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Abstract

Computational inverse design has been a driving force behind the development
of compact and highly efficient nanophotonic devices. However, due to fabrication
constraints, devices have so far mostly been restricted to planar geometries. With
recent developments, additive manufacturing techniques are poised to open up a vast
design space for free-form nanophotonic devices, bringing with them a new set of inverse
design challenges. The most urgent one is structural integrity. With a technique such
as 3D laser nanolithography (nearly) every structure can be written, but not every
structure is self supported and is with that feasible; free-floating elements are simply
not an option. To address this challenge, we present here a method for the inverse
design of nanophotonic devices that combines electromagnetic and structural topology
optimization. To illustrate the proposed method, we present designs for a nanolens
and a mode converter with structural integrity. We show that some of these designs
achieve efficiencies comparable to those of conventional nanophotonic inverse design

while maintaining structural integrity; and even slightly surpass them. This opens up
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new possibilities for photonic device design and may lead to the development of novel

photonic devices for additive manufacturing.
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Introduction

Computational methods for the inverse design of novel nanophotonic devices and artificial
photonic materials with predefined functionalities have received significant interest in recent
years™® and have led to the development of highly efficient designs across a range of ap-
plications.®¥ Large-scale, gradient-based optimization of device geometries, i.e. topology
optimization, has been enabled by the adjoint method,**% which permits the calculation of
gradients with respect to an arbitrary number of degrees of freedom with only two full-field
simulations. In a sense, however, this design freedom has not been utilized to its full po-
tential, with topology optimization being primarily used to design planar devices, ™Y with
only few examples of fully three-dimensional geometries.**23 This is of course not without
good reasons, and chiefly among these are restrictions imposed by available manufacturing
techniques. However, recent advancements in additive manufacturing techniques such as 3D
laser nanolithography®##® have put fabrication of fully three-dimensional micro-structures
well within reach. In particular, these technologies promise to offer optical devices with func-
tionalities on demand, if and only if the necessary blueprints for these designs are available.
With manufacturing catching up, it is time to think about topology-optimized free-form
geometries for nanophotonics and the new challenges that this brings to inverse design.
The central problem that we tackle in this work is the requirement that free-form struc-

tures written by additive manufacturing techniques, such as 3D laser nanolithography, need



to consist of fully connected material layouts, as any element without structural support
simply collapses. Structural integrity is a property that, to the authors’ knowledge, has not
been considered in electromagnetic topology optimization so far. We hypothesize that this is
due to the fact that development in topology optimization for photonics has largely focused
on planar devices that can be produced by traditional subtractive manufacturing. For such
devices, structural integrity is of no concern since structural support is always given by the
surface that they are etched into. However, no such assumption can be made for free-form
geometries. Here, we present a new paradigm for topology optimization in nanophotonics
in which we aim to solve this problem by introducing compliance minimization into the
optimization problem. We first outline the method for solving both structural as well as
electromagnetic topology optimization problems simultaneously. Afterwards, we use the de-
veloped method to design a photonic nanolens and a waveguide-integrated mode converter
that feature an increasing degree of structural integrity. Our method can be applied more
generally to design devices that combine both optical and mechanical properties, opening

up a new class of functional elements for nanophotonics.

Methods

Topology-optimized devices in nanophotonics naturally tend towards wavelength-scale fea-
tures. While this generally leads to highly efficient devices, it is detrimental to structural
integrity. For the inverse design of devices with structural integrity, we turn to a different dis-
cipline in which topology optimization has long been established: structural mechanics.?6728
In mechanical topology optimization, the nature of the problem dictates that the resulting
devices are mechanically stable, and this necessitates the existence of linked structures in
the solution. Our method makes use of this property by combining electromagnetic and

mechanical topology optimization into a single framework that enables the simultaneous op-

timization of both structural and optical objectives. By specifying external forces that act



on the structure, the device’s structural integrity with regards to these loads is considered
during optimization. The direction along which material connectivity is established depends
on the distribution of these forces. They can be applied in a purely fictitious manner, e.g.
if the material of the device should be connected along a specific axis one can artificially
introduce forces on both ends of the design that act parallel to this axis. Likewise, the forces
can represent physical loads acting on the structure. The latter approach is preferable if the
structural loads can be estimated in advance. We have included examples for both cases in
this work.

Because our method relies on the integration of both structural topology optimization in
the form of compliance minimization as well as electromagnetic topology optimization, we
will briefly outline both approaches independently in this section and then proceed to define

the coupled optimization problem.

Topology optimization for nanophotonics and structural mechanics

For both the structural and electromagnetic topology optimization we use a density-based
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material parametrization, where the material is represented by a vector p of continuous

design variables p; € [0,1] that are mapped to the physical material distribution by means
of a series of differentiable transformations for each pixel in the simulation domain. To

achieve sufficiently large and binary features in the optimized designs, filtering and projection
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schemes are applied during the optimization and the final design density ﬁ is obtained.

We first apply a Gaussian filter to the design variables to avoid small features in the

optimized design,
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0 otherwise

where D; is the set of elements that lie within the filter radius ry;, of element ¢ and w;; are



the respective weights of the filtering kernel. The standard deviation is given by ¢ = rmin/v3,
which has a similar behavior as the commonly used cone filter,?¥ where we choose a minimum

feature size of ry;, = 100nm. A soft threshold (i.e. projection filter) given by

- tanh(af) + tanh(a (p; — B))
pi= tanh(a8) + tanh(a (1 — 3)) 2

is applied to the filtered density to promote binary solutions in the optimization, where «
denotes the steepness of the curve and f its center. For the optimizations presented in this
work, values of @ = 30 and 8 = 0.5 were used.

After filtering and projection, the design density is linearly interpolated to yield the
permittivities

€, = €min + f; (Emax - 6min) (3)

for the electromagnetic simulation and Young’s modulus

Y - Ymin + 5 (Ymax - Ymin) (4)

for the structural analysis, respectively. We note that, with the exception of the final ma-
terial interpolation, the parametrization in both simulations is identical. Otherwise, one
design density would lead to two distinct material distributions, causing the structural and
electromagnetic simulations to consider different geometries.

For the electromagnetic optimization, we simulate the optical response from the structure
using the finite-difference frequency-domain (FDFD) method.”** The optimization is formu-

lated as the minimization of an electromagnetic objective Fry(p) with respect to the design



variables p:

min Fem(p) (5a)
1

s.t. V X —V X E — W upeoe(p)E = —iw j (5b)
Ho

0<p<1 (5¢)

with the electric field E, the electromagnetic current source 3 and relative permittivity
€,. We have assumed a relative permeability of p, = 1 everywhere. The electromagnetic
objective Fgy(p) is defined depending on the optimization problem and its gradients with
respect to the design variables are obtained by adjoint sensitivity analysis. 042

The structural optimization is formulated as a compliance minimization problem and

solved using an in-house implementation of the direct stiffness method:=¢

N
min  Fo(p) =U'KU =) Yo (po)ulkou, (6a)
P e=1
s.t. KU =F (6b)
0<p<1 (6c)

where the objective F(p) is the compliance, K is the global stiffness matrix, U is the global
displacement vector, Kq is the unit element stiffness matrix, w, is the element displacement
vector, and F' is the vector of mechanical forces applied to the system. The stiffness of
each of the N elements is given by the design-variable dependent Young’s modulus Y. (p.).
Typically, an additional volume constraint fQ pdQ) <V is imposed on the optimization such
that the material volume in the optimization domain €2 never exceeds a specified volume
fraction V. However, we do not impose such a constraint as this would unnecessarily restrict
the design space for the optical optimization and the electromagnetic design goal naturally
prevents a trivial solution. Additionally, volume constraints are generally not an issue in the

design of nanophotonic devices. For topology optimization, the sensitivity of the compliance



with respect to the design variables needs to be known and is given as:

oFe

ope.  Ope

(Ymax - Ymin) ulk()ue ) (7)

where 9¢/sp, depends on the chosen filtering and projection scheme.

The optimization problem

By choosing the same discretization for both the structural and electromagnetic problem,
a single set of design variables can be used to construct the material geometry for both
simulations and we can combine both the compliance and the optical objectives into a single

objective function and formulate a coupled optimization problem:

min - F(p) = (1 —we) Feu(p) —we Fo(p) + Falp) (8a)
s.t. V X MLV X E — wupeoe, (p)E = —iw j (8b)
K(p)U =F (8¢)
0<p<1l , (8d)

where we introduce the compliance factor we € [0, 1] to prioritize the terms in the objective
function. High compliance factors give a higher weight to the structural term, which should
lead to more connected structures at the expense of the electromagnetic figure of merit.
Further, we add an explicit figure of merit Fg(p) inspired by Sigmund®® for the overall

binarization of the structure:

FB(p):min (_log(zzlzl 4[2(1_,51))’7) ) (9)

This term is only added once the optimization is close to convergence, i.e. the relative change

in the value of the total figure of merit falls below a certain threshold (here 1 x 1073). The



parameter ~ limits the maximum value of the binarization objective. In the examples given
in this work we use a value of v = 2, which has been found to generally lead to good
binarization while remaining numerically stable.

The gradients of each term in the objective function as well as those of the material

3158 This approach allows to

parametrization are calculated using automatic differentiation.
change both the objective function and material parametrization without the need to derive
new gradients by hand with each modification.

While the resulting material distributions tend towards connected features, they represent
a compromise between the mechanical and optical optimization and thus do not entirely
guarantee the absence of any free-floating elements. This is solved by using a multi-step
optimization procedure. First, the optimization is run once until convergence. Any free-
floating elements are then removed from the material distribution during a post-processing
step by connected component labelling.”” The processed material distribution is then further

refined during a second optimization run, yielding final designs consisting of only connected

material.

Example applications

We demonstrate the outlined approach by applying it to the inverse design of two different
nanophotonic devices. For each device, we perform multiple optimizations by sweeping the
value of the compliance factor wc across the range [0, 1], where a value of 0 corresponds
to regular electromagnetic topology optimization (our baseline) and a value of 1 completely
disregards the optical design objective. The driving forces of the structural simulation are
scaled such that the lower bound of the compliance is in the same order of magnitude as the
final optical figure of merit Fgy(p) of the baseline optimization at we = 0. In all examples
we choose a minimum element stiffness of Y, = 1 x 107% and a maximum element stiffness

of Yiax = 1 for the structural analysis. For the electromagnetic simulations we choose



an operating wavelength of A = 1pm. Once binarized, the media can be made from a
medium with a refractive index of n = 1.5, as a typical value for polymers used in 3D laser
nanolithography, or air for which we assumed a refractive index of n = 1. The simulation
domain has an area of 12 pm x 8 pm at a resolution of 30 pm~! and perfectly matched layers
with a thickness of dpyr, = 1 pm on each side. For the sake of simplicity, we limit ourselves
to 2D simulations in this work, but note that all equations in the previous section are valid
also in 3D.

Our focus in this work lies on the inverse design of functional photonic elements with the
added benefit of structural integrity. Thus, the sources of the electromagnetic simulation
are known as they are imposed by the problem statement for each device. However, the
definition of the loads for the structural problem is oftentimes less obvious. Mechanical
forces are generally not a concern for nanophotonic devices, and the authors are not aware
of any load-bearing optical elements. Our goal is much rather the generation of devices with
connected features that can be produced by additive manufacturing techniques, and such
connected designs are the only class of feasible solutions in compliance problems. This means
that in many applications, the physical forces acting on the device play only a minor role. In
such cases, we can introduce fictitious forces acting on the device that guide the optimization
towards structures that are connected along a certain axis. However, we stress that our
approach can accommodate arbitrary load cases and can be used without modification for
physical loads.

The simulations are implemented in Python and we use the L-BFGS algorithm“? as im-
plemented in the open-source library nlopt* for local gradient-based optimization. Each
optimization takes roughly 30 minutes on a personal computer (Intel Core i7-7700) to con-

verge.



Photonic nanolens

In the first example, we apply our optimization approach to the design of a photonic nanolens.

The setup of the problem is illustrated in The device consists of two areas of solid

Design region

]
Focus Tum

FY

Figure 1: Design setup for the optimization of a nanophotonic focussing element.
The design region (dashed red rectangle) has an area of 8 um x 3pum and lies in between
two solid slabs of material (n = 1.5) that are fixed on either end of the simulation domain
and surrounded by air (n = 1). An E,-polarized (out-of-plane) plane wave source with an
operating wavelength of 1pm placed at the top of the simulation illuminates the structure.
The electromagnetic design goal is to increase the intensity of the electric field in the focal
spot located 1.5 pm below the lower edge of the structure. The structural problem is defined
as the compliance minimization of the material (Y,.x = 1) within the design region with
respect to a vertical load applied along the center of the design.

material on either side of the domain that are separated by a design area which will contain
the optimized material distribution. The structure is illuminated by a plane wave that is
linearly polarized normal to the plane shown and impinges on the top of the design at normal
incidence. The optical design goal is to focus this light into a small focal spot below the

design region. We define the electromagnetic figure of merit Fgy as the intensity of the
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electric field F, in the focal region M:

u |E.|’dA

_ , 10

where we divide by the intensity of the field in the design region D to avoid designs that
exploit strong field enhancement due to resonances inside the design region, as such designs
are extremely susceptible to fabrication imperfections. Maximizing the electric field intensity
in a small region of space, i.e. in a small square with an area of 60 nm x 60nm, has been
shown to lead to tight focal spots in inverse design problems.*2

We assume that the structure is mechanically held in place on the left and right edges of
the domain. This could be realized by placing e.g. some structural support pillars to which
these blocks are connected outside of the simulation domain. A vertical load is placed along
the center of the design region representing the weight of the lens element. The goal of
the structural optimization is then to maximize the stiffness of the device with respect to
such a vertical load, which can only be achieved if the device is also anchored to the fixed
material at the left and right sides of the design region. While this example is presented as a

toy problem, it should be noted that in the rotationally symmetric case, the problem setup

1344 1546

resembles that of free-form fiber coupling elements or microlens systems.

The baseline design at we = 0 depicted in[Fig. 2(a) exhibits multiple disjunct elements in
the design domain. While the purely electromagnetic topology optimization came up with a
lens design with a tight focal spot, the resulting device clearly cannot be manufactured by 3D
laser nanolithography. However, the optimized designs [Fig. 2(b)—(d) at higher compliance
factors offer well-connected structures with increasing stiffness. None of the designs contain
free-floating elements, while achieving a qualitatively similar field profile as the base design.
At higher compliance factors, the relative weight of the compliance term in the optimization

becomes dominant and we can see a degradation of the intensity in the focal region.

In [Fig. 2(e) we have plotted the electromagnetic figure of merit Fgy(p) and the corre-
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Figure 2: Optimization results for the photonic nanolens. a—d Optimized designs
overlaid on top of their respective field intensities |E.|* (normalized)for compliance factors
we of 0.0, 0.2, 0.5 and 0.9. e The electromagnetic figure of merit Fgyy (blue) and the material
stiffness F (orange) for optimized lens designs at evenly spaced compliance factors between
0 and 1. The designs in a—d are indicated by markers. The values of F at we = 0 and
Fryv at we = 1 are not shown since optimizations are purely optical or mechanical at these
compliance factors.
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sponding material stiffness Fi '(p) for the designs. We see that increasing the compliance
factor generally comes at the expense of the optical design goal. However, the design at
wc = 0.2 achieves a field intensity that is only 0.8 % smaller than that of the base design
while consisting only of a single connected structure. All together it can be seen at this
example, that structurally stable and well-performing photonic nanolenses can be achieved

with this design method.

Mode converter

Mode converters are a prototypical*’ example for integrated photonic devices commonly
found in on-chip integrated optical systems.*®# The ability to design such functionalities for
free-form geometries could potentially lead to integration of these designs into e.g. photonic
wire bonds.”®¥ Such photonic wire bonds are free from waveguide written by 3D laser
nanolithography that connect different optical chips. A necessary requirement for this is
being able to come up with device designs that do not have free-floating elements. In this
second example, we design a mode converter that converts from the fundamental to the
second order TE mode in a waveguide as illustrated in the optimization setup in [Fig. 3]
We excite the fundamental TE mode of the waveguide on the left side of the design and
define the objective as the overlap of the input electric field E with the output mode field

E g5 over the surface S of a field monitor M placed at the right hand side of the simulation:

FEM:‘/ ETFEQEdS‘ . (11)
M

In this part of the work the optimization is done with the FDFD method while the final
evaluation of the coupling efficiency has been done with the finite-difference time-domain
(FDTD) method.”

The baseline design in [Fig. 4|(a) achieves a mode conversion efficiency of 98.6 %. In the

material distribution there are several disjunct elements, the most prominent of which is a
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Design region

y

|
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Figure 3: Design setup for the optimization of a waveguide mode converter. The
design region (dashed red rectangle) has an area of 4pm x 6 pm and is embedded in a
waveguide (n = 1.5) with a width of 3 pum surrounded by air (n = 1). The fundamental
TEg mode with an operating wavelength of 1 pm is injected into the waveguide from the left.
The electromagnetic design goal is the maximization of the mode overlap with the second
order TE; mode at the right end of the waveguide. The structural problem is defined as the
compliance minimization of the material (Y., = 1) within the design region with respect
to two opposing forces placed at its left and right edges.
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Figure 4: Optimization results for the mode converter. a—d Optimized designs over-
laid on top of their respective field intensities |E,|* (normalized) for compliance factors we
of 0.0, 0.2, 0.5 and 0.9. e The electromagnetic figure of merit Fgy (blue) and the material
stiffness F (orange) for optimized lens designs at evenly spaced compliance factors between
0 and 1. The designs in a—d are indicated by markers. The values of F at we = 0 and
Fryv at we = 1 are not shown since optimizations are purely optical or mechanical at these
compliance factors.
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long ridge-like structure guiding the field in the lower half of the design, making it infeasible
for integration into a free-form waveguide. We can again observe that by increasing the
compliance factor, the optimization finds designs with growing structural integrity (b)f
(d)) at the cost of their coupling efficiencies for large wc, plotted in [Fig. 4f(e). However, we
observe that the coupling efficiencies for designs up to compliance factors of 0.3 are as high
as or even higher than that of the base design, with the largest coupling efficiency being
99.2% at wc = 0.1. Essentially, this means that there is a free lunch - up to this compliance
factor, increasing structural integrity does not come at the cost of decreasing its optical
functionality! A mode converter consisting of only connected elements such as the one
depicted in [Fig. 4[(b) could potentially be integrated into free-form geometries and realized

by additive manufacturing techniques.

Discussion

In this work, we have developed a topology optimization scheme that incorporates both
optical and mechanical design objectives. We demonstrated that the method is capable of
designing well-connected devices that are suitable for additive manufacturing by introducing
mechanical loads during the optimization. Importantly, we observe that the inclusion of
mechanical objectives does not necessarily lead to an immediate degradation in the optical
figure of merit and can in certain cases even aid in finding better solutions than purely
electromagnetic topology optimization.

For simplicity, we have only considered two-dimensional geometries in this work, but
an extension to three dimensions is straightforward. We have also not included methods
to increase robustness towards manufacturing imperfections such as the commonly used

2324 hyt these techniques can be integrated in our method without

erosion-dilation scheme,
modification.

In summary, we have extended electromagnetic topology optimization by combining it
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with structural analysis to simultaneously optimize both optical as well as structural objec-
tives of functional photonic devices. Moreover, functional devices that depend on both their
mechanical and optical properties can now be tackled using topology optimization. A pos-
sible application could be better designs for retinal cell scaffolds® that optimally distribute
light to the lower sensory layers. Our work is a step towards large-scale optimization of fully

free-form device geometries in nanophotonics that are suited for additive manufacturing.
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Graphical TOC Entry

for Additive Manufacturing

Two nanophotonic focussing elements designed
via topology optimization overlaid on top of their
respective field intensities when illuminated by a
plane wave source. The element on the left is
unsuitable for additive manufacturing because of
a lack of connected features. The element on the
right, designed by our proposed method, is made
up of only connected elements and is thus suitable
for additive manufacturing. Even though they have
very dissimilar material distributions, both devices
exhibit a qualitatively similar intensity distribution,
indicating the same optical functionality.
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