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Nonlinear quantum optics at a topological
interface enabled by defect engineering

M| Check for updates

L. Hallacy'#, N. J. Martin'*><, M. Jalali Mehrabad?, D. Hallett', X. Chen', R. Dost', A. Foster', L. Brunswick’,
A. Fenzl', E. Clarke?, P. K. Patil®, A. M. Fox', M. S. Skolnick' & L. R. Wilson'

The integration of topology into photonics has generated a new design framework for constructing
robust and unidirectional waveguides, which are not feasible with traditional photonic devices. Here,
we overcome current barriers to the successful integration of quantum emitters such as quantum dots
(QDs) into valley-Hall (VH) topological waveguides, utilising photonic defects at the topological
interface to stabilise the local charge environment and inverse design for efficient topological-
conventional mode conversion. By incorporating QDs within defects of VH-photonic crystals, we
demonstrate the first instances of single-photon resonant fluorescence and resonant transmission
spectroscopy of a quantum emitter at a topological waveguide interface. Our results bring together
topological photonics with optical nonlinear effects at the single-photon level, offering a new avenue to

investigate the interaction between topology and quantum nonlinear systems.

The last two decades have seen the emergence of topological photonics as a
new and powerful approach to the design of photonic devices with novel
functionalities'”. Many of these developments have been motivated by the
fact that topological systems exhibit chiral or helical edge states that are
confined to the boundary of the system and are remarkably robust against
imperfections common to integrated photonic devices*"’. Examples of
implementation of topological photonics in the linear regime include robust
optical delay lines", slow-light engineering"’, waveguides, tapers, and re-
configurable routers"'*. While early efforts in topological photonics focused
on linear devices, more recent demonstrations have included nonlinear
effects, extending the scope of possible applications to include lasers” ™,
parametric amplifiers™*, quantum light sources™** and frequency combs™.
A more recent and intriguing direction has been exploring strong light-
matter coupling to induce strong interaction between photons. To achieve
this, microcavity exciton-polaritons’”', transition metal dichalcogenides™
and quantum dots (QDs)™ were integrated into topological photonic devi-
ces. In particular, due to their scalability and high optical quality for on-chip
single photon generation, there has been great interest in implementing QDs
in topological photonic devices. For example, QDs have been utilised in
various applications, such as internal light sources in topological photonic
ring resonators™, topological 1D cavity lasers”, and topological slow-light
waveguides’™”. They have also been used as integrated single-photon
emitters for cavity-QED in topological nanocavities™”, as well as for chiral
quantum optics in fast and slow-light topological waveguides™***', topolo-
gical all-pass™** and add-drop filters".

Efficient integration of several QDs in topological photonics could lead
to the realisation of collective effects such as chiral super and sub-radiance
effects and spin chains*. However, development in this direction has
remained elusive due to several remaining challenges. By optimising solely
around optical properties, we can inadvertently introduce challenges related
to the environment of quantum emitters. Integrating QDs within stable
environments is essential for high-performance single-photon emission and
operation as few-photon nonlinearities. Achieving this in VH waveguides
requires careful optimisation of the waveguide design, taking into account
the stability of the environment of embedded quantum emitters. On one
hand, position-dependence of the emitter’s coupling efficiency and chiral
coupling in QD-coupled topological waveguides is a significant limitation in
these quantum optics interfaces, as recently explored both theoretically and
experimentally>*. Moreover, regions of high directionality and high cou-
pling efficiency are mostly present in the holes of the crystal rather than the
material >***’, which is detrimental for coupling to solid-state quantum
emitters.

Challenges associated with performing successful resonance fluores-
cence (RF) studies in conventional photonic devices have largely been
addressed by embedding QDs in diode structures to minimise charge noise
and reduce spectral wandering**’. However, in photonic structures such as
valley-Hall (VH) waveguides, extensive etching of the waveguide membrane
exposes remaining sections to increased charge noise from surface charge
traps, leading to higher spectral wandering and making stable charge state
observation via RF particularly challenging™. These charge traps degrade
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Fig. 1 | Device design and transmission properties. a Schematic diagram of the (i)
single aperture removed (Mono) defect waveguide and (ii) triple aperture removed (Tri)
waveguide-coupled defect cavity. b An illustration of the perturbed unit cells that form
the VH-waveguide and their bandstrutures, showing the formation of a band gap at the
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K point. ¢ The C; unit cell. d SEM image of the waveguide structure showing the location
of the defect at point (1), scale bar represents 2 um. e The frequency dependence of the
transmission through the mono and tri defects presented on the left Y-axis (red) with
the Purcell enhancement at the centre of the defects presented on the right Y-axis (Blue).

QD performance if they are less than 40 nm away from these surfaces™*,

resulting in higher spectral wandering. No point within a typical VH-
waveguide is more than 50-nm away from an etched surface. Given these
considerations, it is unsurprising that topological structures with embedded
emitters encounter difficulties in achieving RF and emitter-based strong
nonlinear interactions, significantly hindering their potential for scalable
quantum systems with high coherence and indistinguishability. Another
remaining challenge is the efficiency of mode conversion at the topological-
conventional waveguide interfaces*>****. Further optimisation of such mode
conversion is essential for the efficient integration of these optical compo-
nents for scalable photonic circuitry.

In this work, we report a novel platform based on the integration of
QD:s in lattice defects that overcomes many of the aforementioned chal-
lenges. To address these challenges, we remove specific etched holes within
the un-modified topological waveguide (as illustrated in Fig. la(i-ii)) to
create defect regions where QDs can be located without being in close
proximity to etched surfaces. We focus on two types of defects, which we
refer to as Mono and Tri-defects, involving the removal of one and three
holes, respectively. The Mono-defect offers a minimal perturbation to the
waveguide mode without leading to electric field localisation in the topo-
logically non-trivial portion of the waveguide, thereby improving the QD
environment while maintaining high transmission. The Tri-defect, on the
other hand, is the smallest defect to produce a localisation within the
topologically non-trivial region (a defect involving the removal of two holes
produces a cavity mode only in the topologically trivial region), enhancing
the Purcell factor for the QD. Figure 1e shows that the Mono-defect haslittle
impact on the transmission through the topologically non-trivial spectral
region of the waveguide’s operation. The Tri-defect offers a significantly
greater simulated maximum Purcell enhancement in comparison to the
Mono-defect, with the trade-off of a moderate decrease in transmission.
While larger defects could be utilised, each with its own unique electric field
localisation, coupling strengths and associated transmission loss, we have
confined our study to these small defects, as larger defects lead to an
increased mode volume, thus reducing the Purcell enhancement. Further
optimisation of these defects, by introducing a tapering of the waveguide, or
through manipulation of the size or position of the apertures around the
defect, could lead to greater Purcell enhancements and reduced transmis-
sion loss, as has been demonstrated in conventional photonic crystal
waveguide systems™ . We believe that this method significantly reduces
the adverse effects of charge instability caused by surface states and does not
compromise the coupling efficiency of QDs into non-trivial topological
modes. Such an approach promises to leverage the unique advantages of
topological waveguides while circumventing the limitations imposed by
conventional photonic crystal structures. We demonstrate that these defects
can be utilised to achieve highly directional emission, and we harness the

improvements to the QDs’ local environment to achieve the first demon-
stration of resonance spectroscopy and optical nonlinear response of
quantum emitters at a topological edge state. Additionally, we use an inverse
design approach to improve the mode conversion efficiency between
topological and non-topological regions (see supplementary section S1),
enhancing the scalability of the system.

Results

Construction of a Valley-Hall waveguide with embedded
quantum dots

The VH topological photonic crystal (PhC) used in this work is created from
a honeycomb lattice of triangular holes in a semiconductor membrane. For
these semiconductor-based QD systems, we grow a GaAs-based p-i-n diode
using molecular beam epitaxy with InAs Stranski-Krastanov dots posi-
tioned in the middle of the intrinsic layer. This wafer design allows for fast
tuning of embedded QDs via the quantum-confined Stark effect and reduces
charge noise by modulating the electric field. The rhombic unit cell of the
PhC contains a pair of triangular holes. Initially, with holes of equivalent
diameters, the band structure of the PhC for TE polarisation shows a Dirac
cone at the K point (and similarly at the K’ point), as shown in Fig. 1b. By
shrinking one triangle and expanding the other, a modified PhC supports a
bandgap for TE polarised light. A notable aspect of the band structure is the
opposite sign of the Berry curvature at the Kand K’ points, as demonstrated
in ref. 58. By interfacing two of these perturbed photonic crystal structures
together, one the inverse of the other, a topological waveguide interface can
be created. The difference in Berry curvature at the connection of the two
PhCs results in the confinement of counter-propagating edge states with
opposing helicity at the interface*. The design used in this work utilises a
small triangle side length of L = 0.7a/+/3 and alarge triangle side length of
L, = 1.3a/+/3, which establishes a single-mode, topologically non-trivial,
slow-light region within the waveguide™. In this work, we use a lattice
constant of a =265 nm.

Observation of high-directional contrast

A documented challenge for topological waveguides**"” has been reliably
creating highly directional emissions. Here, we demonstrate that the
introduction of the Mono and Tri-defects are a way to create highly
directional QD emission. Figure 2b(i-ii) show the Stokes S; parameter,
which for the un-modified waveguide and mono-defect characterises the
degree of circular polarisation of the localised electric field. The strong light
confinement in these structures locks the local polarisation of the light to its
propagation direction. This interplay between polarisation and propagation
direction leverages spin—orbit coupling, where the spin state associated with
a particular transition of a quantum emitter determines its polarisation and,
thus, its emission direction". For the un-modified waveguide, regions of the
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highlighted. b(i-ii) Shows the Stokes S; parameter for the localised electric field at the

centre of the slab waveguide slab for the (i) un-modified waveguide and (ii) the
Mono-defect waveguide. b(iii) Shows the equivalent frequency dependence of the

(d) Mono-Defect

Left Col Right Col
gt 1 :
5 I ki
z n i
> 1 it
) r I
c [ '
L (L o !
£0 RPRA. 29 0,..-.;'\ $ N
965.8 966.0 965.8 966.0
Wavelength (nm)
(e) Tri-Defect
Left Col Right Col
2|t
N h
2 | i
© b 1
E 0+ '_L o 0 1‘_‘:—-
940.0 940.5 940.0 940.5

Wavelength (nm)

directionality of an emitter placed within the tri-defect cavity at the red cross
indicated in (aiii). ¢ SEM of the device showing the left and right collection ports
(Col). d An example of high chiral contrast (85%) PL emission, from a QD located
within the Mono-defect. e An example of high chiral contrast (92%) PL emission,
from a QD located within the Tri-defect.

waveguide that can achieve high directionality are located close to etched
surfaces (<50 nm) from the waveguides apertures. Removing one of these
apertures to form the mono-defect greatly increases the distance from the
peak of the S; value to any etched surfaces, and creates a better spatial
overlap of the electric field intensity and the S; map (see supplementary
section S3). This distance is even greater for the Tri-defect. In the case of the
Tri-defect, the mechanism for the directionality arises from an interference
effect between the two cavity modes it supports” with the wavelength
dependence of the directionality shown in Fig. 2b(iii). More information on
this mechanism for directional coupling within the Tri-defect cavity can be
found in supplementary section S2.

In order to demonstrate directional emission from QDs in these defect
structures, yPL measurements of individual QDs were carried out, mea-
suring from the left and right ports of the waveguide, as shown in the SEM of
Fig. 2c. The resulting photoluminescence (PL) spectra from a single
representative QD under a magnetic field in the Faraday geometry of 2T are
illustrated in Fig. 2d, e for the mono-defect and tri-defect, respectively. These
spectra reveal two Zeeman-split states, exhibiting an asymmetric intensity
for the " and o™ polarised transitions. Notably, the intensity asymmetry
reverses when collecting PL from the opposite optical collection direction,
indicating directional emission. The measured directional contrast for these
two examples, reached a maximum of 85% for the Mono-defect and 92% for
the Tri-defect, notably higher than the values achieved in our previous work
with valley-Hall waveguides'**’. It is common to observe asymmetry in the

contrast measured in either direction in experiments of this nature**®

effect that is visible in these results, and not yet fully understood.

, an

Quasi-resonant and resonant excitation

To measure RF from a QD within the Tri-defect, we use the excitation
scheme and device design illustrated in Fig. 3a. This consists of a VH-
waveguide with a Tri-defect placed in the centre of the waveguide. The PhC
is coupled via the inversely designed mode converter to two deep-etched
Bragg grating couplers for far-field collection.

Figure 3b(i-iii) compares the energy level diagrams of non-resonant,
quasi-resonant and resonant excitation schemes of a QD. In above-band
excitation b(i), photons with energy greater than the bandgap of the QD
material are used to create electron-hole pairs in the bulk material, which
then relax through phonon emission and are captured by the quantum dot.
The multiple steps and environmental interactions involved in this process
lead to dephasing and broader emission linewidths compared to more
targeted excitation methods. In quasi-resonant schemes b(ii), since the
excitation energy is closer to the actual QD states, there are fewer relaxation
steps involving phonons or other dephasing interactions, leading to a more
coherent emission in comparison to the above band scheme®*. Finally,
moving to the resonant scheme b(iii), the excitation photons have precisely
the energy needed to excite the QD directly from the ground state to an
excited state. By directly pumping a single QD transition, we minimise the
instability associated with that transition, leading to enhanced photon
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Fig. 3 | Quasi-resonant and resonant excitation. a Render of topological PhC with
Tri-defect defect showing excitation scheme for resonant measurements. b(i) Energy
level diagram illustrating non-resonant driving from the ground state |g) (at energy
) to above band state |R) and recombination to intermediate charge state |X) with
non-resonant radiative emission energy ynyg and back to ground state with resonant
emission energy y. (ii) Energy level diagram for the quasi-resonant scheme with P

shell state |X*) (determined from the difference in pumping and emission wavelength
A) =14.83 nm) and intermediate emission y, to charge state |X). (iii) Energy level

diagram for resonant scheme directly exciting charged excitonic state. ¢ Comparison

Delay Time (ns)

of linewidth in non-resonant, quasi-resonant, and resonant excitation showing a
reduction in spectral wandering (Gaussian fit of linewidth given in top right corner).
Non-resonant and quasi-resonant spectra are obtained via CCD spectrometer scans,
while resonant spectra is obtained from bias-modulated photon-intensity with
background subtraction (further details in supplementary section S6) while scanning
laser with wavelengths shown on the x-axis in plot. d RF from a QD in a topological
defect waveguide. RF signal obtained by scanning bias and measuring APD flux and
normalised. Minimum linewidth observed was 8.9 £ 0.4 ueV at 954.16 nm. e Auto-
correlation measurement of single dot emission under quasi-resonant excitation.

indistinguishably and coherence, and minimum time jitter***. This makes it
desirable for deterministic single-photon generation, which is essential for
large-scale quantum networks®. For the resonant measurements, the Tri-
defect was excited from above with a resonant laser, scanning from 954.1 to
954.25 nm. The emission of the QD was modulated using an applied bias, to
allow for the subtraction of the background laser scatter from the RF signal.
To ensure a high signal-to-noise ratio, we introduced a cross-polarisation
scheme that introduced a phase of 77/2 between the linearly polarised pump
laser and QD emission. A more detailed description of this process is dis-
cussed in the supplementary material S6. Figure 3¢ compares the non-
resonant emission from a single QD excited with a 808-nm laser (red) with
the equivalent quasi-resonant (P-shell, excited at 939.33 nm) and resonant
scheme that delivers emission at 954.16 nm. Here a significant reduction in
linewidth t0 8.9 + 0.4 peV (resonant) from 40.5 + 0.6 peV (non-resonant) is
observed, indicating a significant reduction in dephasing.

In Fig. 3d the normalised RF signal at different applied biases is shown.
An RF peak from the emitter is present, and tunes 0.7 nm from 954.15 to
954.22 nm as the bias is changed. As illustrated in Fig. 3¢, d, the absence of

fine structure splitting in the emission spectrum suggests the QD is in a
charged exciton state, either X~ (negatively charged exciton) or X" (posi-
tively charged exciton). We believe the ability to observe stable charged
states can be attributable to the combined charge stabilisation/state tuning
from the p-i-n diode structure and the minimised charge noise by having the
QD in the Tri-defect region. Non-resonant and quasi-resonant excitation in
and around the defect at low powers revealed very few emission lines, with
the investigated QD line isolated from any others within the vicinity; this low
dot density, and position-dependent excitation, helped ensure that the RF
signal observed in our wavelength scans originate specifically from the QD
located in the defect. In order to gauge the single photon behaviour, we
performed a Hanbury Brown and Twiss (HBT) auto-correlation mea-
surement under a quasi-resonant excitation giving us a second-order cor-
relation function, g(z) (as a function of coincidence time delay 7). From
Fig. 3e at zero time delay (7 = 0) we have observed strong anti bunching such
that, g(0) =0.14 + 0.05 showing we are operating in the single photon
regime from a QD inside the Tri-defect region. More information on this
measurement can be found in supplementary section S7.
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Fig. 4 | Resonant transmission and nonlinearity. a Diagram showing resonant
scattering in the tri-defect transmission. The Render shows the resonant transmission
scheme, where the pump laser and far-field collection are at separate out-couplers.

b Resonant transmission scan measured by sweeping voltage under a resonantly driven
CW laser (at 50 nW). ¢ An example of transmission spectra observed at 50 nW power

at A; = 954.16 nm with a fitted maximum dip of 8% with a fano-lineshape.

d Normalised transmission on resonance with the spectral line as a function of laser
power, for A; = 954.16 nm. e Second-order auto-correlation function for photons
transmitted through the topological waveguide and defect region at zero detuning. We
observe clear bunching at 7= 0 (peaking at 1.038) using 200 ps bin width.

Resonant transmission

By moving into a resonant transmission scheme (seen in Fig. 4a), the
nonlinear response of the QD within the Tri-defect region can be investi-
gated. A QD that is well coupled to an optical mode behaves non-linearly at
the few-photon level. Single photons are reflected by the emitter, while
multi-photon states are more likely to be transmitted. This occurs because
the QD saturates after absorbing a single photon, making it transparent to
additional photons arriving simultaneously. Consequently, the QD may act
as a photon-number-dependent switch, enabling the manipulation of light
at the quantum level for applications in quantum optics and information
processing”>*’. The observation of this phenomenon in this device indicates
a strong interaction between the QD in the defect and photons in the
topologically protected waveguide mode. Such phenomena underscore the
potential of defect regions to enhance the interaction between photons
mediated by topologically protected modes.

In the data presented in Fig. 4, continuous-wave pumping at resonant
wavelengths and voltages are used to probe these nonlinear behaviours. At
low excitation powers, on the order of 10 nW, the strongly attenuated
guided laser light predominantly occupies zero and one photon states within
a single QD emission cycle. When the wavelength of the incoming photons
is resonant with the QD transition, the system exhibits a characteristic dip in
the transmission spectrum, indicative of photon reflection by the QD.
Figure 4b shows the waveguide transmission as a function of laser wave-
length and applied voltage when the laser is tuned across the X” state of the
QD. The consistent Stark tuning behaviour and matching linewidths of the
RF emission and the transmission dip indicate that both measurements are
associated with the same QD in the defect region. The transmission is
normalised at each point to the transmission measured with the QD in an
optically inactive state (at a bias of 1 V, in this case).

Figure 4c shows a snapshot of (b) with the excitation laser fixed at
954.16 nm, where it is possible to see the strongest transmission dip with a

minimal Fano-lineshape (=8% dip). The degree and width of the trans-
mission dip allow us to model the cavity-waveguide coupling efficiency into
the propagating modes. We can place a lower bound on this coupling from a
fit to the transmission spectra for 50 nW (by taking an upper bound on the
resonant decay rate as the measured quasi-resonant decay rate shown in
supplementary section S5), giving a coupling efficiency of 61 + 4% (details of
calculation in supplementary section S9). In Fig. 4d, at an excitation
wavelength of 954.16 nm, as we increase the input laser power we observe a
transition towards higher photon occupancy within the laser field, which
diminishes the transmission minimum via dot saturation (from =~7% at
50 nW to =0.5% at 10 uW). The relationship between the transmission and
the power is given by:

P -1

c

Where P, is the critical power at which one photon within the time period of
the QD’s lifetime, couples through the QD, and A is the minimum trans-
mission dip. A least squares fit (represented by the dashed line) to the
experimental data presented in Fig. 4d, gives A =0.071 and P, =388 nW.
This power-dependent transmission behaviour shows the nonlinear nature
of the interaction.

By characterising the photon statistics of this nonlinear response, we
can gauge the system’s ability to sustain the highly coherent interactions of
the resonant scattering (operating in the coherent scattering regime using a
pump power of 50 nW). In an ideal case, the QD will reflect single-photon
components and only photon-photon bound pairs (multi-photon states)
will transmit, leading to a bunching effect at 7= 0 in a g®(7) measurement.
In Fig. 4e, we can see a distinct bunching peak of g(0) = 1.04 indicating the
coherent scattering of single-photon components as predicted. This beha-
viour would be difficult to observe if not for a sufficiently high coupling
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efficiency from the cavity into the topological waveguide mode, and efficient
collection of the light-by mode adaptors. This shows promise that these
devices can become integrated into larger scalable systems.

Discussion

The successful demonstration of RF of QDs embedded within topological
photonic crystal waveguides marks a notable advancement towards realis-
ing on-chip integrated quantum optical devices. The integration of QDs
within defects provides enhanced stability and efficiency for single-photon
sources, crucial for quantum computing, communication, and sensing
technologies. The use of an inverse designed connection between the
topological waveguide and conventional nanobeam structures significantly
improves the coupling efficiency, facilitating better integration into larger
photonic circuits. Additionally, the enhancement in chiral coupling within
the defect-engineered regions enables precise control over the emission
directionality of single photons, which is a critical factor for advanced
quantum communication protocols. The exploration of nonlinear optical
effects at the single-photon level within such topologically protected
environments addresses a previously ongoing challenge in the field. The
ability to manipulate single photons within these systems, as evidenced by
the observed resonant/nonlinear behaviour under different excitation
conditions, opens up new avenues for research and application. The engi-
neered defect regions within photonic crystal waveguides, facilitating these
interactions, underscore the potential of topological photonics in enhancing
light-matter interactions at the quantum level.

Looking forward, coupling multiple QDs to the edge states” within
topological photonic systems presents an exciting direction for further
research. By selecting appropriate defect sizes, for example using Tri-defects
for strong emitter integration in small-scale devices and Mono-defects for
minimising transmission losses in larger photonic networks, we can effec-
tively manage free-space losses as the system scales up. The further the QDs
are from the etched surfaces, the better their emission characteristics tend to
be”, meaning that even within the defect regions, the emission efficiency
and spectral stability of individual QDs can differ based on their exact
distance from the etched surfaces. By exploring different defect geometries
and optimisations, such as designing defects that shift the electric field
intensity and chiral contrast maxima even further away from etched sur-
faces, we can mitigate the adverse effects of surface proximity. Additionally,
surface passivation techniques® can reduce losses due to scattering and
absorption at the surfaces, enhancing the overall performance and scal-
ability of the system. The collective dynamics between distant emitters®,
within such a framework could unveil new quantum phenomena and enable
the development of more complex and scalable quantum photonic circuits.
The interplay between the quantum emitters and the topological modes, as
facilitated by the engineered defects, offers a rich platform for exploring new
regimes of light-matter interaction. This could lead to the realisation of
novel quantum optical devices and functionalities, such as topologically
protected quantum gates or routers, which are essential for the advancement
of quantum information technologies.

Methods

Quantum dot wafer and device fabrication

In this work, the device layers were grown on a semi-insulating (100) GaAs
substrate using molecular beam epitaxy. In order of deposition, the layers
are: a 30-nm p-doped GaAs layer with a doping concentration of
2.0x 10" cm ™, a 25-nm p-doped GaAs layer with a doping concentration
of 20x 10" cm™, a 55-nm undoped GaAs layer to serve as a spacer, a
0.7-nm layer of InAs quantum dots formed via the Stranski-Krastanov
growth method, another 55-nm undoped GaAs layer as a spacer above the
quantum dots, a 30-nm n-doped GaAs layer with a doping concentration of
3.0x10® cm™, a 200-nm n-doped Aly¢Gag4As layer with a doping
concentration of 3.0 x 10" cm™, a 950-nm undoped Aly 6)Gag 4As sacri-
ficial layer, and finally, a 300-nm n-doped GaAs layer with a doping con-
centration of 3.0 x 10"® cm™. This layer structure was designed to ensure
robust electrical functionality while maintaining high optical quality in the

quantum dot region. Nanophotonic devices were fabricated using standard
lithography and wet/dry etching techniques. A 120-nm-thick SiO, hard-
mask was deposited using plasma-enhanced chemical vapour deposition,
followed by the spin-coating of an electron beam-sensitive resist (CSAR).
The device patterns were defined with 50kV electron beam lithography
(Raith Voyager), then transferred into the hardmask and epitaxial layers
using reactive ion etching (RIE) and inductively coupled plasma RIE,
respectively. Finally, the hardmask and AlGaAs sacrificial layer were
removed by a hydrofluoric acid wet etch.

Experimental methods

The sample was mounted in a superconducting magnet cryostat (Cryoln-
dustries of America) operating at 4.2 K. The laser and QD emission, col-
lected in the far-field scattering from out-couplers exhibit a primary
polarisation along a specific linear axis. Taking advantage of this, the
polarisation between the excitation and collection paths was modified using
a series of linear polarisers, half-waveplates, and quarter-waveplates (or
adjustable waveplates) to ensure a 90° difference in polarisation angle. This
configuration (see supplementary Fig. S6) allows the scattered laser light to
be rejected en route to the spectrometer or avalanche photodiode (APD).
Additionally, voltage modulation was employed to filter out background
fluctuations caused by electroluminescence or scattering processes from the
pump laser during measurements and to compensate for changes in laser
power resulting from tuning or instability.

Data availability
Data used in this study are available from the corresponding author upon
request.
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