs
[26] 27]. Recently, tuning of the QD emitters coupled
to micropillar cavities was implemented by applying
mechanical stress [28]. Here, we report on tuning of
the polarization of the cavity’s fundamental optical

mode by anisotropic strain, and discuss how the
extrinsic stress impacts the photonic resonance of
the micropillar. This new tuning mechanism directly
enables us to shape the polarization of a QD in the
weak cavity coupling regime, taking advantage of
the Purcell effect. Finally, we provide insights into
the physics of our mechanically tunable light-matter
coupled system, and propose a variety of possible
applications achievable with our platform.

FABRICATION AND DEVICE

We studied a sample based on an AlAs/GaAs
microcavity structure with embedded expitaxially
grown self-assembled InGaAs QDs as the active
medium. The optical confinement in the growth
direction was enabled by two stacks of 15 and 25
AlAs/GaAs mirror pairs forming the upper and lower
distributed Bragg reflector (DBR), respectively. In
a first step, the GaAs substrate was mechanically
lapped down to a thickness of approximately 30 pm.
By means of an epoxy-based photoresist (SU8) this
planar sample was bonded onto a 300 pm thick
(001)[Pb(Mg; ;3NBy/3)O3]0.72[PbTiO3]o.28 (PMN-
PT) piezoelectric substrate, which was coated with
chromium/gold contacts [29 B0]. Via high resolution
electron beam lithography and a subsequent lift-off
process, micropillars were defined on the planar
sample and transferred into the heterostructure
via reactive ion etching (RIE) (Ar/Cly plasma).
To guarantee an adequate strain transfer to the
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FIG. 1: (a) Illustration of a QD-micropillar cavity (grey colours) on a Cr/Au-coated piezoelectric substrate (yellow).
(b) SEM image of a micropillar cavity with diameter of d = 2.8 um before planarization. (c) Polarization resolved
photoluminescence spectra. With applied stress the emitter shifts its energy and the linear polarization splitting of
the cavity resonance is modified. (d) Magnitude of the linear polarization splitting of the fundamental cavity mode for
different applied voltages. The circular symmetry of the pillar, which features a H/V splitting of 35 pneV without applied
strain, can be almost fully restored by applying a voltage of 400 V. By decreasing the applied bias voltage to -200 V,

the splitting is enhanced to AEg v = (52.4 £ 0.4) peV.

QD-micropillar system, only two bottom DBR mirror
pairs were etched. As a final step, the sample was
planarized with benzocyclobutene (BCB) polymer to
mechanically stabilize the micropillars and protect
the side walls from oxidation. The final device is

illustrated in Fig. [[(a) [28].
To ensure heat transfer and enable electrical

contacts to the piezoelectric actuator via wire
bonding, the device was mounted onto an AIN
chip carrier. Fig. b) depicts a scanning electron
microscope (SEM) image of a micropillar with a di-
ameter of 2.8 um and a height of approximately 3 wm.

OPTO-MECHANIC TUNING OF
MICROPILLAR CAVITY RESONANCES

We investigated the impact of the applied stress
on the polarization properties and the structure of
the fundamental cavity resonance. In particular
anisotropic strain, supplied by the piezoelectric actu-
ator, is expected to influence both the crystal struc-
ture (and thus the material’s band gap via the de-
formation potentials) as well as the geometry of the
circular micropillar. To test this effect, we selected
a device which had a QD that was red-shifted with
respect to the cavity mode. The QD emission showed
no distinct linear polarization features. Hence, we at-
tributed it to a trion state. Fig.[lc) shows three se-
ries of polarization-resolved photoluminescence spec-
tra, which were recorded with different bias voltage
applied to the piezoelectric crystal. Evidently, the QD
emission experiences a spectral shift due to the mod-
ification of the confined states, and it approaches the
cavity resonance with increasing of positive voltage,
as discussed in detail in our previous work [28]. In

order to gain access to the polarization properties of
the device, we investigated the photoluminescence as
a function of the linear polarization angle. The peak
energy of the luminescence spectrum of the cavity ex-
periences an oscillatory behaviour at 0 V as the linear
polarization axis in the detection is varied. This os-
cillation becomes more pronounced when a negative
bias of -200 V is applied to the actuator. However, it
notably reduces for a positive bias of 400 V. This oscil-
lation is a result of detecting two orthogonally, linear
polarized resonances split by less than a linewidth.
The position of the centre of the peak as a function
of the polarization angle is shown in Fig. d). We
achieved an overall tuning range of the H/V cavity
mode splitting of AEyy = (524 £ 0.4) peV with
applied negative bias, and restored the polarization
degeneracy by applying positive bias. In contrast to
the quantum dot emission, the mean energy of the
cavity resonance stayed fully unaffected.

The tuning of AEwyv as a response to external
strain has two possible origins. First, straining the
sample can yield a shape anisotropy, which would
modify the ellipticity of our device. Second, the me-
chanic deformation changes the refractive index of the
micropillar along the two main axis as a consequence
of the photoelastic effect [3I]. The photoelastic tensor
directly connects the elastic deformation of the cylin-
drical structure with the dielectric constant. Here, we
consider the transversal electric (TE) wave in our pil-
lar. As detailed in Kirkby et al. [3I], the impact of
strain and stress to the dielectric constant in GaAs
can be expressed via

1
Ae,,, = —€ (Aem [2(1911 + p12) +p44] + Aezzpm)
(1)
with the photoelastic coefficients p11 = -0.165, p12 =
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FIG. 2: Strain maps on micropillars embedding QDs ob-
tained by FEM simulations for -200 V applied to the ac-
tuator. The numbers presented refer to the strain at the
QD position. The case of nearly isotropic strain fields by
employing a (001) PMN-PT piezoelectric plate is shown.
The simulation shows a a small in-plane strain anisotropy.

-0.140, p4q = -0.072 given by Dixon [32] and €, being
the dielectric constant. Our simulations show that
Ae,, is negligible compared to Ae,,, even if the in-
plane strain is anisotropic. Therefore, we set it equal
to 0. This allows us to estimate the change of the
mode splitting of a moderate elliptical pillar, based on
the two interconnected phenomena given above. To do
so, we first estimated the extent of the mode splitting
caused by the pillar ellipticity [33]. Subsequently, we
derived an equivalent term that quantifies the change
of the dielectric constant [34]. This term results in

PG, (1 1
AE(A caA r) = : A c A r s
( " ‘ ) Eeire (Tger re 27"262 ‘ )
(2)

with E.;.. being the emission energy of a circular
micropillar with radius r., while X(2),1 denotes the first
zero of the Bessel function J, (Xn, 0, 1/Tc)-

By solving the equations and simultane-
ously for our experimentally extracted AEgyy of
(52.4 £+ 0.4) peV, we can determine the contributions
of the shape anisotropy and the photoelastic effect.
These yield Ar, = 4.8 nm and Ae¢, = 0.13. Therefore
we can attribute a contribution of 40.5 % to the
splitting by the small ellipticity and of 59.5 % by the
change of the refractive index.

In order to provide a better understanding of
the observed phenomenon, we have performed finite-
element-method (FEM) simulations that estimate
the overall amount of strain induced on the QD-
micropillar system. The simulations were obtained
using the software Comsol Multiphysics and the piezo-

electric constants provided by the company supplying
the piezo material. Fig.[2|shows the e;, and ey, com-
ponents of the system’s strain tensor when a bias of
-200 V is applied to a (001) PMN-PT piezoelectric
plate.

As a consequence of the device geometry, a consider-
able strain relaxation occurs across the pillar and only
about 20 % of the strain provided by the piezoelectric
actuator is transferred to the overlying QD structure.
This explains the etching procedure we used where we
do not to etch through the entire pillar but rather stop
at the first two DBR pairs in the bottom segment. The
overall hydrostatic strain (exx + €yy) is also quantita-
tively consistent with the blue shift of the QD emis-
sion lines and matches the values reported in previous
works [29, [35].

However, the simulations alone are not sufficient
to explain why the cavity mode stays constant
while the mode splitting changes when the bias is
varied. We believe that the preserved energy of
the cavity mode arises from the interplay between
the dimension of the cavity and the change of the
refractive index. However, the change of the mode
splitting suggests that the strain delivered by the
piezo is not completely isotropic in the plane, since
the extremely small anisotropy € = (exx — eyy)
causes a change of each axis of around 1 nm and
cannot explain the voltage induced splitting observed
in the experiment. The existence of this anisotropy
is indeed consistent with previous findings [36] and
it is most likely related to imperfections arising
in the wafer-bonding process [37]. We note that
in this scenario, a highly anisotropic strain with
exx = —0.1 % and ey, = 0.24 % is necessary to yield
a tuning range as observed in the experiment.

OPTO-MECHANIC POLARIZATION TUNING
VIA CAVITY QUANTUM
ELECTRODYNAMICS

The tuning of the cavity polarization splitting via
external strain fields allows for control over the cou-
pling between the QD and the resonator mode [38-H41].

To prove this, we performed a study using a pil-
lar with an elliptical cross section with diameter of ~
2.8 um and H/V splitting of 120 peV without bias ap-
plied to the piezoelectric actuator. This pillar embeds
a blue detuned QD (detuning of AEx.c = 370 peV)
at a sample temperature of 9 K (spectrum depicted
in Fig. [3(a)). As we increased the sample tempera-
ture, we tuned the emitter (X) through the resonance
of the cavity (C) (see Fig|3| (b)). We observed an en-
hancement of the emission intensity as an indicator of
coupling of the emitter to the cavity. The spectrum
taken when the emission line and cavity are in reso-
nance is coloured green. At the sample temperature of
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FIG. 3: (a) Spectra of the coupled QD-cavity system at two sample temperatures. The QD is red detuned at 18 K and
blue detuned at 9 K. (b) Waterfall plot of spectra of QD (X) and cavity (C) with different detuning, resonance conditions
labelled in green. Inset: The intensity increase of the QD emission indicates a maximum Purcell factor of Fp = 3.1 £0.4.
The polar plot in (c) reveals the perpendicular polarization orientation of the QD for red- and blue detuning conditions.

18 K, the QD-cavity detuning has the same absolute
value as at 9 K, i.e. the QD is red detuned by AEx_¢
= -380 peV with respect to the cavity resonance. In
order to quantify the Purcell enhancement in our sys-
tem, we plot the intensity of the QD as a function of
the emitter-cavity detuning. The result is shown in
the inset of Figure [3| (b). The data were fitted using
the following equation:

Fp L(A)

T oun(A) oc — 22
Xcan(B) ox 11 Fp L(A)

= B(A), (3)

where the function L(A) = 1/(1 + A?/k3) is a
Lorentzian having a width g describing the empty
cavity line shape and B(A) quantifies the overlap of
the exciton emission pattern with the cavity mode
[42]. The fit indicates a moderate Purcell factor of
Fp = 3.1 4+0.4 confirming the existence of a coupling
between QD and cavity, which becomes a necessary
assessment for further analysis.

In Fig. [3(c) we show the polarization resolved
intensity for the two detuning values shown in Fig.
Bl(a). We observe that due to the detuning the QD
emission acquires a distinct degree of linear polar-
ization, defined as DOLP = (Ig —Iy)/(Ig + Iv))
= +37 %. The emission couples to the cavity
polarization mode that is spectrally closer to it. This
proves that the QD polarization is strongly influenced
by the cavity splitting, in agreement with previous
reports on coupled elliptical QD-micropillar cavities
[411 [43], [44].

As discussed earlier, we can modify the cavity
anisotropy by inducing strain to the system. The asso-
ciated splitting of the fundamental mode we measured
is depicted in Fig. 4| (a), as a function of the applied
bias. While at zero voltage a considerable splitting
is already present (likely related to pre-stress arising

during device processing), we observe a decrease of the
polarization splitting towards higher voltages, and in-
crease of the splitting as we apply a negative voltage.

Following the approach given by Lee and Lin (2014)
[44], in Fig. b) we plot the theoretically expected
DOLP of an emitter as a function of the detuning A
for various cavity splittings AEgy. Here, we made
use of the experimentally determined Purcell factor
Fp as well as the measured linewidth vy,v of H and
V mode, respectively. We marked the dot-cavity de-
tuning of Axc = 4 380 nueV red and blue. As the
theoretical curve indicates, the DOLP of the QD is
expected to increase for an increased splitting of the
fundamental cavity mode, in particular for the case of
moderate emitter-cavity detuning.

To prove this experimentally, we have recorded the
DOLP as a function of applied strain for both posi-
tive and negative detuning. To compensate the strain-
induced QD spectral shift, we have re-adjusted the
sample temperature in each experiment. The result is
plotted in Fig. (c) We observe an interplay of the
emitter polarization and the applied strain, which in
absolute values is identical for blue- and red detuning
conditions. By increasing the cavity splitting with the
strain, the polarization increases (-200 V), and reduces
towards large positive bias where the H/V eigenmodes
of the cavity are almost degenerate. To compare the
measured DOLP values (red and blue) with theory, we
plotted the theoretical values (solid lines) from Fig.
b) as a function of the corresponding voltages that
have been applied on the piezoelectric actuator in Fig.
c). While theory and experiment deliver agreement
for the red detuned case, the blue detuned DOLP re-
veals a systematical deviation compared to the theo-
retical expectation. This might be explained by the
modest Purcell enhancement which suggests that our
emitter is not centered in the micropillar cavity. This
leads to a weaker field strength at its position, and
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FIG. 4: (a) The splitting of the fundamental cavity mode as a function of the applied voltage unambiguously shows the
trend towards larger splitting for negative voltages. (b) Theoretical plot of the degree of polarization of the cavity modes
as a function of the detuning. The different colors are different values of the fundamental cavity mode splitting AEmy
varying from 80 to 160 pueV. At any spectral position, the DOLP increases with increased cavity mode splitting. The red
and blue bars depict the detuning (Axc ~ £ 380 peV) of the QD in the experiments. In (c¢), the solid curves depict the
theoretical DOLP value at the QD-cavity detuning of Axc & 380 peV [red and blue colored in (b)] and the measured
DOLP values for blue and red detuned QD. While theory and experiment deliver almost identical values for the red
detuned case, the blue detuned DOLP reveals a systematic deviation down compared to the theoretical expectation.

consequently to a smaller effective DOLP. Neverthe-
less, the overall trend towards a higher DOLP with
increasing splitting of the fundamental modes is well
confirmed by our measurements.

CONCLUSION

In conclusion, we have demonstrated tuning of the
fundamental cavity mode polarization splitting in a
micropillar cavity by applying an external mechani-
cal stress. The tuning behaviour can be understood
as a consequence of anisotropic external strain trans-
mitted to the micropillar that is acting on its shape
as well as on the material’s birefringence. Reconfig-
urable shaping of ellipticity and birefringence of a mi-
cropillar cavity device is an important step towards
achieving the control over the polarization proper-
ties of coupled QD-cavity systems. This in return is
of importance for the further improvement of high-
performance QD-based single photon sources. Here,
we demonstrate the first steps by utilizing the polar-
ization anisotropic Purcell enhancement to tune the
polarization of a quantum emitter by means of shap-
ing the cavity mode properties which it couples to.
Our findings can be adapted to other microcavity sys-
tems straight forward, for instance to tune spin-orbit
coupling [45], which is a crucial component in the con-
struction of photonic topological insulators [46]. Our
findings can further be utilized to impact the pseudo-
spin of bosonic condensates of light-matter coupled
hybrid systems [47], which currently are gaining in-
terest in the construction of solid state quantum bits
[48].
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