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ABSTRACT: Room-temperature single-photon sources (SPSs) are
critical for emerging practical quantum applications such as on-chip
photonic circuity for quantum communications systems and
integrated quantum sensors. However, the direct integration of an
SPS into on-chip photonic systems remains challenging due to low
coupling efficiencies between the SPS and the photonic circuitry that
often involve size mismatch and dissimilar materials. Here we develop
an adjoint topology optimization scheme to design high-efficiency
couplers between a photonic waveguide and an SPS in hexagonal
boron nitride (hBN). The algorithm accounts for fabrication
constraints and SPS location uncertainty. First, a library of designs

for the different positions of the hBN flake containing an SPS with respect to a Si;N, waveguide is generated, demonstrating an
average coupling efficiency of 78%. Then, the designs are inspected with a dimensionality reduction technique to investigate the
relationship between the device geometry (topology) and the performance. The fundamental, physics-based intuition gained from
this approach could enable the design of high-performance quantum devices.

KEYWORDS: single-photon emitter, on-chip, topology optimization

hotonics is a promising route to practical quantum

information processing applications because it offers
high speed, tolerance to decoherence in transparent environ-
ments, and high internal degrees of freedom, which can be
used for quantum state encoding.' Leveraging the recent
advances in classical photonic integrated circuits, various
elements of quantum photonic integrated circuits (QPICs)* ™
have already been demonstrated at a proof-of-concept level.
The realization of scalable QPICs is a critical milestone on the
way to practical quantum photonic computing,6 quantum
information processing applications,1 quantum communica-
tion,”® quantum sensing,” quantum key distribution,'® and
machine learning.'' The operation of the QPICs consists of
three main parts: (i) generation of predefined quantum states,
(i) transformation of the quantum states via linear and
nonlinear on-chip photonic elements, and (jii) quantum state
readout.'” Although different components of the QPICs have
been demonstrated, there is not yet a clear pathway for the
practical realization of scalable QPICs, which requires the
development of highly efficient, on-chip components for each
of the parts of the QPIC. An essential aspect of the design of
QPICs is compatibility with large-scale fabrication techniques,
such as e-beam, photolithography, and etching, in terms of
tolerance against the imperfections introduced during the
fabrication process. Advanced optimization frameworks
conventionally used to solve a broad range of design problems
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in classical photonics could be employed to address the highly
constrained optimization problem of QPIC design. There are
two main paradigms for the integrated photonic component
development: (i) methods based on prior knowledge or
scientific intuition and (ii) algorithm-driven inverse design
optimization frameworks.'> The designs obtained with the first
approach demonstrate simplified geometrical shapes and
intuitive underlying physics along with substantially limited
performance due to reduced internal degrees of freedom. The
second approach finds the solution to the inverse problems by
determining the material distribution, which ensures the
desired optimal performance of the photonic device. The
inverse algorithms lead to devices with nontrivial shapes and
topologies, enabling high performance and compatibility with
the predefined fabrication precisions. Inverse design optimiza-
tion frameworks have been applied to traditional optimization
problems in photonics, such as optimizing silicon photonic
circuitry elements,'*”'® photonic crystal-based structures,'”
and metasurfaces.'* ™" Recently, topology optimization®"**

Received: July 15, 2021 (Phétonics
Published: October 1, 2021

https://doi.org/10.1021/acsphotonics.1c01070
ACS Photonics 2021, 8, 3061—-3068


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Omer+Yesilyurt"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhaxylyk+A.+Kudyshev"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexandra+Boltasseva"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vladimir+M.+Shalaev"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexander+V.+Kildishev"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexander+V.+Kildishev"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsphotonics.1c01070&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.1c01070?ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.1c01070?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.1c01070?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.1c01070?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.1c01070?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/apchd5/8/10?ref=pdf
https://pubs.acs.org/toc/apchd5/8/10?ref=pdf
https://pubs.acs.org/toc/apchd5/8/10?ref=pdf
https://pubs.acs.org/toc/apchd5/8/10?ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsphotonics.1c01070?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/journal/apchd5?ref=pdf
https://pubs.acs.org/journal/apchd5?ref=pdf

ACS Photonics

pubs.acs.org/journal/apchd5

e 038 T T r r
0.7F MW\V\’VV\'W“ 25 o
EO.G N 0.7} AORRS .
Eo.s ] N g _“‘b
o4t = ° Owgié
g 158 0.6 % % o 1
803 £ o 0
14 ) 0
801 |
. . - - 0.5 = e2
40 60 80 100 120 b= &)
Iteration number . @ 04 B
10" iteration 20" jteration o o) %
V<" 1 = 008
o Y o o
s 303f ? .
f 30
(({ ( { 3”0 o
R ho
Vst y 0.2+ © On top 1
Lorem ipsum © Emb@d@l@d
50" iteration ®
0.1F .
© o
@
0@_@ 1 1 1 1
0 0.5 1 1.5 2 25
Purcell factor

Figure 1. Topology optimization of the Si;N,—hBN hybrid coupler cavity. (a,b) Schematics of the optimization domain D for the (a) “on-top” and
(b) “embedded” configurations of the Si;N,—hBN hybrid cavity on a SiO, substrate. The lateral cross-section Q of D with an area of a, X a, (a,=2
pm, a, =2 ym) is highlighted by the dashed orange box in panel a. The total thickness of the optimized cavity is 200 nm, with a 50 nm thlck hBN
layer and a 150 nm thick SizN, layer. SPS is assumed to be a point dipole source with its vector electric dipole moment aligned along the y axis and
emitting at a wavelength of 638 nm. The position and orientation of the dipole moment are shown with the yellow marker. (c) Evolution of the
coupling efficiency (black) and the Purcell factor (gray) during a TO run. (d) Corresponding evolution of the material density distribution inside
the optimization area. The position of the SPS is shown with the red marker. The waveguide is assumed to be on the right side of the optimization
area. (e) Distribution of the efficiencies versus the Purcell factor for each of the designs for the “on-top” (blue) and “embedded” (red)

configurations.

(TO) was applied to various inverse design problems for
quantum photonic applications. Namely, TO has been applied
to realize efficient and coherent light—matter interfaces via the
integration of nitrogen-vacancy- (NV) and tin-vacancy-center-
based single-photon sources (SPSs) within the diamond
material platform.”® TO has been used to control the emission
of near-surface NVs in diamond with optimized silicon.”* A
related inverse design approach was applied to NV centers
formed by implantation, where the surrounding gallium
phosphide layer topology was optimized to enhance the
photon extraction efficiency into free space radiation.”® Within
this work, we optimize the single-photon emission coupling
efficiency of a point defect in a hexagonal boron nitride (hBN)
flake into a predefined fundamental mode of the silicon nitride
(SizN,) waveguide. Specifically, we apply an adjoint TO
framework to optimize the SPS coupler to enable (i) high-
efficiency emission coupling into the Si;N, waveguide and (ii)
robustness of the design against perturbations introduced by
the fabrication and uncertainty of the emitter position inside
the hBN flake. Finally, we implement dimensionality reduction
analysis on the TO designs, intending to gain insight into the
physics behind the complex geometrical structures that leads to
high-efliciency coupling. We demonstrate that such a rigorous
analysis of the topology-optimized sets generates the initial
material distribution, equivalent to an “educated guess”
obtained with physics-driven human intuition. The proposed
approach, which could take one from the “human-sketched”
concept to the “computer-perfected” design of high-efliciency
SPS couplers substantially faster, can be extended to other
inverse design problems in photonics.
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B EFFICIENT CONVERSION OF SPS EMISSION VIA
TOPOLOGY OPTIMIZED COUPLER

One of the possible ways of coupling SPSs into an on-chip
infrastructure is to use evanescent coupling.”® Recently, it has
been demonstrated that placing an hBN flake with a color
center on top of an aluminum nitride waveguide provides up to
1.2% extraction efficiency through the grating out-coupler.”’
Such a limited performance results from the low hBN—
waveguide coupling efficiency (15.5%, numerical analysis) and
grating out-coupler extraction efficiency (9.8%, measure-
ments). The deterministic integration of SPSs in hBN into
Si;N, waveguides has also been demonstrated.” It has been
theoretically predicted that such an approach could yield
~20% coupling efficiency. Because the performance of such a
hybrid system could be substantially improved by utilizing an
inverse design optimization framework, we apply adjoint TO
to design a high-efficiency coupler for an hBN-based SPS and a
Si3N, waveguide. Specifically, we develop an inverse-designed
SisN,—hBN hybrid coupler that provides the high-efficiency
conversion of SPS emission into the fundamental transverse
magnetic (TM) mode of a 500 X 200 nm* SizN, waveguide
placed on an SiO, substrate.

In the developed quantum coupler design (Figure 1a), the
optimization domain is a 2 X 2 um? cross-section area made of
SisN, and hBN layers with identical topologies. The SPS is
assumed to be a point dipole source embedded inside the hBN
layer, with its electric dipole moment aligned along the y axis
and emitting at a wavelength of 638 nm (the zero-phonon line
of color centers in hBN). Two different configurations are
considered: “on-top”, in which a 50 nm thick hBN is placed on
top of the 150 nm thick Si;N, layer (Figure la), and
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Figure 2. Robustness of the Si;N,—hBN coupler against the uncertainty of the SPE position. (a) Field distribution (top) and final designs (bottom)
of the coupler for the off-center position. The position of the dipole source is highlighted by a red marker. (b,c) Convergence plots of the TO with
the maximin decision rule for the robustness against uncertainty of the point defect position within a (b) 50 X 50 nm” and (c) 100 X 100 nm? area.
Black curve: FoM; gray curve: Purcell factor. The insets show the final design of the Si;N,—hBN coupler. (d) Coupling efficiency and (e) Purcell
factor distributions compared for the designs optimized with the maximin decision rule for the robustness against perturbations over the areas of 50
X 50, 100 X 100, and 150 X 150 nm* The boxed plot shows the median (red line), interquartile range (box), and outliers (red markers).

“embedded”, in which the hBN slab is embedded between two
75 nm thick Si;N, layers (Figure 1b). One of the lateral sides
of the optimization domain is connected to the Si;N,
waveguide, and the propagation direction is assumed to be
along the x axis.

The figure of merit (FoM) of the coupler is defined as the
ratio between the fraction of the power emitted by the dipole
source into the fundamental TEM mode and the total power
emitted by the SPS, which is also denoted here as the coupling
efficiency. Here we used an adjoint variation of the TO
algorithm with sensitivity analysis, which enables the robust-
ness control of optimized designs against the lateral
perturbations of the SPS position introduced due to limited
fabrication precision.””*

The adjoint TO is realized via two full-wave simulations per
optimization iteration, forward and adjoint, and employs a

3063

commercial finite-difference time domain (FDTD) solver
(Lumerical FDTD). The forward simulation is performed
with dipole source excitation within the coupler domain D
connected to the waveguide. In contrast, the adjoint simulation
is conducted via the TM mode excitation in the backward
direction. The dipole source (forward simulation) and the
spatial distribution of the TM mode excitation used for the
adjoint run are shown in Figure la. E-field distributions within
D retrieved from forward and adjoint runs are then used to
calculate the FoM gradient distribution in D. The FoM
gradient values are used to update the material density
distributions in the xy cross-section € for the next iteration.
More details of the adjoint TO framework can be found in the
Supporting Information, Section S3. The choice of the initial
material distribution plays an essential role in the adjoint TO
framework. Initially, the material distribution in the opti-
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mization domain is set to be a random, smooth distribution
with the following permittivity function

p €10, 1]

(1)
where p(x,y) is the material density distribution that varies
from O (air) to 1 (material) and &, and €, are the dielectric
constants of the air and material domains (Si;N, and hBN),
respectively. The material distribution along the z axis is a
uniform translation of the cross-section map, and the
corresponding permittivity values are used within the Si;N,
and hBN layers.

Figure lc shows the convergence dynamics for one of the
TO runs, depicting the evolution of the coupling efficiency
during the optimization run. The coupling efficiency gradually
increases and saturates around a steady-state local solution
determined by the initial material distribution and parameters
of the TO, such as parameters of the binary push and filtering
procedures.”’ (See the Supporting Information, Section S3.)
The spikes in the FoM convergence plot are caused by the
filtering algorithm suppressing subprecision features.

The optimization starts with a randomly selected initial
material distribution and gradually converges to a binary
material pattern at the very end of the optimization cycle
(Figure 1d). We intentionally constrain material distribution
around the dipole source position to a material density of the
SiN/hBN to eliminate voids around the dipole. (See the
highlighted red box in Figure 1d.)

Along with the coupling efficiency of the SPS into the
waveguide, the Purcell factor, which defines the rate of the
SPS’s spontaneous emission, plays an important role.
Previously, it has been demonstrated that the Purcell factor
can be substantially increased via placing the SPS in a suitable
photonic/plasmonic environment with an increased electro-
magnetic local density of states; > however, in this work, the
TO is used for optimization of the coupling efficiency. The
Purcell factor optimization can also be explicitly incorporated
into the TO framework. During the TO process, along with the
increase in the coupling efficiency, a ~2.5-fold increase in the
Purcell factor of the structure is achieved (Figure lc, gray
curve). Such an increase in the Purcell factor is mainly driven
by the rise in the quality factor of the Si;N,—hBN coupler.
Such a moderate increase is the result of the constrained
uniform material distribution around the dipole source. By
unconstrained optimization of the coupler design, it is possible
to substantially increase the Purcell factor (~15-fold) while
maintaining a high coupling efficiency. However, such an
approach might lead to impractical coupler designs containing
air voids around the dipole position and need additional
postselection of the optimized structures. On the basis of the
developed TO framework, we conducted 85 optimization runs
for each of the “on-top” and “embedded” geometrical
configurations (Figure le). The “embedded” configuration
provides more efficient coupler designs in terms of both the
coupling efficiencies (76%) and the Purcell factor (2.5),
whereas the best design in the “on-top” set yields only 49%
coupling efficiency and a 1.5-fold Purcell factor (Figure le).

S(x) y) = Sair[l - p(x, ,y)] + gmat/)(x; )’);

B OFF-CENTER CONFIGURATION AND
ROBUSTNESS
In the previous section, the TO is realized for a fixed position

of the SPS dipoles; however, in reality, it is challenging to
realize. Moreover, because of the limited precision of the
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localization of point defects in hBN flakes, the coupler designs
should be robust against the uncertainty of the SPS position
within the Si;N,—hBN coupler.

In this section, we showcase the off-center configuration of
the coupler and incorporate the robustness procedure into the
TO algorithm against perturbations due to imperfect SPS
positioning. For the off-center configuration, the position of
the dipole is randomly picked within the optimization domain.
Specifically, we consider four different positions of the dipole
(red markers, Figure 2a). Corresponding field distributions and
resulting coupler designs are also shown in Figure 2a. Here we
consider “embedded” designs configurations for all off-center
cases. The field distributions prove that optimized cavities
indeed enable higher efliciency conversion of the emission into
the waveguide mode. From the coupler designs, it can be seen
that the TO leads to the formation of “Bragg-grating”-type
material distribution around the SPS, which leads to more
efficient redirection of the field toward the waveguide. The off-
center position of the SPS leads to a reduction of the coupling
efficiency (<55%) while providing relatively high values of the
Purcell factor (Figure 2a). Such reduction of the coupling
efficiency occurs due to a relatively small refractive index of
Si3N,. One possible way of overcoming this issue is to increase
the dimensions of the Si;N,—hBN coupler, which would allow
the redirection of the SPS emission into the waveguide
adiabatically. On the contrary, the same simulation examples
show that off-center cases provide a relatively large Purcell
factor. Such enhancement of the Purcell factor depends on the
material distribution around the SPS source. Within the
considered off-center cases, the Purcell factor increases due to
the formation of air voids around the SPS due to the formation
of a dielectric cavity with a high quality factor. Yet another vital
aspect is the robustness of Si;N,~hBN couplers against the
uncertainty in the point defect position within the hBN layer.
Such uncertainty occurs due to the limited precision of the
SPSs’ positioning within the hBN flake. To include such a
constraint, we implemented a maximin decision rule into the
TO framework. (See the Supporting Information, Section S3).
For each TO iteration, the dipole source was placed into
randomly chosen positions within a predefined area.
Corresponding FoMs were assessed by conducting forward
simulation runs. The configuration with the lowest FoM value
was used to determine the material gradient distribution, and
the material distribution was updated for the next iteration.
Such a maximin technique allows for convergence to a coupler
design that is robust against the uncertainty of the positioning
of the SPS within the predefined area (Figure 2b). Along with
the evolution of the FoM, the Purcell factor also evolves along
the TO run (Figure 2b), which eventually yields a robust cavity
with 66% coupling efliciency and a 2.4 Purcell factor for the
case of a 50 X S0 nm* optimization area.

We also studied the convergence of the FoM and the Purcell
factor for the case of SPS position perturbation within the 100
X 100 nm? area (Figure 2c). In this case, the TO ensures 65%
coupling efficiency and a 1.8 Purcell factor. One should note
that the larger perturbation areas of the SPS position
perturbation lead to unstable convergence of the TO. Both
cases were realized via probing three different SPS positions at
each iteration. Hence each TO iteration is realized via four full-
wave runs in total (three forward runs and one adjoint FDTD
run). To test the performance of the final devices, we
optimized three structures with a maximin decision rule
applied to 50 X 50, 100 X 100, and 150 X 150 nm” areas. The
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between 10 and 35% (blue), class 3: efficiency between 35 and 40% (green), and class 4: efficiency >40% (black). For the “embedded”
configuration, these classes are defined as: class 1: efficiency <10% (red markers), class 2: efficiency between 10 and 55% (blue), class 3: efficiency
between SS and 65% (green), and class 4: efficiency >65% (black). (c) Initial material distribution obtained via t-SNE analysis. Blue highlight: A
Bragg-reflector-like structure behind the emitter position; green highlight: Si;N, distribution within the area connecting the position of the emitter
and the waveguide; red square: position of the dipole source, surrounded by a constant material density of 1. (d) Convergence plots of the TO with
the initial conditions shown in panel c. Black curve: FoM; gray curve: Purcell factor. Insets show the final design of the Si;N,—hBN coupler. (e,f)
Convergence plots of the TO with initial material distributions chosen based on the design rule derived from t-SNE analysis (“t-SNE”) and random
initial conditions (“Direct TO”) for the (e) “on-top” and (f) “embedded” configurations. The box plot shows the median (red line), interquartile

range (box), and outliers (red markers).

position of the source dipole was swept in 10 nm steps along
both lateral directions in the preselected areas of the optimized
devices, and the corresponding coupling efficiencies and
Purcell factors were retrieved. The statistics of the coupling
efficiency and the Purcell factors are shown in Figure 2d,e,
respectively. The TO with a maximin decision rule applied for
the 50 X S0 nm” area ensures highly robust performance of the
device with a median FoM at 61.8% and an interquartile range
(25th to 75th percentile) between 61 and 62.2%. For
comparison, the 100 X 100 nm? robustness case has a median
at 54% and an interquartile range between 48.8 and 56.8%,
whereas the 150 X 150 nm? case has the median at 46% and an
interquartile range between 31.5 and 54%. The Purcell factor
distributions show the same behavior. Whereas the 50 X 50
nm? area case shows a narrow distribution of the Purcell factor
(median at 2.22 and interquartile range between 2.09 and
2.29), the 100 X 100 and 150 X 150 nm?* cases exhibit
distributions with medians at 1.37 and 1, respectively. From
this analysis, we conclude that the 50 X 50 nm’ area case
shows the most robust performance of the coupler with a
deviation of the coupling efficiency within 1.2%. The 100 X
100 nm” ensures quite good stability of coupling efficiency
(deviation within 8%), whereas perturbation of the dipole
source position within 150 X 150 nm?” leads to the unstable
performance of the designed Si;N,—hBN coupler.
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B DIMENSIONALITY REDUCTION ANALYSIS

A commonly used strategy with an adjoint TO framework is
executing the same optimization algorithm with different initial
conditions many times and picking the most efficient solution
within the obtained set; however, this approach leads to an
apparent trade-off between the time/resources and the target
performance. Such a dilemma arises because randomly selected
initial conditions might lead to low-efficiency designs at the
end of the time-consuming optimization run. Thus there is a
critical need to build a comprehensive understanding of what
essential geometrical features should be initially included to
increase the success rate of the TO. To build such an intuition,
we applied a dimensionality reduction technique to the
optimized design data sets and analyzed a clustering of the
high-efliciency TO designs based on their geometrical features.
Specifically, we apply t-distributed stochastic neighbor
embedding (t-SNE), which is well suited for embedding
high-dimensional data for visualization in 2D/3D-dimensional
spaces.”* This method allows us to represent each TO design
by a 2D point and form clusters of such points representing
designs with similar geometrical features. By analyzing the
correlation between such clusters and the corresponding
design efficiencies, it is possible to gain insight into the critical
geometrical features of the coupler design that lead to
increased performance.

We use coupler design patterns as high-dimensional data;
the corresponding coupling efficiencies are used as labels. To
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make the t-SNE analysis more meaningful, we grouped all of
the TO designs into four main classes based on the design’s
coupling efficiency by the k-means clustering method. This
method partitions all of the classes into a reasonable number of
clusters in which each label belongs to the cluster with the
nearest mean (centroids).>

After assigning a class to each design, we employed the t-
SNE algorithm and obtained dimensionality-reduced distribu-
tions for “on-top” (Figure 3a) and “embedded” (Figure 3b)
configurations of the coupler. We found that all of the designs
group into four clusters based on their geometrical similarity. It
is important that this clustering has a good correlation with
assigned efficiency classes, which indicates a connection
between the efficiency of the coupler and its shape/topology.
The efficiency classes are denoted with different marker colors.
The classes are assigned based on the efficiency of the coupler.
A visual and simple statistical analysis is applied to t-SNE plots
to develop design rules for future optimizations. We formulate
the design rules as two essential procedures: (i) enforcing
material distributions in the selected locations and (ii)
providing intuitive initial material density distributions (Figure
3c). The first constrain restricts the material distribution in
certain areas to remain intact throughout the optimization.
These regions include (a) the proximity of the SPS (red
square, Figure 3c,d) and (b) the cross-section connecting the
SPS and the waveguide (red segment, Figure 3c,d). The details
of this analysis, along with the application of the machine-
learning algorithms, are presented in the Supporting
Information, Section S4.

On the basis of this analysis, we conclude that two regions of
the initial material distributions play the critical role: (1) a
Bragg-reflector-like structure behind the emitter position (blue
highlight, Figure 3c) and (2) the Si;N, distribution within the
area connecting the position of the emitter and the waveguide
(green highlight, Figure 3c). Figure 3c shows an example of the
initial material distribution used for TO. The TO-related
evolution of the coupling efficiency and the convergence of the
Purcell factor yield 70% and 1.68 values, respectively (Figure
3d). We found that the initial condition of Figure 3¢, chosen
by the design rules and obtained from the t-SNE analysis,
enables fast and stable convergence to highly efficient coupler
designs (Figure 3d). To prove this point, we conducted 25 TO
runs for “on-top” and “embedded” configurations. Figure 3e,f
compares the coupling efficiencies of designs obtained from
TO with either t-SNE-based or random-sampling-based initial
conditions. It is no surprise that the initial conditions are
indeed similar to the structures already proposed in the
literature for integrated SPSs with Bragg reflectors and tapered
waveguide cross sections.”*® This provides an excellent route
to speed-up and ensure robust convergence through a physics-
driven initial geometry fed into the TO framework. We note
that such an initial “educated guess” could be done classically
without the t-SNE and then perfected via TO.

We found that in the case of the “on-top” coupler, the t-SNE
case has a much narrower efficiency distribution, whereas the
maximum efficiency is slightly less (47%) than that in the case
of direct TO (49%) with random sampling. The median of the
t-SNE case distribution is 41% versus the direct TO-produced
distribution with a 42% median value. In the “embedded” case,
the t-SNE-based initial condition gives a much better coupling
efficiency distribution (71% median and 78% maximum
efficiencies) versus the direct TO, which ensures only 64%
median and 76% maximum efficiencies. Hence the t-SNE-
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based analysis indeed leads to a better convergence of the TO
algorithm.

B CONCLUSIONS

The main high-efficiency components of QPICs, such as SPE
couplers, linear and nonlinear photonic components for
quantum-state manipulation, and out-couplers, are the focus
of intensive research due to their importance in the realization
of novel quantum information processing applications. Along
with efficiency, compatibility with the fabrication precision of
state-of-the-art fabrication technology is one of the main
constraints for the design and development process. In this
work, we developed an optimization framework to design
efficient structures to couple the emission from a point defect
in 2D materials, specifically, hBN, acting as a single photon
emitter SPS to a photonic waveguide using adjoint topology
optimization. The proposed TO method provides significantly
enhanced coupling efficiency and drastically improved Purcell
factors. We optimized the couplers for two different material
configurations and created a library of designs to gain deeper
insights into the optimal device’s performance.

We also demonstrated that physics-informed, intuitive initial
conditions ensure rapid and robust optimization and produce
high-performance devices that could pave the way to practical
realizations of room-temperature SPSs. Our approach enables
fast and robust convergence with a physics-driven “educated
guess”—an initial material distribution that could be obtained
without the t-SNE but perfected with the TO. Overall, the
highest performing device achieves a coupling efficiency of
78% with a nearly two times enhanced Purcell factor. As the
next steps, fabrication imperfections and color center location
uncertainties should be studied, and the experimental
realization of devices should be explored. The developed
design approach can be extended to coupling schemes utilizing
different SPSs and other inverse design problems in photonics.
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