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Modeling an efficient singlet-triplet-spin-qubit-to-photon interface assisted by a
photonic crystal cavity
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Efficient interconnection between distant semiconductor spin qubits with the help of photonic qubits
offers exciting new prospects for future quantum communication applications. In this paper, we optimize
the extraction efficiency of a novel interface between a singlet-triplet-spin-qubit and a photonic-qubit.
The interface is based on a 220-nm-thick GaAs/(Al,Ga)As heterostructure membrane and consists of a
gate-defined double quantum dot (GDQD) supporting a singlet-triplet qubit, an optically active quantum
dot (OAQD) consisting of a gate-defined exciton trap, a photonic crystal cavity providing in-plane optical
confinement, efficient outcoupling to an ideal free-space Gaussian beam while accommodating the gate
wiring of the GDQD and OAQD, and a bottom gold reflector to recycle photons and increase the optical
extraction efficiency. All the essential components can be lithographically defined and deterministically
fabricated on the GaAs/(Al,Ga)As heterostructure membrane, which greatly increases the scalability of
on-chip integration. According to our simulations, the interface provides an overall coupling efficiency of
28.7% into a free-space Gaussian beam, assuming a SiO; interlayer fills the space between the reflector
and the membrane. The performance can be further increased by undercutting this SiO, interlayer below

the photonic crystal. In this case, the overall efficiency is calculated to be 48.5%.
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L. INTRODUCTION

Interconnecting distant stationary qubits with photonic
qubits is a pivotal milestone for the quantum Internet
[1], where quantum entanglement is distributed between
different quantum technology platforms to enable special-
ized quantum information applications, such as physically
secured quantum communication [2,3] and distributed
quantum computation [4]. Among the competing qubit
hardware platforms, gate-defined double quantum dots
(GDQDs) offer promising prospects due to their com-
patibility with standard top-down fabrication techniques
and the potential for integrating multiple locally intercon-
nected qubits. In a GDQD, single electrons are trapped
by tunable electrostatic potential minima applied to a two-
dimensional electron gas (2DEG) with surface metal gates.
Moreover, singlet-triplet spin qubits defined by GDQDs
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enable all electrical control via the exchange interac-
tion and high-speed (tens of nanoseconds) manipulation
of qubit states [5,6]. Likewise, the subnanosecond scale
recombination time enables a high emission rate and offers
a potential for high optical efficiency even without Purcell
enhancement, which is an advantage over other platforms
like nitrogen-vacancy centers in diamonds [7—10] and ion
traps [11].

GDQD qubits based on gallium arsenide (GaAs) have
demonstrated all the key prerequisites for quantum infor-
mation applications, including qubit initialization, read-
out, and coherent control [5,6,12—15]. Although spin
qubits based on isotope-purified 28Si platforms exhibit a
much longer coherence time [16,17], the indirect bandgap
of Si is not suitable for light emission and, thus, presents an
obstacle when implementing an optical interface between
spin qubits and photonic qubits. On the other hand, the
direct bandgap of GaAs offers a path toward photonic-
qubit to spin-qubit conversion, making it an attractive
material for the objectives pursued here. In the longer term,

© 2024 American Physical Society
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the heterogeneous integration of III-V quantum dots on
silicon quantum circuits holds promise [18] for combining
the optimal properties of both materials.

Coherent interfacing between photonic qubits and spin
qubits on GDQD systems remains challenging due to
the lack of hole confinement in conventional heterostruc-
tures, resulting in a loss of correlated photon informa-
tion. One possible solution to this issue is integrating an
optically active quantum dot (OAQD), for example, an
InAs self-assembled quantum dot (SAQD) or a fully gate-
defined electrostatic exciton trap [19], as an intermediary
between the photonic-qubit and the GDQD-spin-qubit.
A transfer protocol [20] is then applied to adiabatically
and coherently tunnel-couple the photogenerated electron
to a singlet-triplet-spin-qubit in a GDQD. Consequently,
the OAQDs need to be placed in close proximity to the
GDQD to enable the transfer of the electron via tun-
neling from one dot to the other. For concreteness, we
describe a fully gate-defined design using an electrostatic
trap, but this approach can be transferred to other devices
in which highly efficient optical coupling to planar semi-
conductor structures needs to be combined with electrical
connectivity, up to roughly micron-scale device sizes. Such
an electrostatic exciton trap has the advantage of allow-
ing a fully lithographically defined fabrication process
and, thus, enhanced reproducibility and spatial control
without compromising the functionality of the transfer
protocol. Furthermore, the exciton energy is controllable
via the quantum-confined Stark effect (QCSE) and fea-
tures a narrow spectral linewidth, as shown in earlier
demonstrations [19].

Efficient coupling between the OAQD and an optical
fiber is a critical aspect of a functional optical interface.
Due to the large refractive index contrast between GaAs
and free space, photons need to be emitted in a narrow
escape cone to be able to couple to a free-space mode, lim-
iting the outcoupling efficiency. Various optical nanostruc-
tures, such as micropillar cavities [21], nanowire waveg-
uides [22], microlenses [23—25], and in-plane evanescent
coupling [26—28], have been investigated to increase the
outcoupling efficiency by up to 80% [27,28]. However,
these structures have been designed and measured using
SAQDs as single photon sources and need to be adapted
or are incompatible with an electrostatic exciton trap. An
additional challenge not met by these solutions is the rout-
ing of electrical contacts. Thus, there is a demand for
an efficient optical interface supporting the integration of
GDQDs and gate-defined OAQDs.

Photonic crystal cavities (PCCs) are widely used in
quantum nanotechnology experiments due to their abil-
ity to enhance light-matter interaction through the well-
known Purcell effect. Integrating InAs SAQDs into GaAs
photonic crystal structures enables controlled spontaneous
emission rates [29,30], high-quality single photon emis-
sion [31], strong light-matter interaction [31-33], and high

on-chip source efficiency [34]. Moreover, by carefully
adjusting the PCC geometry, cavity modes can be tailored,
including wavelength, mode profile, and radiation prop-
erties [35,36], to meet application requirements. Given
the deterministic fabrication and inherent scalability of
planar, two-dimensional geometries, which apply to both
GDQDs and photonic crystal structures, integrating them
into a single device holds promise. Previous studies have
reported enhanced photoluminescence in a PCC [37] and
optical absorption in a bullseye cavity [38] fabricated on
a GaAs/(Al,Ga)As quantum well membrane with metal
electrodes. We have previously reported the design of an
H4 photonic crystal cavity with a simplified gate-defined
OAQD model, which showed potential for achieving good
coupling efficiency to an optical fiber mode [39].

In this paper, we present a comprehensive design of a
novel singlet-triplet-spin-qubit to fiber interface that com-
prises the complete electrode system required to define
all the traps as well as a charge sensor. Our approach
involves using a gate-defined electrostatic exciton trap as
an OAQD, placed at the center of a carefully designed
photonic crystal cavity, which allows for electrical con-
tacts to be routed to the GDQD and OAQD. The GDQD,
OAQD, and PCC are fully lithographically defined in a
220-nm-thick GaAs/(Al,Ga)As heterostructure membrane
supporting a 2DEG. The cavity is designed in such a way
that highly efficient vertical emission is achieved at the
working wavelength of the OAQD (i.e., 823 nm).

Four cavity openings, which are created by removing
and rescaling part of the photonic crystal holes, are incor-
porated into the cavity to enable electrical connectivity to
the surrounding membrane via the 2DEG, as required for
the charge sensor and the initialization of the GDQD. Since
defect-induced trapped surface charges accumulated on
the etched side walls of the holes deplete the surrounding
2DEG, such cavity openings are required to create an elec-
trical channel for electrical transport through the 2DEG.
The cavity openings are engineered to feature a mini stop-
band [40] centered around 823 nm to maintain the optical
confinement of the cavity since they would otherwise form
photonic crystal waveguides [41] that allow light to leak
out.

A gold back-reflector is deposited onto the GaAs/
(Al, Ga)As membrane over an intermediate SiO, layer to
coherently recycle photons emitted toward it and enable
unidirectional emission. The entire layer stack (i.e., the
GaAs/(Al,Ga)As membrane, SiO,, and gold reflector) is
flipped and transferred to a silicon substrate and attached
via epoxy, after which the front side electrodes are fab-
ricated and the PCC is etched. The distance between the
reflector and the heterostructure membrane is optimized to
ensure that the desired vertical emission is constructively
enhanced.

In order to evaluate the performance accurately, we
applied rigorous vectorial overlap calculations in this
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paper. According to our calculations, this design ensures
that more than 50% of the photons emitted by the OAQD
are coupled into a narrow free-space beam in the per-
pendicular direction, which in turn has an optical overlap
greater than 50% with an ideal Gaussian beam. This design
has a promising potential for enabling efficient and scal-
able quantum information applications with GDQD and
photonic crystal cavity integration.

II. GDQD AND OAQD STRUCTURE

The detailed geometry of the GDQD, OAQD, and
a quantum dot charge sensor (also known as a single-
electron transistor) is depicted in Fig. 1. The electrodes
defining these structures are deposited on a 220-nm
GaAs/(Al,Ga)As heterostructure membrane. The elec-
trodes are made of Au/Ti wires with a thickness of 9 nm
(i.e., 2-nm-thick Ti and 7-nm-thick Au). The wires of
both GDQD and the sensor have a width of 30 nm. The
OAQD consists of round guard gates (with an outer diam-
eter of 400 nm) and a central trap gate (central diameter of
116 nm). Electrical voltages are applied to the gates to cre-
ate local potential minima in the 2DEG in the 20-nm GaAs
quantum well, which confine the singlet-triplet-spin-qubit
in the GDQD and the exciton under the trap gate of the
OAQD. The wires defining the GDQD and the sensor are
only patterned on the top side of the membrane following
a validated geometry, while those defining the OAQD are
deposited symmetrically on both sides of the membrane to
ensure a strongly localized electric field and independent
tuning of the exciton trap via the QCSE [42].
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FIG. 1. Schematic view of the gate-defined quantum dot

(GDQD), the optically active quantum dot (OAQD), and
the quantum dot charge sensor defined on a 220-nm
GaAs/(Al,Ga)As heterostructure membrane. The electrodes
defining the OAQD are deposited on both sides of the membrane
to ensure a strongly localized electric field. On the other hand, the
GDQD and the quantum dot charge sensor only require top-side
electrodes.

A preliminary design of the gate structures had been
published in a conference proceeding [43]. Here, we
improve on this work by introducing the finalized gate
structure, in which the exciton trap geometry, the GDQD
layout, and the tunnel coupling between the exciton trap
and the GDQD have been verified by electrostatic simula-
tions. We are also introducing, for the first time, the mini-
stopband-based cavity openings and their use to improve
electron transport through the 2DEG.

To coherently transfer the information from a photonic-
qubit to a singlet-triplet-spin-qubit in a GDQD, entangle-
ment between the photoexcited electron and hole must be
eliminated. As reported in detail by Joecker et al. [20], one
possible transfer protocol is described by:

photoexc. adiabatic transfer
|to)lw1, V) ——— [To) i) |70} o)
hotoexc. abi + ad. transf.
oz, V) 55 o) |1y~ i) ofh),
(1)

where the bra-ket on the left- and right-hand side stands for
the occupation of the GDQD and OAQD, respectively; an
electron and hole spin is represented by a single and double
arrow, respectively. The energy of the incident photon is
described by the frequency w,, and the vertical and hor-
izontal polarization by V and H, respectively. Polarization
is defined relative to the orientation of the magnetic field
that is externally applied along a direction within the plane
of the quantum well. Vertical and horizontal indicate that
the polarization, which is always parallel to the quantum
well, is perpendicular and parallel to the magnetic field,
respectively. The transfer process consists of two steps:

(i) Creation of a bound exciton in the OAQD by the
absorption of the incident photon in the Voigt configura-
tion, i.e., in the presence of a strong in-plane magnetic
field.

(i) Adiabatic transfer of the photoexcited electron into
the GDQD. Coherent transfer of the electron between
the OAQD and the GDQD is achieved by adiabatically
increasing the detuning between the electronic levels in
the two systems. Additionally, a Rabi pulse is utilized to
modulate the detuning to establish the singlet state.

By means of the transfer protocol, photonic states with
different energies (but the same vertical polarization)
are coherently transferred to a singlet-triplet spin state,
wherein the spin-dependent energy of the exciton in the
presence of an external magnetic field arises from the dif-
ferent g-factors of electrons and holes. This protocol was
estimated to be completed with a fidelity of 84% for a
singlet-triplet-spin-qubit [20], assuming that the capture of
the incident photon is successful, and a bound exciton is
created in the OAQD. Therefore, increasing the conver-
sion efficiency between the photon and the bound exciton
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is another important aspect, which is the main topic of this
paper.

In the original model proposed by Joecker et al. [20], an
InAs SAQD was assumed to be the OAQD. In this paper,
we instead implement the OAQD as a gate-defined exciton
trap. This is advantageous due to the improved fabrica-
tion scalability and the enhanced tunability of the exciton
energy and associated emission wavelength afforded by the
QCSE. Moreover, the electrically controllable tunnel cou-
pling strength between the gate-defined exciton trap and
the GDQD provides us with more flexibility to operate the
device in view of achieving optimal transfer fidelity. On
the other hand, the additional metal gate required for the
OAQD introduces extra optical absorption, which reduces
the overall photon extraction efficiency by 30% relative to
what would otherwise be achievable with the remaining
electrode system.

The protocol can be inverted, i.e., starting from a singlet-
triplet-spin qubit and transferring the quantum information
to an energy-encoded photon emitted from the OAQD
and collected by a single-mode fiber. In this paper, we
also focus on this reverse scheme since it could be more
simply simulated with the available numerical tools, but
conclusions apply to both processes due to reciprocity.

I11. OPTICAL INTERFACE ASSISTED BY A
PHOTONIC CRYSTAL CAVITY

Figure 2(a) presents the schematic overview of our opti-
cal interface. To efficiently couple the emitted photon to a
single-mode fiber, we positioned the OAQD at the center
of a carefully designed 2D PCC. The triangular lattice of
holes is etched through the GaAs/(Al,Ga)As heterostruc-
ture membrane. Four cavity openings are integrated into
the PCC to facilitate electron transport, as required by the
quantum dot charge sensor and the GDQD, without com-
promising optical confinement at the target wavelength
(i.e., 823 nm). Routing of the Au/Ti wires required for
the application of the electrostatic potentials and the con-
trol pulses through the photonic crystal necessitates a high
alignment accuracy of <15 nm between the PCC and
the metallic wires in an electron beam lithography pro-
cess, considering the width of the wires and the distance
between adjacent holes. As demonstrated by our first fabri-
cation attempts [43] and by experiments reported by other
research groups [44,45], the desired accuracy level can
be achieved. A 200-nm-thick gold reflector [not shown in
Fig. 2(a)] is positioned at 305 nm below the GaAs quan-
tum well layer to recycle photons emitted downward. The
space between the gold reflector and the GaAs/(Al,Ga)As
membrane is filled with a SiO; interlayer. The reflector
position is optimized to maximize the extraction efficiency
and ensure a high optical overlap of the far-field emis-
sion pattern with an ideal Gaussian beam propagating
perpendicular to the membrane in the positive z-direction.

In addition to enhancing the central lobe of the far-field
emission of the PCC, the reflector also suppresses side
lobes, increasing the purity of the emitted Gaussian beam
[39].

We designed the PCC by modifying a hexagonal H4
cavity [39], with a lattice constant a; =290 nm and a hole
radius 7; = 109 nm [Fig. 2(a)]. Those parameters ensured
that a transverse electrical (TE) photonic bandgap opens
from 717 to 1021 nm for a vacuum-suspended planar
lattice etched onto the GaAs/(Al,Ga)As membrane. We
removed the holes marked in red in Fig. 2(b) for two
reasons. First, this simplifies the routing of metal wires
and allows for optimal positioning to minimize optical
absorption. Second, the openings in the diagonal direc-
tions enable a continuous 2DEG within that region of
the quantum well, which is essential for the functional-
ity of the quantum dot charge sensor and the GDQD. The
trapped surface charges on the side walls of the etched
holes deplete the free carriers in their vicinity, so that
electron transport is otherwise suppressed in the regu-
lar photonic crystal lattice. We measured the electrical
resistance between two Ohmic contacts blocked by a com-
parable number of layers of unpassivated holes, with the
same lattice pitch and hole radius as the photonic crys-
tal in Fig. 2(a), to be around 1 M2 (see Supplemental
Material [46]). However, this resistance drops to around
4 kQ if an opening similar to the cavity openings in
Fig. 2(a) is created. This is sufficiently small not to addi-
tionally burden electron transport, given that the measured
resistance already reaches several k2 before etching the
PCC. In addition to cavity openings, surface passivation
techniques [47,48] can also be applied to reduce surface
charge accumulation, further facilitating electrical trans-
port and reducing electrostatic interaction with the exciton,
spin-qubit, and charge sensor.

On the other hand, the cavity openings supported unde-
sired photonic crystal waveguide modes, which destroyed
the optical confinement of the PCC. We remedied this
issue by utilizing the mini stopband of the so-formed pho-
tonic crystal waveguides [40], which is a result of the
anticrossing of different waveguide modes with the same
symmetry. According to our simulations, such a mini stop-
band opens from 1030 to 1058 nm after the removal of
the red holes in Fig. 2(b). In order to shift the mini stop-
band to the working wavelength of the OAQD, the holes
marked in blue in Fig. 2(b) are downscaled to a lattice
pitch a; = a3 =214 nm, as indicated by the blue and pur-
ple circles in Figs. 2(c) and 2(d). The downscaled holes
have a radius of , =73 nm (marked in blue), while the
holes closest to the openings (marked in purple) have
an increased radius of 73 =90 nm. This last modification
allows for a wider mini stopband without burdening the
fabrication process further. Figure 2(e) shows the TE band
structure calculated along the direction of the cavity open-
ing. As we can see, the mini stopband is shifted to the
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FIG. 2. (a) Schematic overview of the optical interface, including the photonic crystal cavity, the electrode system, and the cavity

openings forming unwanted photonic crystal waveguides in which light propagation is blocked by a mini stopband. A 200-nm-thick
gold reflector (not shown) is attached to the membrane via a SiO, interlayer, whose thickness is optimized to coherently recycle
photons emitted downward. (b) Schematic view of a complete triangular H4 cavity. The holes marked by red circles are removed,
while the holes shown in blue are downscaled to move the mini stopbands to the target wavelength. (c) Final cavity structure after the
modification. (d) Detailed view of the lattice around the openings. The holes immediately adjacent to the openings have an enlarged
radius in order to achieve a wider mini stopband. (e) Calculated band structure of the cavity opening from (d). The dashed black line
indicates the light line in a vacuum. A mini stopband opens from Ao =793 nm to Ao = 845 nm. The inset shows the calculated structure

and the direction of the in-plane wave vector.

wavelength range from 793 to 845 nm with an increased
spectral width of 52 nm. The shaded areas represent the
extended modes in the downscaled crystal (lattice constant
a, and hole radius r;). The guided waveguide modes are
indicated by the black solid lines. The OAQD’s work-
ing wavelength (i.e., 823 nm) falls within the center of
this mini stopband, achieved through parameter optimiza-
tion for rapid decay of the electromagnetic field along the
openings.

We performed three-dimensional finite-difference time-
domain (3D FDTD) simulations to evaluate the theoretical
performance of the complete structure by using a commer-
cially available software package (Lumerical FDTD). We
model the exciton by an in-plane dipole since its hole is
predominantly of a heavy-hole type for the lowest energy
valence subband. This is not entirely exact, as quantum

wells induce some level of heavy-hole to light-hole mixing
that can result in an off-plane polarization component.
However, light emission with an in-plane (TE) polarization
is further enhanced by the Purcell effect associated with
the PCC. This is not the case for transverse magnetic (TM)
emission, as the photonic crystal lattice does not feature a
full TM bandgap. As a result, potential heavy-hole light-
hole mixing is not expected to play a significant role here.
Within the plane of the chip surface, the polarization of the
photon emitted by the OAQD by pure excitonic states is
further determined by the orientation of the in-plane mag-
netic field in the Voigt configuration, as a consequence of
the resulting exciton state energy splitting. Thus, we model
the OAQD by an electric dipole oriented in the y-direction
(V) with the in-plane magnetic field oriented along the
x-direction.
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(a) Normalized cavity power spectrum from 780 to 880 nm obtained from a cavity ring-down simulation. The target mode,

which has a high extraction efficiency, is marked by a green dashed circle at 823 nm. For comparison to the target mode, another
cavity mode at 833 nm is also highlighted by a brown circle. (b) Real space cavity mode profile of the 823 nm target mode excited
by a y-directed dipole. An exponentially decaying electric field is observed along the cavity openings as a consequence of the mini

stopband.

The bandgap energies of GaAs and Aly33GagerAs
under liquid helium cryogenic temperature (4 K) are
E4K,GaAs =1.52 eV and E4K,(A1,Ga)As =190 eV [49],
corresponding to optical transition wavelengths of 816
and 652 nm, respectively. Consequently, Aly33Gage7AsS is
fully transparent at 823 nm, while GaAs exhibits weak
absorption at this wavelength due to the Urbach tail [50]
and exciton absorption near the band edge. However, as
our 220-nm membrane structure has a small GaAs fraction
(i.e., two cap layers of 10 nm and a quantum well layer
of 20 nm), we modeled the GaAs layers as lossless for sim-
plicity. The refractive indices of GaAs and Al 33Gag67As
are estimated to be N4K GaAs = 3.59 and N4K (Al,Ga)As = 3.38
at 823 nm at 4 K, respectively, considering their tempera-
ture dependences [51] and linearly extrapolating them. The
inaccuracy in the assumed refractive indices introduced by
the linear extrapolation will be addressed by experimen-
tal iterations. For the SiO; interlayer, we used an index of
nsio2 = 1.45.

The cavity power spectrum obtained from a cavity ring-
down simulation is presented in Fig. 3(a) from 780 to
880 nm. The cavity is excited by an electric dipole ori-
ented along the y-direction and located at the center of the
cavity, which corresponds to the position of the OAQD.
Due to the large size of the cavity, chosen to minimize
electrostatic interaction between the quantum dots and sur-
face charges at the etched holes, multiple resonant peaks
are observed. The target mode at 823 nm is specifically
highlighted with a dashed green circle. The parameters of
the PCC, including the lattice constants and hole radii, are
carefully engineered to ensure that the wavelength of this
target mode coincides with the working wavelength of the
OAQD at 823 nm.

In Fig. 3(b), the cavity field profile at 823 nm is plotted
in the plane of the PCC. It is evident that the optical con-
finement is effectively maintained, thanks to the presence
of the mini stopband. The electromagnetic field decays

exponentially as it propagates along the openings. This
feature is essential for guiding the emitted photons upward.

Pronounced vertical radiation is achieved for the target
mode at 823 nm. Figure 4(a) shows the projected electrical
field intensity at a distance of 1 m from the membrane,
obtained by decomposing the near field into a series of
plane waves and applying a far-field transform. The tar-
geted single-beam vertical emission is observed, clearly
indicated by the pronounced far-field intensity peak at
x=0 and y =0. The 200-nm-thick gold reflector is posi-
tioned 305 nm below the OAQD, which corresponds to a
SiO; interlayer thickness of 195 nm. The reflector posi-
tion is optimized to facilitate constructive interference and
enhance the central emission peak while simultaneously
suppressing the side lobes [39].

The pronounced vertical emission observed in the target
mode is a result of Bragg scattering caused by the peri-
odic lattice of the PCC. Figure 4(b) shows the cavity mode
profile in Fourier space for the target mode. For a triangu-
lar lattice, the reciprocal lattice (white dots) is spanned by
two primitive lattice vectors, meaning that

- 2, 2 -
Vi=—e+ —(—@&, Vo=—¢ — —(—é, (2

a) «/gal aj Y

where a; =290 nm is the lattice constant of the PCC and e,
and e, are unit vectors in reciprocal space. The target mode
exhibits dominant k-space components around the recipro-
cal lattice points at (¥} — V5), which form a standing
wave along the x-direction. Enhanced vertical emission
is, therefore, achieved through Bragg scattering of these
dominant k-space components to the I'-point (k, =k, =0).
Additionally, standing waves along the directions of the
cavity openings are clearly visible in Fig. 4(b).

For comparison to the pronounced vertical emission
observed from the target mode at 823 nm, the far-field
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(a) Far-field pattern at 823 nm calculated on a plane parallel to the membrane surface. The plane has a size of 2 m by 2 m in

the x- and y-direction and is located at a distance z = 1 m from the OAQD (x, y, z=0). Vertical emission with a pronounced Gaussian
shape is observed. (b) Fourier space distribution of the target PCC mode. The red arrows indicate the primitive reciprocal lattice vectors
and the white circle represents the light line in free space. The dominant k-space components are located around the reciprocal lattice
points at +(V; — V), which results in the enhanced vertical emission. (c) Far-field pattern at 833 nm, with the other mode marked
in Fig. 3(a) for comparison. The complex pattern is very different from a Gaussian beam profile. Note that the far-field patterns are
independently normalized in (a),(c). (d) Fourier space distribution of the PCC mode at 833 nm. The dominant field components do not

coincide with the reciprocal lattice points.

emission pattern and the k-space profile of the 833 nm cav-
ity mode are depicted in Figs. 4(c) and 4(d). We can clearly
see that the dominant field components of this mode are
not at the reciprocal lattice points of the PCC and, thus,
cannot become efficiently coupled to the I'-point. This
results in the complex far-field emission pattern observed
in Fig. 4(c), which couples poorly to a single-mode
fiber.

To calculate the probability of photons emitted by the
OAQD coupling into a single-mode fiber, we apply the fol-
lowing method. First, the electromagnetic field is recorded
by a 2D monitor parallel to the membrane, with dimen-
sions of 5 um by 5 um and located at a vertical distance
of z=130 nm above the OAQD in free space (i.e., 20 nm
above the upper surface of the membrane). The electro-

Ov(0) =

|fJ Em x H20) + E3(0) x Hy) - dSP

magnetic power P, is calculated by integrating the normal
component of the Poynting vector over the entire monitor
surface. We define the radiation efficiency as follows:

P,

= b
Pdipole

M &)

which represents the fraction of dipole power Pgipole that is
transmitted through the monitor surface P,. This radiation
efficiency 7, corresponds to the probability that the pho-
tons emitted by the OAQD escape the membrane via the
top surface and propagate into free space.

Next, we calculate the optical overlap (Oy) between the
electromagnetic field recorded by the monitor and an ideal
Gaussian beam using the formula [52]:

4 [[Re(Ew x H},) - dS [[Re(Eq(8) x H%(6)) - dS~

“)
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Here, E,,, and ﬁm are the electric and magnetic field
recorded by the monitor, respectively, and Eg(f) and
ﬁg(e) represent the electric and magnetic field of a
linearly polarized Gaussian beam with a 1/e? intensity
half angle 6, respectively. To generate the Gaussian beam
numerically, we construct a series of plane waves in
momentum space, which consider the Gaussian ampli-
tude distribution and their polarization relative to the
dipole moment oriented in the y-direction. We then apply
an inverse Fourier transform to calculate the real space
beam profile. The spatial position of the Gaussian beam
is optimized separately to maximize Oy.

Finally, we define the overall efficiency of our optical
interface as follows:

n(0) = n,0v(0), &)

which is equal to the probability that the emitted photons
couple into a free-space Gaussian beam with a divergence
angle 6, which can be simply coupled to the fundamental
mode of a single-mode fiber with the help of a lens system.

The values of Oy and n(f) are calculated for the
two cavity modes highlighted in Fig. 3(a) at 823 and
833 nm and plotted in Fig. 5. For the 823 nm target
mode, a maximum optical overlap (Ovymax) of 0.526 is
achieved at a small divergence angle of 10° due to the
pronounced vertical emission with a radiation efficiency
of 1, =54.6%. As a result, the maximum overall effi-
ciency (max) 1S calculated as Nmax = 17,Ovmax = 28.7%. On
the other hand, the optical overlap curve for the 833 nm
mode shows a continuous increase with the divergence
angle up to the maximum investigated angle of 80° and
stays below Oypmax =0.101. This results in 7y, = 3.8%
with 1, =37.2%. This mode lacks the pronounced vertical
emission characteristic observed from the 823 nm mode,
resulting in poor overall efficiencies even at higher diver-
gence angles and serves to highlight the importance of
careful cavity mode design.

To demonstrate the effectiveness of the PCC, we also
calculate the overall efficiency when the PCC is removed,
i.e., an unetched GaAs/(Al,Ga)As membrane with the
same gate structure, SiO; interlayer, and gold reflector at
the same distance. In this case, we obtain Oypa = 0.600
for a divergence angle of 54°, slightly better than the PCC,
but a much reduced overall value of ny.x =4.6% result-
ing from the poor radiation efficiency of 1, =7.8% in the
absence of the PCC. The function of the PCC can, thus, be
summarized as enhancing the radiation efficiency while, at
the same time, maintaining a Gaussian emission profile.
Moreover, since the PCC significantly reduces the diver-
gence angle of the emitted Gaussian beam, an objective
with a lower numerical aperture and, thus, with a longer
working distance can be used down the line to pick up the
beam, facilitating the experimental implementation.

0.6 T 0.6
—O0, 823 nm
0.5 ——n 823 nm 05 ~
S -=--0y, 833 nm o
:_' 0.4 - --n 833 nm 0.4 ‘:'
= -----1) no PCC o
> <
5 03} =
'-T‘= <P)
2 0.2 =
= <P
0.1 C
0.0 B : : 0.0
0 20 40 60 80
0 (degree)
FIG. 5. Calculated Oy (blue curves) and overall efficiencies

(orange curves) as a function of the divergence angle of a Gaus-
sian beam for the two highlighted cavity modes at 823 nm
(solid curves) and 833 nm (dashed curves). As a comparison, the
overall efficiency without the PCC is also plotted (black dotted
curve).

The PCC enhances the spontaneous emission of the
dipole by a Purcell factor (relative to vacuum) of 2.19
for the targeted TE mode, compared with a Purcell fac-
tor of 0.74 (TE) in the absence of the PCC. The relatively
low Purcell factor can be explained by the relatively large
modal volume and the low-quality factor (below 300) of
the H4 cavity. Moreover, the PCC also suppresses light-
hole emission with a Purcell factor of 0.67 for the TM
mode at 823 nm, which suggests that the heavy-hole light-
hole mixing does not play a significant role and confirms
that the polarization of the emission is predominantly in
the plane.

Figure 6(a) presents a comparison of the calculated Oy
and n for the PCC structure with and without the SiO,
interlayer. The suspended PCC structure (without the inter-
layer), which could be fabricated by undercutting the SiO,
in a final fabrication step, is represented by the dashed
curves, while the PCC with the SiO; interlayer is depicted
by the solid curves. In both cases, the distance between the
gold reflector and the GaAs quantum well layer is opti-
mized to achieve constructive interferences for the central
Gaussian peak, with distances of 305 and 410 nm from
the quantum well layer for the PCC with and without the
interlayer, respectively. We see, in Fig. 6(a), that the max-
imum overlap Ovpayx 18 0.525 and 0.839 with and without
the interlayer, respectively, at the same divergence angle
6 = 10°. The calculated radiation efficiency is 1, = 54.6%
with the interlayer and 7, =57.8% without the inter-
layer. Therefore, the maximum overall efficiencies with
and without the interlayer are nyax = 17,Ovmax = 28.7% and
48.5%, respectively. This comparison shows that the SiO,
interlayer in the overall PCC structure leads to reduced Oy
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(a) Calculated Oy and overall efficiency as a function of 8 for the cavity mode at 823 nm. The reflector position is implicitly

optimized for each case. In the presence of the SiO; interlayer, Oymax decreases from 0.839 to 0.526 and the 7y,.x from 48.5% to 28.7%
at 0 = 10°, as a consequence of the broken symmetry along the z-direction. (b) Fourier space distribution of the target TE-like cavity
mode at 823 nm overlaid with the equifrequency contours of the leaky TM-like photonic crystal modes at the same wavelength. The
light line of vacuum (Si0O5) is depicted by the white solid (dashed) circle, and the k-vectors of the TM-like photonic crystal modes are
indicated by the red dotted contour. An overlap between the TE-like cavity mode field components and the TM-like photonic crystal

modes is observed.

and 7,. This is due, on the one hand, to increased emission
toward the reflector resulting from the decreased refrac-
tive index contrast. Additionally, the presence of the SiO,
interlayer breaks the symmetry of the structure along the
z-direction and induces coupling between the quasi-TE and
quasi-TM modes [53]. Since the bandgap is open for the
TE fields only, this contributes to the further reduction of
the overall emission efficiency in the following ways.

The photonic crystal cavity (a; =290 nm and r; =
109 nm) supports a TE bandgap from 717 to 1021 nm.
Additionally, the cavity opening has a TE mini stopband
from 793 to 845 nm, as illustrated in Fig. 2(e). There-
fore, no TE mode propagating out of the cavity exists
in the wavelength range from 793 to 845 nm and TE
cavity modes are observed within the photonic crystal cav-
ity. However, for the TM modes, such a bandgap does
not exist. When the reflector symmetry is broken by the
asymmetric SiO; interlayer in the z-direction and TE-TM
coupling is possible, the TE-like cavity modes can cou-
ple into the TM-like propagating photonic crystal modes
or the TM-like propagating waveguide modes and escape
the cavity. This results in an additional in-plane loss inside
the semiconductor membrane. Figure 6(b) shows the k-
space profile of the target cavity mode together with the
equifrequency contours of the TM-like photonic crystal
modes at the same wavelength (i.e., 823 nm), represented
by red dotted curves. The presence of field components on
the equifrequency contours of the TM-like photonic crystal
modes suggests the presence of in-plane TE-TM coupling
loss.

By depositing an additional SiO, layer on top of the
membrane, we are able to restore the mirror symmetry in
the z-direction and, thus, suppress the TE-TM coupling.
However, this also compromises the optical confinement
by closing the optical bandgap of the photonic crystal and

the mini stopband of the cavity openings, which results in
a reduced radiation efficiency and a lower optical overlap
according to our simulations.

In addition to the TE-TM coupling loss, two other loss
mechanisms (i.e., radiation losses via the bottom interface
and optical absorption of the metal gates) also limit the
performance of our optical interface. The gold reflector uti-
lized in this setup reflects light traveling in the negative
z-direction and efficiently enhances the Gaussian emission
toward the top, which is emitted perpendicular to the chip
surface. However, photons that are emitted at nonperpen-
dicular angles to the surface of the reflector might expe-
rience multiple reflections that guide them along the 2D
slab formed by the gold reflector and the GaAs/(Al,Ga)As
membrane in the xy-plane. As a result, there is a possibility
of radiation losses via the bottom semiconductor interface,
which cannot be neglected. The light inside the SiO; light
cone, but outside the vacuum light cone, remains guided.
Moreover, even for the light within the vacuum light cone
that eventually escapes the slab, this leads to a distor-
tion of the emitted field profile, reducing the overlap Oy.
Moreover, losses are introduced from multiple reflections
from the metal mirror, which induces some absorption.

The optical absorption of the Au-Ti gates introduces
another loss mechanism due to the presence of surface
plasmon polaritons (SPP) at the metal-vacuum and metal-
Si0, interfaces excited by the evanescent electromagnetic
field of the target cavity mode. To reduce the SPP absorp-
tion, the gates and wires are predominantly routed along
the y-direction to ensure that the metal-vacuum and metal-
Si0, interfaces are mostly parallel to the dominant elec-
tric field component inside the cavity, which is E,. The
choice of this orientation is because the dominant elec-
tric field component of SPP modes is perpendicular to the
metal-dielectric interface [54]. By routing the gates and
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TABLE L

Calculated power ratio I" and partial quality factors for each loss channel. Four different schemes are investigated: PCC

with a SiO, interlayer and excited by a y-directed dipole, PCC with a SiO, interlayer and excited by an x-directed dipole, vacuum-
suspended PCC excited by a y-directed dipole, and vacuum-suspended PCC excited by an x-directed dipole. The distance between the
reflector and the GaAs/(Al,Ga)As membrane is optimized independently for all four cases. The polarization of the Gaussian beam
used for calculating the Oy is always in the direction of the dipole moment.

Qtotal Fgates/ antes 1—‘TE—TM/ QTE—TM 1—‘bottom/ Qbottom nr/ Qtop OV max Mmax
SiO, y-directed dipole 232 25.8%/899 3.5%/6620 15.9%/1456 54.7%/424 0.526 28.7%
Si0; x-directed dipole 161 30.9%/521 6.6%/2426 22.5%/716 39.4%/409 0.347 13.7%
Suspended y-directed dipole 293 34.4%/851 1.4%/20 285 5.9%/4996 57.8%/507 0.839 48.5%
Suspended x-directed dipole 236 42.5%/555 2.3%/10301 7.8%/3026 46.3%/510 0.719 33.3%

wires in this manner, the interaction between the SPP and
the cavity mode is reduced, leading to decreased optical
absorption.

To identify the dominant loss mechanisms and their
dependency on polarization and cladding materials, we
calculate the quality factors (Q) of the PCC structure by
exciting the cavity with an x- or y-directed dipole at the
position of the OAQD and recording the cavity spectrum
with and without the SiO, interlayer. The results are sum-
marized in Table I. The overall Qi is evaluated by fitting
the resonance peak via a Lorentzian curve and calculating
the full width half maximum (FWHM). We also evaluate
the ratio I of the lost power to the total power emitted
by the dipole for the different loss channels and convert
this result into the corresponding partial quality factors due
to gates absorption (I'gaes and QOgates), TE-TM coupling
loss (I'tg-tm and Otg-tm), downward radiation (I"yotom and
Obottom ), and upward radiation (1, and Qyop). The formulas
for calculating I"partiat and Opartial are given as follows:

Qtotal

1—‘partial

P partial

1—1pa1'tia] = anartial = 5 (6)

Pdipo]e

where “partial” stands for “gates”, “TE-TM”, “bottom”,
and “top”. Moreover, Pgipole 1S the power emitted by the
dipole source, Pgaes is the power absorbed by the gates,
and Pre-t™, Ppottom, and Py, are the power radiated to the
side, bottom and top of the cavity, respectively. The power
monitors used to record Ppgom and Py, are located in the
vicinity of the bottom and top surfaces of the membrane
and form a box with the power monitors used to record
PreM, so that the latter corresponds to power escaping
the photonic crystal within the membrane. Note that we
use the already introduced radiation efficiency 5, instead of
the notation I'y,, to represent the ratio of the power emitted
through the top interface. A high emission efficiency cor-
responding to a large 7, is obtained if Oy, is substantially
lower than all the other partial Q-factors, which correspond
to unwanted loss channels.

We see from Table I that the partial quality factor of the
metal gates (Qgates) 1 highly dependent on the dipole ori-
entation. For an x-directed dipole, Ogares 15 calculated as

521 and 555 with and without the SiO; interlayer, respec-
tively. In contrast, the same Qjgates increases to 899 and 851
for a y-directed dipole, respectively, due to the reduced
SPP absorption as a result of the optimized gate geome-
try. This confirms our assumption that routing the wires
parallel to the dominant £-field component £, reduces the
corresponding absorption losses. This was further verified
by evaluating one-by-one the absorption losses for each
electrode, wherein it was found that the sensor and OAQD
trap and guard electrodes, which had to be routed along the
x-direction, induced most of the absorption losses.

As expected, Orgrm 1s significantly correlated to the
presence or absence of the interlayer. When a SiO; inter-
layer is used, Qrg-1ym is reduced by one order of magnitude
due to the increased TE-TM coupling loss. Interestingly,
even for a suspended PCC structure, there is still a slight
but nonnegligible TE-TM coupling loss (with a power
ratio of 1.4% for the y-directed dipole and 2.3% for
the x-directed dipole excitation), which is possible since
the gates also break the symmetry in the z-direction, as
the GDQD is only patterned on the top semiconductor
interface.

The power loss via the bottom interface is also increased
when a SiO; interlayer is present because the reduced
refractive index contrast enhances the downward emission
and, thus, the amount of power lost due to the absorp-
tion by the metal reflector. Downward emitted light can
also undergo multiple reflections between the reflector and
the bottom surface of the membrane, leading to its lateral
escape.

We notice that Oy, is around 500 for a suspended struc-
ture and around 400 for the case of an interlayer. The
drop of O, when the interlayer is present is also expected
due to the increased downward emission, since the part
of the field that is reflected upward and escapes through
the top surface is accounted for by Qip. This reduction
of Oip in the presence of the interlayer is helpful as it
makes the targeted loss channel compete more favorably
with the other ones. However, the drop in Oy, is not
sufficient to compensate for the drop of the other par-
tial O-factors, as seen in the reduced radiation efficiency.
The dipole orientation has minimal influence on Oy, as
expected.
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Table 1 also includes the calculation results for the
maximum optical overlap (Ovmax) in all four schemes.
We notice a pronounced correlation between Oypax and
Obottom» Which may be explained by multiple reflections
and partial guiding in the underlying interlayer being
applied to the downward emission before it escapes the
structure through the top, distorting the emission profile.
Based on these observations, the undercutting of the mem-
brane appears desirable from a performance perspective,
even though it increases the complexity of the fabrication
process.

In the Supplemental Material [46], we also analyze
the influence of fabrication imperfections, including the
deviation of the hole radius and nonvertical side wall
angles.

IV. CONCLUSION

In this paper, we present and numerically analyze the
extraction efficiency of an optical interface between a
singlet-triplet-spin-qubit and a photonic-qubit, including
the GDQD, the OAQD, a charge sensor, and the pho-
tonic crystal cavity structure. The entire structure can be
fully lithographically defined and deterministically fabri-
cated, which greatly increases the scalability of on-chip
integration. The photonic crystal cavity is designed such
that the dominant wave vectors of the cavity mode at the
working wavelength of the OAQD coincide with the recip-
rocal lattice vectors of the photonic crystal. As a result
of strong Bragg scattering, we obtain enhanced vertical
emission with a pronounced central lobe. According to
our calculations, our design reaches a radiation efficiency
of 54.7% and an optical overlap of 0.526 with a narrow
Gaussian beam compatible with low numerical aperture
collection optics. As a result, we expect an overall effi-
ciency of 28.7%. The performance can be further increased
by removing the SiO, interlayer between the semicon-
ductor membrane and the gold reflector. In this case, the
overall efficiency is estimated to be 48.5% with an optical
overlap equal to 0.839 and a radiation efficiency of 57.8%.
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