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Introduction

Nanophotonic devices are components used to manipulate light, considered as an electro-
magnetic field, at the nanometric scale. They are tailored to accomplish specific tasks
such as guiding an incident wave with negligible loss, splitting it into several output ports,
converting a mode from an incoming waveguide into another mode of an outgoing waveg-
uide, etc. Nanophotonic devices are the basic components of the photonic integrated
circuits (PICs) used, for instance, in fiber optic communications, microscopy, biosensing
and even in the prospective research about photonic computing.

The design of nanophotonic devices involves many variables, both in terms of physical
properties of materials and geometry. As a result, more and more researchers are turning
to numerical optimization, which in principle makes it possible for engineer to achieve the
objectives described in the specifications in a shorter amount of time.

In the situation where the shapes to be determined are not intuitive, and therefore not
simply parameterized a priori, specific geometric or topological optimization methods
must be used. These numerical algorithms, initially developed in structural mechanics
and aeronautics, are now applicable to the optimization of micro and nanometric scale
components.

In this thesis, our primary goal was to set up a numerical framework for the systematic
determination of the design of nanophotonic components with optimized performances
based on geometrical methods of shape and topology optimization. Once implemented,
our research led us to two different mathematical studies:

1. The first one concerns the modeling of uncertainties preventing the proper func-
tioning of nanophotonic devices as well as the implementation of a method to take
these uncertainties into account in the optimization process in order to obtain robust
components. As a result, we have developed a method based on a gradient sampling
algorithm which makes it possible to obtain robust components with respect to un-
certainties over the incident wavelength or regarding the geometry of the produced
component, which is sensitive to the lithography and etching manufacturing process
variations.

2. The second one started as the optimization of the so-called “active” components
in which we tried to optimize the shape of heaters which, when activated, allow to
modify the materials properties by raising the temperature (Joule effect) and thus
the behavior of the light inside a nanophotonic component beneath the heaters.
This study allowed us to see that the underlying mathematical analysis was very
rich and could be applied in a much more interesting way to the optimization of
regions supporting different boundary conditions in mechanical devices.

Before moving to the summary of each chapter we would like to point out that an Index
is supplied at the end of the document where the reader will find the definitions of the
physical and mathematical concepts used throughout the text. The first occurrence of
important keywords is also emphasized in bold in the text.
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Chapter I: The physics behind photonics

The first chapter is an introduction to the fields of electromagnetism and nanopho-
tonics, both from a physical and a mathematical point of views. We begin with the
presentation of the amagnetic time-harmonic vector wave equation with no sources

V xV x E —k*2°E =0,

whose form is derived from the Maxwell equations and which describes the physical behav-
ior of the electric vector field E at a given wavelength \. This equation is fundamental
in linear optics since it allows to study the behavior of light as an electromagnetic wave.
The magnetic field H may be recovered from E using the Maxwell-Faraday equation

H=V x E/(iwuo)
where w = 2mc¢/\ with g and ¢ constant physical values.

In the previous equation, n represents the optical index of the materials. By using
materials with different optical indices, it is possible to produce waveguides, that is to
say invariant structures in the z direction that allow for the confinement and propagation
of light without loss; see Fig. A(a). The understanding of these waveguides is a key element
in the study of nanophotonic components since they are the basic bricks connecting them
together. In particular, the study of guided modes is of utter importance since they
describes the state of the light which propagates within the waveguides.

_%

o1 =—0.65+0.16¢

_|_
82($7y)
|- -

a2 =0.53—0.20¢

(a) Propagation of a guided mode (b) A perturbation of the waveguide’s geometry results in
inside a waveguide a modification of the decomposition on the output modes

Figure A: A guided mode injected inside a waveguide propagates without loss. If
the optical indices are no longer invariant in the z direction then the decomposition
of the electric field on the guided modes is modified.

More precisely we can show that any electric field propagating inside a z-invariant waveg-
uide may be decomposed using 2N complex numbers a; under the form:

E(z,y, 2 Zoz] (x,y)e Zﬁj +a_;E_j(x,y)e —ihiz

forward backward

where the guided modes &; are eigenvectors associated with the time-harmonic vector
wave equation when looking for solutions of the form E(z,y,2) = E(x,y)e* with an
unknown propagation constant . The sign in front of the modes number and co-
efficients is used to distinguish forward and backward propagating modes along the z
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direction; see Fig. A(b) for an example of an electric field decomposed over two guided
modes. Other concepts related to guided modes are presented such as the TE and TM
polarizations used extensively by physicists and the orthogonality relations which
allow to express the coefficients a; in the previous decomposition as:

1 * *
aj:i/r(EX%j+ngj) -nds,
where T is the 2d cross section in the (x,y) plane of the waveguide.

A particular attention is devoted to the derivation of the appropriate boundary condi-
tions which must be added to the time-harmonic vector wave equation in order to inject
a particular guided mode inside a waveguide. The conclusion of this short study is the
use of a non-local Dirichlet-to-Neumann condition which imposes the value of 1 to
one coefficient o; associated with a forward mode, while fixing the other ones to 0 except
for the backward propagating modes whose coefficients are left free.

The nanophotonic components of interest in this thesis are then presented as silicon-
based nanometric structures connected to each other through waveguides. Once stim-
ulated by a guided mode of an input waveguide, the component redirects part of the
light into the output waveguides so that the outgoing electric field contained inside each
of them is controlled; the decomposition of E on the guided modes on each waveguide
is the desired one. To characterize the performance of a nanophotonic component we
mainly consider the power carried by a mode &;, defined as |a;|? and introduce the
scattering matrix of a component.

This first chapter also presents the mathematical tools underlying the study of electro-
magnetic fields. In particular, the Sobolev spaces H(curl) and H(div) are presented,
thus allowing to obtain the variational formulation of the time-harmonic vector wave
equation. The natural boundary conditions verified by the electric field at the interfaces
between materials with different optical indices are expressed with the help of the trace
theorems attached to the previous spaces: the tangential components n x E x n of the
electric field is well-defined on such interfaces, as well as the product n?E - n between the
normal component of E and the squared optical index; see Fig. B for an illustration.

kS

(a) Real part of E, (first tan- (b) Real part of Ey (normal (¢) Real part of E, (second
gential component) component) tangential component)

Figure B: Behavior of the electric field at the interface between two materials.

The chapter eventually present the two numerical methods which are extensively used
throughout this thesis to solve the time-harmonic vector wave equation.
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Chapter II: Geometric shape optimization

The second chapter focuses on geometrical shape optimization using the boundary
variation method of Hadamard and the level-set framework. The goal of this chapter is to
explain a way to find a shape  C R? which minimizes or maximizes a shape-dependent
functional 7 (2) using a gradient descent algorithm.

To define the gradient of such functional we will need to study the sensitivity of J(£2)
when a small perturbation is applied on 2. In this thesis we relies on Hadamard’s
boundary variation method which introduces the concept of shape derivative: a
shape ()5 is said to be a small perturbation of another shape €2, if we can transform one
into to the other using a small vector field 8 : R — R¢. Mathematically it reads

QQ = (Id + 0)(91) = {X + O(X),X - Ql}

Qs = (Id+6)(S21)

VL

(a) An initial shape 0y (b) A wvector field 0 (¢) Modification of Qq into
(Id 4 0)(21) = Qo

Figure C: Example of deformation of a shape according to Hadamard’s method.

The sensitivity of J(£2) with respect to the domain € is defined as the derivative of the
mapping 0 — J((Id + 0)(£2)) at @ = 0. Namely, the following Taylor expansion holds:

J((1d +6)()) = T(Q) + T'(2)(8) + 0(6).
shape derivative

Under mild assumptions on the considered shape functional J(£2), it turns out that most
shape derivatives used in practice are of the form

J'(Q)(8) = /89 0 -1V, ds,

where V, : 00 — R is a scalar field depending on the considered problem. In other words
the sensitivity of J(2) with respect to a deformation @ only depends on the normal
component of the vector field 8 on the border of the shape 9€2. With this result in mind
it follows that:

T((1d+0Van) () = T + [ Vol ds + ()

and so the maximization of J can be achieved by calculating iteratively Vi, and performing
the modification of 2 into (Id + §Von)(€2) using a small scalar value 0.

Naturally, the mathematical determination of the scalar field Vg, is not a trivial task. Even
though most shape derivative may be found by means of Céa’s method, we explain that
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this technique must be applied with care if one does not want to end up with a wrong
expression of the derivative J'(€2)(6). This technical point can be understood with the
help of the concepts of Eulerian and Lagrangian derivatives. In a nutshell these two
derivatives are used when dealing with partial differential equations (PDE) constrained
functionals such as the one considered in the next chapters. The potential difficulty with
Céa’s method is that it essentially relies on the existence of the Eulerian derivative while
the latter may not exist if the solution to the considered PDE does not enjoy sufficient
regularity on the border of the shape. Two examples of shape optimization problems
where this lack of smoothness occurs are considered in the Chapters I1I and V.

The second part of this chapter concerns the numerical method used to represent and de-
form shapes. To achieve these goals, we consider the level-set method which represents
a given shape 2 C R? by means of a function ¢ : R? — R such that 9 is given by the
zero level-set of ¢, or more precisely that

Q= {x,¢(x) <0} and 002 = {x, ¢(x) = 0}.

(a) A two-dimensional shape (b) A level-set function representing the shape in (a)

Figure D: A shape together with one of its level-set representations.

This representation has been proved to be useful in shape optimization since finding a
level-set representation of the deformed shape (Id + Von)(Q2) is found as the solution at
t =1 to the following Hamilton-Jacobi equation:

O (x,1) + Va(x)[Vi(x, 1)] = 0,

with the initial condition ¥ (x,0) = ¢(x).

We conclude this chapter with several important details concerning the numerical imple-
mentation of the gradient descent algorithm, such as the velocity extension method,
and we provide a general pseudo-code to implement a shape optimization algorithm using
Hadamard’s method and a level-set framework.

Chapter III: Optimal design of photonic components

This chapter applies the information gathered in the two previous chapters to the opti-
mization of some classical nanophotonic components. At first, a short review of the state
of the art methods in shape and topology optimization of nanophotonic components is
provided, explaining in particular binarization- and density-based methods.




INTRODUCTION

We then present the general optimization problem considered in most of this thesis: we
are interested in the maximization of the power carried by a guided mode (£,7) on a
cross section I'yy of an outgoing waveguide when injecting light as a guided mode in an
other (possibly the same) waveguide. This amounts to maximize the following figure of

merit )

1
j(Q):M/F Eo x H* + Ho x £ ds| |,

where Eq is the solution to the time-harmonic vector wave equation using the Dirichlet-
to-Neumann boundary condition for the injection of the light and considering an optical
index ng which depends on the shape and the underlying repartition of the materials
within the design domain. Recall that the magnetic field Hg, is derived from Egq via the
Maxwell-Faraday equation.

We then move on to the calculation of the shape derivative associated with J(£2) and we
describe how the resulting formula may be adapted to obtain planar components, that
is to say shapes that are invariant in the y-direction, which is a prerequisite for being
able to produce the nanophotonic component through an etching process. As explained
in the first chapter the electric field is not fully continuous at the interface between two
materials. This notably means that E lacks regularity on 02 resulting in the non-existence
of the Eulerian derivative associated with E and therefore that we have to be careful in
the application of the formal method of Céa or during the rigorous proof of the shape
derivative.

This lack of continuity of the normal component of E also raises difficulties when com-
puting the shape derivative numerically. To alleviate this issue we propose an index
smoothing method where we replace the exact optical index with a smoothed coun-
terpart obtained by convolution of ng with a small gaussian, leading to a smooth optical
index and thus to a fully-continuous electric field on 0€2. This approximation is proved
to be consistent, simplifies the simulation of the electric field using the Finite Element
Method as it allows to have a constant mesh during the optimization process and justi-
fies the possibility of evaluating E on 02 as required by J'(2) using a Finite Difference
Method which is only defined on a Cartesian grid that does not coincide with 9€) .

1.5 1.8 L5 1

— g
g 3
N s,
=

-1 1
-1.8 1.5 1
15 -1.8 1.8 -1.5 1.5
x (jim) x (um) x (pm)

(a) A ninety degrees bend  (b) A power divider split-  (c) A mode converter where the

which redirects the propagation  ting equally the input  input guided mode is converted

direction of the light power in the two top  into an other mode in the top
output wavequides output wavegquide

Figure E: A collection of nanophotonic devices optimized in Chapter I1I.

The chapter continues with the presentation of many numerical results of our shape opti-
mized nanophotonic devices. Some designs resulting from this study are shown in Fig. E.




INTRODUCTION

The last section of this chapter finally presents an application of these methods to the
optimization of multi-level devices and the application of this new methodology to
obtain efficient polarization rotators. The idea here is to partially release the constraint
that the optimized devices must be y-invariant and to authorize the shape to be composed
of several layers stacked on top of each other.

This introduce a new constraint: for mechanical stability, each layer — represented by a
two dimensional shape Qz for ¢ from 1 to n, — must be located entirely above the lower
layers, meaning that the shapes must verify Qi C...C Qne. To find shapes which respect
this constraint we propose a projection-based algorithm and we discuss its limitations.
We end up with a short explanation about another method to enforce this constraint
which is not yet numerically implemented but which should, in theory, solve the problems
encountered using the projection method.

0.15_—

Figure F: A two-level polarization rotator converting an input guided mode with a
TE polarization mode into a TM polarized one.

Chapter I'V: Multi-objective problems and robustness to environ-
mental uncertainties

In this chapter we present the numerical method developed during this thesis to find
shapes which are robust to environmental uncertainties.

We first discuss the treatment of multi-objective shape optimization problems in which
the goal is to simultaneously optimize several objectives functions J;(€2) and for which it
is desirable that each of the [J; perform equally well. Mathematically it means that we
are interested in solving problems of the form:

max, min, Ji().
Such problems are not easy to handle since it involves a min operator which is not differ-
entiable. Moreover, numerically, when it can be computed, the gradient of the minimum
will be equal to that of one of the J; resulting in numerical oscillations since maximizing
only one objective may degrade the values of the other ones. To deal with this problem,
we then suggest to replace the gradient descent algorithm with a gradient sampling
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one. This method cleverly considers all the “shape gradients” vector fields 6; that indi-
vidually maximize each J;(€2) and searches for a compromise vector field € as a convex
combination (a “sampling”) of the 6, which maximizes the minimum of the first-order
Taylor expansion of all the 7;(€2). In other words we search for the solution of

max  min_J;(Q) + J/(Q)(0).

QGCOHV({OZ'}Z‘) ’izl,...,N

Finding such a vector field is actually fairly simple since it boils down to the resolution
of a linear program. Using this method it is possible to consider the optimization of
components such as diplexers, that is components which redirects the light into one of two
output waveguides depending on the wavelength of the incident electric field; see Fig. G
for an illustration.

(a) Simulation at A = 1.55 pm (b) Simulation at A = 1.31 pm

Figure G: A nanophotonic diplexer in which the light is redirected to one of the two
output waveguides depending on the wavelength of the incident guided mode.

The application of the gradient sampling algorithm to address worst-case optimization
problems is then straightforward. Indeed, if the performances of a component are affected
by an uncertain environmental parameter ¢ which could vary in the interval [0in, Omax]
then we are interested in obtaining a component which retains good performances regard-
less of the value taken by ¢ in this interval. To obtain such devices, we could consider the
following optimization problem in which we want to maximize the worst-case scenario:

max 66[5fnr3:%max] J5(£2).
In this formula, J5(2) is defined as the value of the objective function using the shape
when the uncertain parameter is equal to 0. Sampling the interval [Omin, dmax| at a finite
number of values this program drops down to a multi-objective problem such as those
solved by the same gradient sampling algorithm. A direct application of this method
is the design of components which are robust with respect to a small change of the
wavelength induced for example by a lack of precision in the laser used to inject light.

We then move on to another type of uncertainties, this time caused by the lithography
and etching manufacturing process used to produce nanophotonic components. After
a presentation and a mathematical modeling of the main steps of this manufacturing
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process, we propose a way to cope with the potential sources of uncertainties plaguing the
proper production of the devices. We show in particular that it amounts to obtain a shape
2 which retains good performances even after an erosion or a dilation, namely that the
border 0f2 of the shape is perturbed into (Id + dn)(9€2) with § a small scalar value. Since
this random transformation of the shape involves the normal vector n which depends on
the shape, a mathematical and numerical study is made to deal with the shape derivative
of the altered figure of merit Jyeformea(2) = J((Id + 6n)(2)). A variety of components
are then optimized to obtain robust versions against the uncertainties inherent to the
manufacturing processes. An example of such component is shown in Fig. H.

)

i L—_ 32 ) 1 %

| . . | N
- - ©
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20 0 20
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Figure H: A non robust (left) and a robust (right) power divider together with the
real part of E, propagating inside them. The performances of the components when
a small dilation or erosion is applied on the shape is shown in the red and blue
curves.

Chapter V: Boundary shape optimization

This last chapter is devoted to the application of geometrical shape optimization methods
to the determination of the optimal repartition of regions supporting different boundary
conditions in a partial differential equation. Considering at first the toy case consisting
in a Laplacian PDE:

—Aug = 0 in €
Qug — ( on T
oo
on = g on N
ug = 0 on I'p

we are interested in the shape optimization of the surface I'y and I'p representing the
areas where respectively inhomogeneous Neumann and homogeneous Dirichlet
boundary conditions are applied, the rest of the boundaries I' bearing natural homoge-
neous Neumann conditions. The shape optimization of the interface between I' and I'p,
named Y p, happens to be more tricky than the case of the I' — 'y interface ¥ y. Indeed,
as exemplified in Fig. I(c) the values of the solution ug on ¥Xp appear to be (weakly)
singular. Precisely, in two dimensions, if 2 is locally flat around a point x € ¥p then
using a local frame of polar coordinates (r,v) centered at x we can express ug as

UQ(7r, V) = Uyeg + cre cos(v/2),

where e, is an element in H%(Q) while the second term appear to be weakly singular
in the sense that it only belongs to H*(Q2) for 0 < s < 3/2. As for the electric field,
this lack of regularity at the interface of the optimized region implies that the Eulerian
derivative of the considered PDE is not defined and therefore that a careful analysis must
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o )
/

(a) Boundary conditions (b) Simulation of ug (¢) Plot of |Vugql|?

Figure I: Simulation of —Aug = 1 using an arbitrary geometry and different bound-
ary conditions; dyug = 0 on I', dyuqg = 1 on I'y and ug = 0 on I'p. We clearly
see in (c) that there is less regularity near the interfaces between the homogeneous
Neumann boundary I' and the homogeneous Dirichlet boundary I'p than between
I' and the inhomogeneous Neumann boundary I'y.

be made in order to recover the correct shape derivative. In an even more surprising way,
the incorrect application of Céa’s method despite this lack of regularity yields a shape
derivative equal to zero.

After some reminders concerning the Sobolev spaces adapted to the study of the solutions
of the previous PDE in our context, we derive the correct shape derivatives corresponding
to the optimization of Xy and ¥p. Interestingly, in the case of ¥p, the associated
shape derivative only uses information coming from the singular part of ug. From a
numerical point of view however, this result is problematic since an accurate computation
of the singular behavior of the solution is not easy to implement. We then propose a
regularization procedure which replaces the boundary conditions on I' and I'p by one
of the form 3
% + haUQ,e =0on I['U FD,

with h. a function chosen in such a way that a smooth transition between the Dirichlet
and Neumann boundary condition is made.

Figure J: Two optimized elastic bridges under their deformed configuration when a
load is applied at the center of the bridge’s deck. The red lines represents the fixed
parts of the structures where a Dirichlet boundary condition is applied while the
blue lines correspond to homogeneous Neumann boundary conditions.

The consistency of this approach is proved by showing that the approximate PDE solu-
tion uq . using the regularization procedure is close to the exact solution uq. It reads

||UQ75 — UQHHl(Q) E} 0.
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Moreover, since ugq . is more regular than ug, we show that, for a large class of objective
functions J(€2) depending on ug, the shape derivative associated with the approximate
objective function J-(€2) using uq . instead of ug may be calculated using Céa’s method
and is easier to compute numerically.

This chapter ends with applications of the regularization framework in the context of
linear elasticity where Dirichlet boundary conditions account for the fixed part of a
mechanical structure while the homogeneous Neumann boundary condition corresponds
to the traction-free regions. An example of optimization result in the case of a bridge is
given in Fig. J.
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Chapter

The physics behind photonics

Summary — This first chapter gives a short presentation of nanophotonics and the
devices of interest, as well as the physical equations governing light propagation inside
them. We decided to give both a formal (Section I.1) and rigorous (Section .4) description
of the studied physics in order to point out where mathematical precision is really needed
for our purpose.

In Section [.2 we define the so-called waveguide “modes” that underlie the study of
nanophotonic devices and present their main properties. Two orthogonality relations
for the waveguide modes are introduced and an emphasis is made on the link between
these formulas and the power carried by a waveguide. The polarization of a mode is also
defined by means of the two dimensional Maxwell equations.

Section 1.3 then presents the full PDE allowing the study of nanophotonic devices (a par-
ticular attention is devoted to the boundary condition allowing the injection of a waveg-
uide mode into the component) studied in the next chapters along with the mathematical
formulations of the figure of merits that physicists seek to optimize.

The last section [.5 concludes this chapter by presenting the main numerical simulation
methods used throughout this thesis to simulate the considered physics, that is the Finite
Element Method (FEM) and the Finite Difference Time Domain (FDTD) method.

Most of the information presented in the following sections can be found in reference
books such as [Jinl4, Chapter 1] and [Orf02, Chapter 1] or [Mon03, Chapter 1, 3] for the
mathematical aspects. We also highly suggest Manfred Hammer’s lectures [Ham17] and
the recent book of Westerveld & Urbach [Wes17] for a presentation specifically focused on
photonics, as well as the book of Snyder & Love [Sny83] for a more exhaustive presentation
of waveguides-related informations.

I.1 Waves as an electromagnetic field and the
Maxwell equations

I.1.1 Time dependent Maxwell equations

At the length scales of interest in this thesis, light behaves as an electromagnetic wave and
is fully described by the electric E(x,t) (in V/m) and magnetic H(x,t) (in A/m) fields.
Even if the considered nanophotonic devices can reach sizes as small as ten nanometers,
quantum effects, which are only at play when a corpuscular description of light is adopted
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(as photons) have not been observed experimentally in this particular context and allows
us to ignore them.

I.1.1.a General Maxwell equations

The theory of Maxwell’s equations links the evolution of both E : R* x R — R? and
H : R3 x R — R? using a set of 4 coupled partial differential equations. In general this
system of equations reads:

VxE=-0B Mazwell-Faraday (I.1.1)
VxH=0D-+1J Maxwell-Ampére (I1.1.2)
V-D=p Mazwell-Gauss (I.1.3)
V-B=0 Mazwell-Thomson (I.1.4)

where p is the electric charge density and B, D,J are additional functions connected to
the electromagnetic fields through constitutive equations. In the case of simple linear
medium, which will always be the case in this thesis, these relations are simply

B=puH, D=eE and J=0E (I.1.5)

with p the magnetic permeability, € the dielectric permittivity and o the conductivity.
In general, the last three physical quantities are 3 x 3 symmetric positive definite matrices
which may depend on the spatial position (when different materials are involved) and on
time (memory effects).

I[.1.1.b Simplifications in the nanophotonic context

In the context of nanophotonics we will mainly have to deal with amagnetic, dielectric and
isotropic materials, meaning respectively that g = pols (where pg is the permeability of
free space equal to 471077 Tm/A), o = p = 0 and € = €3 with € > 0. The permittivity
is more frequently given by the optical index n of the material with n? = /gy and
g0 ~ 8.85 x 1072 F/m the vacuum permittivity.

With these simplifications, a classical operation consists in injecting Eq. (I.1.2) into the
curl of Eq. (I.1.1) in order to obtain the following equation involving only the electric field

VxVxE=—-c?n?0;E (I.1.6)

and where we also used the relation ¢2 = pgo with ¢ ~ 3 x 10® m/s the speed of light

in vacuum. The same type of equation is found for the magnetic field as
Vxn?VxH=-c?0;H (L.1.7)
but will prove less convenient afterwards. It is important to note that, in addition

to Eqs. (1.1.6) and (1.1.7), the vector fields E and H must also verify the conditions
given by Eqs. (I.1.3) and (1.1.4), that is to say V- (n’E) = V-H = 0.
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I.1.2 Time harmonic vector wave equation

Due to the linearity of Eq. (1.1.6), it is possible to study the frequency response of the
electric field at a given frequency f (thereafter we will prefer to use the wavelength
A = ¢/f in m) by using the Fourier transform. To do this, we consider a time-harmonic
regime with

E(x,t) = Re [E(x) exp(—iwt)] (I.1.8)
where w = 2mc/) is the pulsation and E : R®* — C3. Note here that we use the same
notation for both time-dependent (E(x,t) € R*) and time-harmonic (E(x) € C?) fields.

This should not be a problem afterwards since we will only rely on the second one.
Injecting Eq. (1.1.8) in Eq. (I.1.6) we find that E(x) is solution to

VxVXE-kEn’E=0 (1.1.9)

where k = w/c is the wavenumber. Note that if ;1 were not constant we would have to

solve
V x 'V x E—w?E = 0. (1.1.10)

Respectively, we find that H is solution to
Vxn iV xH-kEFH=0 (L.1.11)

where an equivalent decomposition to Fq. (1.1.8) for H is considered. From Eqs. (I.1.1)
and (I.1.2) we also have the relations

V xE=iwpH and V xH = —iweE. (I1.1.12)

Equation (1.1.9) is most often refered as the time-harmonic vector wave equation
in the literature and will be the basis for all our nanophotonics computations. Contrary
to Eq. (1.1.6), a vector field satisfying Eq. (1.1.9) automatically verifies the divergence
condition since applying the divergence operator to this equation leads to V - (n’E) = 0
(reminding that of V- Vx = 0).

Remark 1.1.2.1: This observation explains why we prefer using Eq. (1.1.9) rather
than the vectorial Helmholtz equation AE + k*n*E (which is more commonly found
in physical textbooks) obtained using the identity V x V x E = VV - E — AE since
a solution of the vectorial Helmholtz equation time the squared optical index does not
necessarily verify the divergence-free condition.

I.1.3 Boundary conditions

I.1.3.a Limit at infinity

A large part of the phenomena studied in photonics involves the analysis of the scattered
field E*¢ induced by the excitation of a device subject to an incident field E®¢. In this
case the total field E is decomposed as

E = E + E™. (1.1.13)

While E®¢ is known, the scattered field is obtained through FEq. (1.1.9) and should be an
outgoing, exponentially decreasing wave at infinity. To ensure that this is verified, the
Maxwell equations must be complemented with the Silver-Miiller radiation condition.
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Supposing that at infinity the medium is, in all direction, homogeneous (for instance air),
then Silver-Miiller condition is given by (see [Mon03, Section 1.4.3] or [Néd01, Section
5.2])

hm\ﬂ<vXIFw<f~—ME§>:o. (1.1.14)
X — 00 |X|

I.1.3.b Natural conditions at interfaces

Let us consider the situation depicted in Fig. [.1.1 for which we are going to look at the
variations of the electromagnetic fields inside a domain D C R? and more precisely near
the interface between two dielectric and amagnetic domains Q and D\Q of respective
optical indices n; and ns.

D\Q n
D\Qa

Figure I.1.1: Interface between two domain © and D\Q with different optical indices.

To study the precise behavior of the electric field at the interface we look at the restrictions
of E in both domain, namely we define E; = Ep g and E; = Eg. We will also need to use
the normal vector exterior to Q which is referred for any point x € 9Q as ng € S%.. With
this definition the normal component of any vector field E is defined as E; = E - ng
and the tangential part as Ej = E — (E - ng)ng = ng x E X ng.

At the interfaces between two dielectric and amagnetic materials it can be derived that
E and H must verify the following conditions (these conditions emerges naturally from
the variational equations as we will see in Section [.4.1):

ng x E; =ng xEy, 7°E; -ng=n5E;-ng and H; = Hy, (I.1.15)

meaning that the electric field only has its tangential components continuous on interfaces
whereas H is fully continuous. In the same way, using Fq. (1.1.12), we find that

ngo an_QVXHl = Ng X’I’L2_2V XHQ,

VxH  ng=VxHy, ng and VxE; =V xE,, (I.1.16)

which this time gives the continuity of the electric field’s curl. It is important to keep these
continuity relations in mind when we will deal with interface motion in Chapter [1I
because some quantities, for instance E - nq, are not well-defined on the interface between
different materials.

I.1.3.c Interface with perfect conductors

In the case of an interface between a dielectric medium and a perfectly conducting one,
such as a metal, the boundary condition Eq. (I.1.15) is simplified into:

nxE=0 (1.1.17)
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since no electric field may exist inside the metal. Equation (I.1.17) is the same as a
Dirichlet boundary condition on the tangential component of the electric field and is
usually known as the perfect electric conductor (PEC) boundary condition. Let
us also point out here that a similar relation exists at the interface between a dielectric
medium and a perfect magnetic conductor (PMC):

nxVxE=0, (1.1.18)

where Eq. (I.1.18) acts as a Neumann boundary condition on E and is most often only
used to impose symmetries into electromagnetic domains (see Remark 1.4.3.3).

I.1.4 Two-dimensional approximation

We conclude this section by presenting the case of the two-dimensional Maxwell equations,
which are used when propagation of the electromagnetic fields along one direction (say
the y-axis) may be ignored due to invariances of the material properties, meaning that
the derivative along this direction of any physical quantity is equal to zero

First of all, from Fqs. (1.1.9), (I.1.11) and (I.1.12) a direct calculation shows that
— £y By~ Kn’E, =0 and  —V,.- (n?V,.H,) - k*n’H, =0 (1.1.19)

where the subscripts x,z indicates that only the partial derivatives with respect to x
and z are considered in the operators. Equation (I.1.19) are usual scalar Helmholtz
equations, which, once solved, give E,, H, and subsequently all the other components
using Eq. (1.1.12):

H, = —-0.E,/(iwp), H, = 0,E,/(iwp), E, = 0.H,/(iwe), and E, = —0,H, / (iwe).

These equations notably imply that both triplets (E,, H,,E,) and (H,, E,,H,) may be
found independently. This independence leads to defining two “polarizations” of the
light; the components (E,, H,, E,) are said to be in the Transverse Electric (TE)
polarization (only the electric field in the transverse plane (z, z) are considered) whereas
(H,,E,, H,) belongs to the Transverse Magnetic (TM) polarization.

1.2 Waveguides modes and power

Propagation modes describe the fundamental structure of electromagnetic waves prop-
agating in an infinite waveguide. As such, they play a central role in the boundary
conditions accounting for injection of light at the entrance ports of nanophotonic devices
(see Section [.3 later), as well as in the expression of the figure of merits considered for
their optimization. A typical nanophotonic waveguide is depicted in Fig. [.2.1 and is
usually divided into three main parts:

e A core (in red) containing a material with a high-value optical index n = ncore
allowing a good confinement of the light inside it. In practice this core is made of
silicon (Si), germanium (Ge) or an alloy of both leading to nepe > 3.

e A substrate layer (in blue) with a lower optical index n = ngus. In this thesis we
will only consider silica (SiOs) layers with ngps ~ 1.4 at wavelength in the near- or
mid-infrared (i.e. A from about 1pm to 10 pm).
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e A cladding (in gray) covering the rest of the core with index n = ng,q. Most of the
time this cladding will simply be air (nqa.q = 1); in the case of a different material
the waveguide is said to be encapsulated.

y
2ol ox

(a) A photonic waveguide (b) Two-dimensional view

Figure 1.2.1: Schematic representation of a photonic waveguide.

I.2.1 Modes in a waveguide, polarization

In this section we suppose that the waveguide is oriented (and thus propagates light) in
the z direction meaning that the optical index inside the waveguide does not depend on
z, that is n(z,y,2) = n(z,y). Using some kind of separation of variables we search for
electromagnetic fields E, H which are equal to the product of a vector-valued function
depending only on z,y (which is known as the field’s profile) and a harmonic function on
the z direction, meaning that

E(z,y,2) = E(z,9)e” and H(zx,y,2) = H(z,y)e’,

where [ € R is called the propagation constant. Thereafter it will be useful to distin-
guish between the component of E, H in the propagation direction E; = E - Z and the
other ones E| = 2z x E x Z which are perpendicular to it. Using these notations:

E = (E|(z,y) + EL(z,9)2)e"” and H = (H(z,y) + H(7,y)2)e". (I1.2.1)

I.2.1.a Eigenvalue problem

We are now searching for particular solutions of the time-harmonic vector wave equa-
tion (1.1.9) of the form given by Eq. (I.2.1). After some calculus we find that the com-
ponents Ej(z,y) and E| (z,y) of the electric field are solution of the following 2D system
on R? (no z component is present)

{VﬁﬁﬂXﬂ—MVEJH@_HMEH:O (1.2.2)

—ATEL - ZﬁvT . E” - k2n2EL = 0’

where V, = (9,,0,,0)". With the change of variables E” = BE| and [, = iE, this
equation rewrites (assuming 3 # 0) into the following system involving only /32

{ V. x V. x By = 2V, E, + (8 - BB = 0 (1.2.3)

~AE VB - PEL = 0
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A solution (3, E) to this (generalized) eigenvalue problem is said to be a propagation
mode associated to the waveguide. Note that we now use a calligraphic £ as a means to
indicate that this electric field belongs to a propagation mode and distinguish it from the
electromagnetic field E solution of the time-harmonic vector wave equation (1.1.9). We
also define the effective index of the mode as

Ner = B/k. (1.2.4)

This denomination is easily understood by looking at the behavior of a plane progressive
wave. In a homogeneous medium with optical index n, there exist particular solutions
of the time-harmonic vector-wave equation known as the progressive plane waves with
electric fields of the form Ege?** where Eq is a vector and k the wavenumber. By com-
parison with Eq. ([.2.1) we see that the waveguide mode is oscillating in the z direction
at the same speed than a progressive plane wave in an “effective” homogeneous material
of optical index neg as defined in Eq. (1.2.4).
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Figure 1.2.2: Some guided mode inside two different waveguides with a silicon core
of size 400 x 306 nm and 1000 x 306 nm, placed on a silica layer and surrounded by
air at wavelength \ = 1.55 pm.

Remark 1.2.1.1: Many other formulations similar to Eq. (1.2.2) allow to obtain the
same propagation modes. Here we consider a formulation involving the 3 components
of the electric field but it is also possible to use only the components (E,,H,) [Ham17,
Part E] or the tangential parts (E,, E,, H,, H,) [Wesl7, Section 2.3]. As for Eq. (1.2.2),
it is notably employed in the paper [Lee91].

1.2.1.b Polarization and denominations

Depending on both the value of § and the structure of £, many types of modes exist as
solution to Eq. (1.2.2) with different mathematical nature and physical properties.
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In this thesis we are mainly interested in the case of guided modes, meaning that
belongs to R with

kmax(nclada nsubs) < |5| < k:ncore-

These eigenvalues exist in finite number and we will make a distinction between forward
propagating (8 > 0) and backward propagating (3 < 0) modes. Moreover, for each
guided mode (3, €, ) there exist a mode (3, €, H) propagating in the opposite direction
with

B=-B, E=E -2 and H=-H +H.2 (1.2.5)

This is proved by injecting Eq. (1.2.5) into Eq. (1.2.2).

In addition to its direction of propagation, we also define the polarization of a guided mode
using the same nomenclature as the one presented in Section [.1.4. More precisely if most
of the mode’s energy (see Section [.2.3 and Eq. (1.2.11)) comes from the (E,, H,, E.) (resp.
(H,,E,,H,)) components the mode is said to be in the TE (resp. TM) polarization or
more properly quasi-TE (resp. quasi-TM). The difference between TE and TM is visible
on Figs. [.2.2(a) and [.2.2(b).

Concerning the non-guided modes the reader is referred to [Wesl7, Section 2.3.6]
or [Goul0]. In the first reference we find that these other modes must verify either
f € iR or |B] < kmax(nclad, Nsubs), constitute a continuum of eigenvalues and are part of
the essential spectrum of the operator associated to Eq. (1.2.2). In the aftermath, these
particular modes will be gathered under the name of radiative mode and we will assume
most of the time that they can be ignored since they are not physically realistic (and so
not observed in practice).

I[.2.2 Decomposition of the electric field

1.2.2.a Decomposition

In Section [.2.1 we defined the propagation modes of a waveguide as the eigenvectors asso-
ciated to the operator of Eq. (1.2.2). A difficult result from spectral analysis (see [Goul0,
Appendix A] for this result in the case of the scalar Helmholtz equation) allows to de-
compose any field solution of the time-harmonic vector wave equation in a waveguide
as:

N
E = Z Oéigi + Oé_ig_i + grady (126)

=1

N
H = Z aH; +aiH_; + Hraa (1.2.7)

=1

where N is the number of forward propagating guided modes, (&;,H,;) (resp. (E_;,H_;))
are the forward (resp. backward) modes and the vector fields (€., Hraa) gather all the
radiative modes (see Remark [.2.2.1). In other words the modes constitute a complete
basis for the set of all the electromagnetic fields solution to the time-harmonic vector wave
equation in a section of a waveguide. In the case of N = 1 the waveguide is said to be
single-mode.
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Remark 1.2.2.1: Let us quickly comment about the structure of the radiative modes
(see notably [Wes17, Section 2.3.6]). In general we can decompose &E,,q as

kn d d 100
S| LasErtdsy [ agoErds
where the presence of a continuum of real eigenvalues comes from the fact that the
operator is unbounded (note that for closed waveguides these modes does not exists)
and are sometime referred as radiation modes while the complex eigenvalues are inher-
ent to the fact that the operator is not self-adjoint and are called evanescent modes.
These radiative modes are part of the essential spectrum of the operator and are not
physically relevant (radiation modes do not have finite energy while the evanescent
ones are absorbed quickly after propagation in the waveguide).

I[.2.2.b Orthogonality relations

In order to determine the coefficients «; in Eq. (1.2.6) one crucial observation is that there
exists an orthogonality relation between the propagation modes. For two propagating
modes (&;,H;), (E;, H;) with |i| # |j| we have the relation (see the reciprocity theorem
and its demonstration for guided modes in [Sny83, Section 31-3])

/FOO & xH;] 2ds =0 (1.2.8)

where 7 is the unit vector of the propagation direction (here the z axis) and I'y, an infinite
section of the waveguide, in our context I'n, = {(z,¥,0), (z,y) € R?}. To distinguish

between forward and backward modes (j = —i) we need to consider a slightly different
orthogonality condition valid for any i # j:
/Fw & x H; +H, x €] -ads =0 (1.2.9)

Remark 1.2.2.2: These orthogonality relations are only true for non-absorbing waveg-
uide modes (i.e. optical indices for the core, substrate and cladding are real-valued).
An equivalent relationship may be found for absorbing ones by dropping the conjugate
on H; in Eq. (1.2.8).

From these orthogonality relations we easily deduce that the coefficients «; for |i| € [1, N]
are given by
/ Ex M+ HxE-2ds
T : (1.2.10)
2| Rel& xH]] zds

I

For the rest of this manuscript we will impose the modes to have the following normal-
ization (which corresponds to a unit power of 1 W as will be seen in Section [.2.3)

1 1
S [ Rel&xH-2ds== / Re [€,.H], — €M, ds = sign(i) (1.2.11)
2 Foo 2 o ’ Y ! )

where sign(i) equals 1 for ¢ > 0 and —1 for i < 0. Using Eqs. (1.2.10) and (1.2.11) the

coefficients a; are given by

i = Slgff@ [ ExH +Hx ] 2ds (1.2.12)

9/182




10/182

CHAPTER I. THE PHYSICS BEHIND PHOTONICS

which is known as the overlap integral between the electromagnetic field and the i-th
mode.

I.2.3 Power carried by a mode
Physically the local (volumic) density of electromagnetic energy is defined by
Wem = g|E|2 + %|H|2. (1.2.13)

The power associated with this energy in a volume V C R3 is then, by definition,
Py = [, Oiwen dx. Introducing the Poynting vector II = E x H, a direct calculation
using the Maxwell equations shows that for dielectric medium O;wen, = —V - IT and thus

PV:—/V-de:— II - nds. (1.2.14)
1% ov

Averaging this quantity over one period of time (between any t and ¢ + 27 /w) leads to

(PV>:—/8V<H>-nds:— »

We then define the electromagnetic power (also known as the intensity) in Watt
crossing a surface I' in R? as

1
§Re [E x H*] - nds.

|
Pr =3 / Re[E x H] - n ds. (1.2.15)
I

Remark 1.2.3.1: In the two-dimensional situation of Section [.1.4, depending on the
polarization, this equation may be simplified into either

oD TE 1 1 . opT™ L 1 %
Pr. = §/FRe {MﬁzHyHy] ds or Pr = i/l“Re mEyazEy ds.

Injecting the decomposition of Fq. (I.2.6) (again, we ignore the radiative modes) in-
side Eq. (1.2.15) with the orthogonality conditions (I.2.8) and (1.2.9) and the unit nor-
malization (1.2.11) as well as the fact that Re [a] = 1/2(a + a*) we find that:

N N *
(Z Oéigi + CY_ig_i) X (Z ozﬂ-[i + Of_iq't_i> ] -nds
=1 =1

ol 2 o 2
= leil” =Y ol (1.2.16)
i=1 =1

meaning that the part of power carried by the forward mode &; (also known as
the transmission) is given by |o;|* with o; defined in Eq. (1.2.12). Physicists are also
commonly using quantities in decibel, that is the value Pgg = 10log,,(P) dB. The power
carried by a mode in decibel is in turn defined as 20 log;(|c]).

1
77r—§/FRe

1.3 Nanophotonic components

I.3.1 General presentation

I.3.1.a Introduction

The nanophotonic devices of interest in this thesis pertain to the field of silicon pho-
tonics, which features photonic integrated circuits composed of a base wafer (that is to
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say a thin slice of semiconductor as in Fig. [.3.1(a)), on which components are patterned
by means of CMOS compatible microfabrication techniques (see Section 1V.3.1 for more
details on the manufacturing process). Silicon On Insulator (SOI) base wafers have re-
cently aroused a tremendous enthusiasm among the integrated optics community for their
relatively simple and cheap production, and for their high efficiency in terms of energy
confinement.

&

%

(a) Full wafer (200mm diameter) (b) Zoom on two circuits (c) A single component

Figure 1.3.1: Successive magnifications of an engraved wafer.

Accordingly, the devices considered in the next chapters feature a core (remember that
this denomination and the following ones were introduced in the preamble of Section 1.2)
which is made of either silicon (Si) or silicon-germanium (SiGe) whereas the substrate is
typically composed of silica (SiOs) or silicon-nitride (SiN). Moreover, in order to increase
the contrast between optical indices, and thus the light guiding characteristics, the silicon
pattern is surrounded by a cladding of air.

Multiple devices can then be tailored into the core material to accomplish specific tasks
such as guiding an incident wave with negligible loss, splitting it into several output
ports, converting a mode from an incoming waveguide into another mode of an outgoing
waveguide, etc. These components constitute the unitary parts that, once chained and
connected by means of waveguides, allow to build complex photonic integrated circuits
(PICs) used, for instance, in fiber optic communications, microscopy, biosensing and even
in the prospective research about photonic computing.

The peculiar, targeted properties of these nanophotonic devices are achieved by acting on
the geometry of the repartition of core and cladding materials within a given design space
Doyt (see Fig. 1.3.1(c) and the following). The repartition of core material is characterized
by the subset {2 C D, and is typically composed of several simple geometric shapes
with characteristic sizes varying from a few dozen to several hundreds of micrometers.
Recent developments in the lithography-etching processes now even allow the inclusion of
arbitrary patterns with sizes of about ten nanometers.

I.3.1.b Physical description

Let us now make more precise the geometrical domain’s notations used for the full sim-
ulations of nanophotonic components. The ambient space is decomposed in several sub-
domains, with different optical indices defined as follows (and illustrated in Fig. 1.3.2)

e The box D = [—w,, w,] X [—wy, w,] X [—w,,w,] C R? is the total computational
domain, accounting for the whole three-dimensional space - at least the region where
it is relevant to consider the electromagnetic fields surrounding the device.
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e D,y C D is the fixed design domain; it is typically a box with small thickness h
in the y direction, containing all possible shapes 2. The optical index inside this
domain is denoted by ng since it will depend on the repartition of both the core (£2)
and cladding (Dop:\Q) materials.

e Dy, C D is the region occupied by the input and output waveguides.
® Dgps C D is the layer supporting D, occupied by the substrate.

e Dpy, C D is a “Perfectly Matched Layer”, a region of D filled with absorbing
material aimed at imposing the correct behavior of the electromagnetic fields at
infinity. It is generally shaped as a layer around Dgp; see Section 1.3.3.

e [, C 0D isaregion of the boundary of D accounting for the entrance of a waveguide
into the device (this area is also called a port); see Section 1.3.2.

e [« C OD is an internal surface in 9D used for the computation of the optimization
objective; see Section [.3.4.

Dopt (nq)
Dwg (ncore)
Dgubs (Msubs)

Delad (Melad)

DpML (subs)
] Ppuie (netaa)

Figure 1.3.2: Different subdomains associated to a nanophotonic component and
their optical indices.

I[.3.1.c Components as multi-ports

The behavior of a nanophotonic component is fully described by its scattering matrix.
This type of representation exploits the linearity of Maxwell’s equations, gathering all the
required information to find, in a single product, the outgoing electromagnetic field inside
each waveguide from the datum of the incoming electric field.

0 1 0
- - -
e e e
S11 San Si2 Sa.2 Si3 S2.3
D B D
-~ 0 -~ 0 -~ 0
1 0 0 0 0 1
- - -
e e e
(a) Injection from left (b) Injection from top-right (c) Injection from bottom-right

Figure 1.3.3: A multi-port nanophotonic component and its scattering parameters.

12/182



CHAPTER I. THE PHYSICS BEHIND PHOTONICS

To define this matrix we first need to introduce the S-parameters featured in Fig. 1.3.3.
An S-parameter S;; is defined using two indices i, j referring respectively to an ingoing
and outgoing modes of two waveguides (possibly the same).

To better understand, consider a 2-port component where both waveguides are single-
mode (meaning that only one forward/backward guided mode exists) but with different
sizes. When injecting the fundamental mode " into the left guide, the output electric
field on the right waveguide is given by Eq. (1.2.6) as E = oi8ht grisht (no forward mode

and we ignore the radiative ones) whereas on the left waveguide it is E = EJt 4 q!eftgleft,

Each coefficients ozr_iglht,ozlfff are given by the relation (1.2.12) and we will denote them
respectively by S;; and S;;. In the same way we can inject the fundamental mode of
the right waveguide and look at the same coefficients ;. In this case a"&" (resp. o’°ll) is
referred as Sao (resp. Si2). The output power transported by each modes when injecting

any combination of the forward modes (I™®t&f and [MshtEIEM) jg then easily obtained

performing
left left
a_y Si1 S I
‘ — ; ; . ) [.3.1
For general components, |S; ;|? is equal to the power transported by the backward mode

number j when injecting the forward mode number i (note that the numbering is arbitrary
and does not necessarily match the index of the modes).

5171 c. Sl N

)

SNJ c. SN,N

Note also that since there must be no energy generation by the component we have for
all i

N
SISl < 1. (1.3.3)
j=1

Moreover if we consider a lossless component (for all input vector x the output power
1Sx]|3 is equal to the input power ||x||3) then its associated scattering matrix should be
unitary (that is SS*" = Iy where Iy is the identity matrix of size N).

Remark 1.3.1.1:  Most of the time we will only have to consider a submatrix
of Eq. (1.3.2), the full scattering matrix being especially useful when looking at the
global behavior of a circuit. Indeed, to evaluate the performance of a sequence of com-
ponents, as some electric field may partly be converted into irrelevant output guided
modes by each individual component, it is important to know how these wrong modes
will be converted in each component to obtain the correct final output value of the
whole circuit.

1.3.2 PDE with Dirichlet-to-Neumann boundary condition

In this subsection we deal with the derivation of a boundary condition which accounts for
the injection of a wave inside the computational domain D from the border I';, C D where
a waveguide is located. Generally speaking we are looking at the effect of an incoming
incident wave Ej,. into the physical domain D (where a component € is located). This
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excitation will result in the emergence of a reflected field E,¢ in such a way that the total
electric field is then defined as
E=E, .+ E.. (1.3.4)

Many boundary conditions accounting for this effect are given in the literature and we
propose here to give a short review of the most significant ones with an emphasis on their
conditions of validity (with respect to the physical context). This subsection is limited
to the case of flat borders with injection in the Z direction (some references for curved
borders may be found in [Jin14, Section 9.2]).

— —~
*»E()Cikz N Q=D F— : _______ : D
. D i Q 1
— 1 > i ]
— Wy EEncwoe | B B0 1]
| . e / L > :
)
— > 1 :
> -

(a) Plane wave injection (b) Mode in a closed waveguide (c¢) Mode in an open waveguide

Figure 1.3.4: Different configurations for the wave injection inside a component §2
(in blue) studied within a domain D (whose border 0D is represented by solid black
lines). Figures in (z, z)-plane view.

I.3.2.a Plane wave injection

Suppose that we are in the situation of Fig. [.3.4(a) and that we seek to inject an electro-
magnetic plane wave coming from a homogeneous area (say, air) into the physical domain
D. The incident field is therefore Ey,.(z,y,2) = Eye** where k is the wavenumber and
Eq € R? the injected field’s amplitude. A direct calculation gives the relation

2 XV X Epe = —1kZ X Ejye X 2 or equivalently 2 X Hy,e = —Zp2 X Ejpe X 2 (1.3.5)

where Zy = \/uo/eo is the impedance of free space. Supposing that the reflected field
E.t has the same profile as Ey,. (but is an outgoing wave) we have E,.; = REqe~*** where
R € R is the reflection coefficient. From Eq. (1.3.4) applying 2 x Vx we then infer that
on the border I'y,

AXVXE+ikZxEX2=2ikZxEj X2 (1.3.6)

which is a Robin-like kind of equation known as the first order Scattering Boundary
Condition (SBC). The use of Eq. (1.3.6) makes it possible to inject a plane wave into
D while allowing the plane wave to exit with arbitrary amplitude; the condition is said
to be transparent for outgoing plane waves.

1.3.2.b General wave injection

When a more general form of the incoming wave is considered (such as the modes presented
in Section 1.2.1) the incident field is defined as Ei.(z,y, 2) = Eie(z, y)e™** and Eq. (1.3.5)
may be incorrect (and so does Eq. (1.3.6)).

Remark 1.3.2.1: In two dimensions though, Eq. (1.3.6) is still working. Indeed,
considering E, (or H, depending on the polarization) we have Ei..(z, 2) = Eipe(z)e™*?
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and the relation 0,E, = ikE, which lead to the following 2d-counterpart of Eq. (1.3.5)
0.E, + ikE, = 2ikE,. (1.3.7)

To address this problem, in [Tsill] the authors proposed to modify Eq. (1.3.5) in such a
way that the relation remain true but with a non-scalar impedance Z (that is, a 3 x 3
complex matrix) instead of Z;. Indeed we can show that for any vector field such as a

mode (€, H) we have

Eu(z,y)/Hy(2z,y) 0 0
IXH=—-7Z2xExZ with Z= 0 —&y(z,y)/Ha(z,y) 0 |. (1.3.8)
0 0 0
And again we find that
EXVXE+ikZZXEX2=2kZ2x E x 2. (1.3.9)

I.3.2.c Mode injection with scattering boundary condition

The problem with all the previous boundary conditions is that they only take into account
reflected waves with profiles proportional to the one of the incident wave. For some devices
this may be true (for instance in a single-mode waveguide with a sufficiently large domain
of simulation) but fails to hold in general since different waves (or propagating modes)
may be excited by a single incoming mode.

To allow for more general propagative modes we propose here to adapt the boundary
condition of [Jinl4, Section 11.1.2] to the case of open waveguides. Injecting a forward
propagating mode inside the waveguide is equivalent to consider only one forward mode
&, in the decomposition Eq. (1.2.6), that is to say (ignoring radiative modes) to impose
that E is of the form N
E=E,+) a&,; on TIy. (1.3.10)
i=1
By analogy this is equivalent as taking E;,. = &, and E, = Ef\il a_;E ;in Eq. (1.3.4).
Unlike the previous examples, the scattered field E,o¢ considered here includes all propa-
gation modes.

Invoking the orthogonality condition Eq. (1.2.8) and considering the normalization

of Eq. (1.2.11) it comes
1
ai=—5 [ [(BE-&)xH | 2ds (1.3.11)
2 Fin

Applying 2 x Vx to Eq. (1.3.10) it follows that
1 N
2><V><E:2><V><£n—§z/ (B-€)xH"] 2dsaxVxE, (1312)
i=1 Cin

Using the relations z x H_; = —Z X H; between forward and backward propagating
modes and the fact that V x E = iwpH we finally find that

1 N
2x VxE+siony [ [BxH] 2ds2x H, =
i=17Tin

1 N
iwuix%n+§iwu2/ €, % H2] - 2.ds 2 x Hy = 2iop 2 X Ho.
i=17/Tin
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The above equation accounts for a non-local Robin-like boundary condition of the form
zxVXxE+~v9E)=U on Iy, (1.3.13)
where the operator v and the field U are given by

1 N
+(E) = yWZ/ ExH]-2dszxH;, and U=2iwpsxH,  (13.14)
i=17Tin

Equation (1.3.13) maps the Dirichlet data &€, into a Neumann boundary condition for E
and will therefore be refered as a Dirichlet-to-Neumann (DtN) boundary condition.

I.3.3 Approximation of boundary conditions at infinity

The natural boundary condition accounting for the behavior of the electric field E at
infinity was defined in Section [.1.3; see the Silver Miiller radiation condition given
by Eq. (I.1.14). Since numerical calculations takes place in a bounded computational
domain D C R?, there is the need to impose artificial boundary conditions on D which
mimic Eq. (I.1.14) without inducing too much reflection. There are several ways to achieve
this goal.

I.3.3.a Absorbing boundary condition

The first choice to approximate Silver Miiller’s radiation condition is to no longer apply
it to infinity but on the computational domain’s edges. Applying nx to Eq. (I.1.14) and
dividing by |x| leads to

nXxVXE+iknxExn=0. (1.3.15)

This boundary condition is called the first-order Absorbing Boundary Condition
(ABC) and by comparison with Fq. (1.3.6) we see that it is equivalent to impose that
the electric field on T'y, is an outgoing plane wave escaping from the domain D along the
direction of the boundary normal vector (for higher order ABC the reader may have a
look at [Jinl4, Section 9.2]).

1.3.3.b  Perfectly Matched Layer

We now give a quick explanation about the Perfectly Matched Layer (PML) method.
Contrary to the ABC, this method does not involve a new type of boundary condition on
0D so to speak; it rather relies on a thin, “perfectly matched” layer Dpy, € D made of
an artificial, absorbing material with the following properties:

1. Any electromagnetic wave, regardless of its angle of incidence, can penetrate inside
Dpyr, without causing reflection into D.

2. The amplitude of any electromagnetic wave propagating inside Dpyyy, decreases ex-
ponentially fast to 0.

If both properties are fulfilled, imposing any type of homogeneous boundary conditions
on JD for the electric field E — for instance the usual Dirichlet condition n x E = 0
(known as a PEC condition in Section [.1.3.c) or the previously explained ABC — ensures
a suitable approximation of the radiation condition Fq. (I.1.14).




CHAPTER I. THE PHYSICS BEHIND PHOTONICS

Let us now briefly discuss the construction of such a perfectly matched layer, referring
to [Jinl4, Section 9.6] or [Mon03, Section 13.5.3.1] for details. Recalling that the compu-
tational domain D is a box with size 2w, X 2w, X 2w, (see Section 1.3.1), the perfectly
matched layer Dpyyy, is defined by:

Dpmr, = D\[—w, + 4, w, — 4] X [—wy + 4wy, — O] x [—w, + L, w, — (],

where £ is the thickness of the layer. Depending on where the input and output waveguides
are located some part of Dpy, may be removed (see Fig. 1.3.5).

L »
/A Ppuw
- ignored PML

Figure 1.3.5: A nanophotonic component together with a perfectly matched layer.

We then define for each component ¢ = z,y, 2:

1 it |s| <w, —¢,
m®:{1+%m;|ﬂlﬂ>w—& (1.3.16)

and thence the anisotropic tensor A by:

o, (z)oy(y)o.(2) 0 0
A(x) = 0 o (2)o,(y)o.(2) 0 ,x €D. (1.3.17)
0 0 oa(x)oy(y)o.(2)~"

In particular, A(x) coincides with the identity when x ¢ Dpyyy..

Finally, the electric field E is sought as the solution to Fq. (1.1.10), in which € and p are
replaced by the tensors fields eA and pA, respectively; see Eq. (1.4.7) below.

1.3.3.c  Absorbing boundary condition on waveguides

Even though the radiation condition accounts for the correct behavior of the electric
field at infinity, this is only true if the medium is homogenenous in all directions after
a finite distance from the component. In the presence of (infinitely long) waveguides on
the borders of the domain (such as the ones in Fig. 1.3.5), we can no longer consider
the Silver-Miiller radiation condition and therefore the boundary condition of Eq. (I.3.15)
does not provide the correct behavior of the field on 'y (see [Ott17] for a more in-depth
discussion and analysis on this subject). In a nutshell the problem with the radiation
condition is that it suppose decaying fields at infinity while actually a lossless waveguide
can propagate the fields indefinitely as guided modes.

To alleviate this problem we can add a perfectly matched layer after I'y, or consider
the same analysis as the one in Section [.3.2.c. Since no guided modes are entering the
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component through I'y,; we can decompose the electric field by ignoring the backward
propagating modes, which gives

N
E = Z Oéigi on Fout'
i=1

We can then show that imposing this decomposition is equivalent to the boundary con-
dition

EXVXE+79E)=0 on [y (1.3.18)
with « defined in Eq. (1.3.14).

Remark 1.3.3.1: In practice placing a PML after the output side I',y has the
advantage of not requiring to consider a finite number of modes but can cause spurious
reflections. In Chapter [II and particularly Remark [11.2.1.3 we will see that it is
interesting to consider the DtN boundary condition Fq. (1.3.18) instead of a PML
since it allows for a simpler mathematical analysis.

I[.3.4 Quantities of interest

In Section [.2.3 we showed that the outgoing power conveyed by the ¢-th mode is given by
|c;|? with o; defined in Eq. (1.2.12). In Section [.3.1 the scattering matrix was introduced
as a means to represent the behavior of a nanophotonic component and for which we have
seen that the scattering matrix coefficients are exactly the a;. In many cases, the primary
objective in nanophotonic will therefore be to find the shape ) of the component such
that its scattering matrix is equal to a target matrix. Returning to the two-ports example
of Section 1.3.1 (where we wanted to convert one mode into another) the target matrix

would likely be
Sobj = ( ? _ ) (1.3.19)

where the — corresponds to values that do not interest us. In order to obtain this matrix
we will have to find the optimal design Q C R3 of the core material such that, in this
case, |Sa1|* is as close as possible to 1. This amounts to maximize

2

1
T =, [ [Box 1+ Ho x €747 - 245 (1.3.20)

Note that there is no intrinsic need to simultaneously minimize |S; ;|* since by definition
it should be equal to 0 if |Sy1]*> = 1. Since only outgoing guided modes may exists on T
using the DtN boundary condition of Section 1.3.2] Eq. (1.3.20) simplifies into

2

J(Q) = ‘;/F [Eq x H'| - 2ds (1.3.21)

Remark 1.3.4.1: It is interesting to note that this objective does not depend on the
phase ¢ € R of the injected mode. Indeed if ., is changed into H.,e'%* it is easy to see
that a solution to Eqs. (I.1.9) and (1.3.13) is simply shifted in the same way (meaning
that the solution is Eqe®* with Eq the unshifted solution) and therefore lead to the
same objective (1.3.21) due to the absolute value.
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From this example we can easily infer why it is interesting to study the following mathe-
matical program

2
max

1

2 IE .3
QCR3 ‘2/1“[ ax A st‘
s.t. Egq solution of Eqs. (I.1.9) and (1.3.13)

(1.3.22)

where () refer to the core material distribution inside the domain of interest D. In Chap-
ter III multiple components will be considered and most of them will be resem-

bling Eq. (1.3.22).

I[.3.5 Some examples of nanophotonic devices

We conclude this section by presenting a number of conventional nanophotonic compo-
nents that will be studied in Chapters [II and I'V.

(a) A mirror; this device seek to
redirect the forward mode injected
into the component into the same
mode propagating in the opposite
direction

______________

1
1

Tin | Dopt :
| | EE—

1 1

i il i
TEq -1  TEo —>

1 1

1
—

_______________

(d) A mode converter; this de-
vice convert the input mode com-
ing from the left into an other
mode on the right waveguide

1
1
:
> TE, — L TE, —>|
1
1
1
1
1

(b) A crossing; this device al-
low the lossless transport of light
i a straight manner from one
waveguide to the one located on
the other side

(c) A power divider; the purpose
of this device is to equally divide
the input power into two output
(or more) waveguides

| ——
1
—> TE, -1 : TE; —>
<< TE, : : TE, <
[
i —
[
o . :
. - /
1
Cout,1 = rm.z

_______________

(e) A diode; the goal of this de-
vice is to allow the transmission
of the TEy mode from the left to
right waveguide while preventing
the transfer of the TFE, mode from
the right into the TEy on the left

(f) A diplexer; the function of
this device is to redirect the light
coming from the left waveguide
into one of the two wavequides on
the right depending on the wave-
length of the incident’s light

Figure 1.3.6: Patchwork of several nanophotonic devices. The arrows shows where
the light should be redirected depending on the input waveguide and wavelength.
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For all the components in Fig. [.3.6, we are searching for a shape (2 inside the domain
Dopt in order to optimize their respective objective functions which are all based on
the optimization program Eq. (1.3.22). All these components and more will be studied
in Section III.3.1 or Section IV.2.2.

1.4 Mathematical aspects

We now move on to the mathematical context. In particular we describes the variational
framework that is necessary to study the time-harmonic vector wave equation as well as
for the implementation of a finite element scheme to solve this PDE.

I.4.1 Functional spaces

In order to give the variational equation verified by the electric field we first need to
review the functional spaces of interest in electromagnetism. We will not recall here the
basics on variational formulations of PDE, Sobolev spaces and classical trace theorems
(the reader is referred to [Mon03, Chapter 2|, [Brel0, Chapter 5, 8, 9] or the very good
introductory book [Manl8, Section 1.5 & Chapter II] for these details) except in the
case of the H(div) and H(curl) spaces which are extensively used in electromagnetism
simulations and which are less classical from our viewpoint.

To understand why these spaces are important we will need the following integration by
parts formulas:

e For any smooth vector fields ¢, 1 € (C*(Q,R))? a direct calculation show that
/a (n><¢>)~(n><1pxn)ds:/Vx¢~¢dx—/ ¢-Vxpdx  (L41)
0 Q Q
e For any smooth vector field ¢ € (C*°(€2,R))? and scalar field v € C=(Q, R):

(@ mpds= [ o Vodxt [(V-@pdx (142)

I.4.1.a H(curl): the natural space for the electric field

As usual, to find the variational formulation associated to a PDE such as the time-
harmonic vector wave equation V x V x E — k?n’E = 0 we proceed by multiplying
this equation with a test function ¢ and integrate over the whole simulation domain D.
Using Eq. (1.4.1) we then obtain that E must verify for all test function ¢

/VxE-Vx¢*—k2n2E-¢*dx+/ nxVXE-nx¢ xnds=0. (14.3)
D oD

If we ignore for the moment the boundary integral on 92 (see Section [.4.2.a below) we
see that in order for the integrals in Fq. (1.4.3) to be well-defined, a sufficient condition is
that both V x E,V x ¢ and E, ¢ are elements in L?*(D,C). This leads to the definition
of the following fundamental (Sobolev) functional space to study electromagnetic fields,
namely H (curl).
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Definition I.4.1.1 — The H(curl) functional space.
For any smooth domain D C R? the space H(curl, D) is defined as

H(curl, D) = {¢ € (L*(D,C))>,V x ¢ € (L*(D,C))*},

where the curl is taken in the sense of distribution meaning that V x ¢ is defined as
the only g € (L?(D, C))? such that for all ¥ € (C>°(D,C))? we have

L/¢VX¢WX;/@¢WX
D D
When equipped with the following inner product, the space H(curl, D) is a Hilbert space

<¢7 "/J>H(curl,’D) = /D ¢ : ¢* dx + /D v X ¢ . V X 'lp* dx. (144)

Physically H(curl, D) is “natural” in electromagnetism analyses as it is equal to the
set of electromagnetic fields with finite energy; indeed in Section [.2.3 we defined the
electromagnetic energy as wem = €/2|E[> + 1/2|H|* whereas from Eq. (1.4.4) we see that

Il eunimy = [ B 1V x EF dx = [ [EP +o?HP dx,  (145)

which is equal (ignoring the finite factors w, u and ¢) to the integral of wey, on the whole
domain D.

I.4.1.b H(div): natural space of n’E

If the electric field has more regularity than being a mere element of H (curl) — for instance
if it is solution of the strong formulation of the time-harmonic vector wave equation — then
E verify Eq. (1.4.3) for all ¢ € (C*(D,R))?. In particular, it is also true for ¢ = V¢
with ¢ € C°(D,R). In this case, since V. x V =0, Eq. (1.4.3) reduce to

/D (n2E) - (V¢*) dx = 0.

Using now the integration by part formula Eq. (1.4.2) together with the fact that ¢ = 0
on 0D this results in

/D (V- (n?E))¢* dx = 0.

In other words, if E is sufficiently regular then the weak divergence of n?E is well-defined.
This brings us to the consideration of the following space

Definition 1.4.1.2 — The H(div) functional space.
For any smooth domain D C R? the space H(div,D) is defined as

H(div, D) = {¢ € (L*(D,C))*,V - ¢ € (L*(D,C))*}

where the divergence is taken in the sense of distribution meaning that V - ¢ is defined
as the only g € L*(D, C) such that for all ¢ € C>°(D,C) we have

A¢VWM:AWWK
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Again, together with the inner product
wwmm@:4¢¢mmﬁév¢vwmx

the shape H(div, D) is a Hilbert space.

1.4.2 Traces theorems

We are now going to focus on the traces theorems associated to the spaces H(div) and
H(curl). These theorems will allow us to manipulate the values of electromagnetic fields
on the edges of a domain and to find the results stated in Section [.1.3.b.

I.4.2.a Tangential components in H(curl)

Let us start with the tangential component of the electric field on the border 92 of
a smooth domain 2. As usual, trace theorems will be defined using an extension by
continuity of an integration by part formula.

If the integral in the right hand side of FEq. (I.4.1) makes sense — that is for example the
case if ¢ € H(curl,Q2) and ¢ € C*°(Q,R) — then we can define the action of the tangential
components of ¢ on nx 1 over the border 92 through Eq. (I.4.1). This observation results
in the following theorem which gives a precise definition of the tangential components of
an element in H(curl).

Theorem 1.4.2.1 — Green theorem for H(curl).
Let Q C R? be a smooth domain. Then

(1) The mapping
%1 (C%(Q,C))° = (C=(Q,C))°, 1) = (n X @)jo0

can be extended by continuity into a linear map from H(curl, ) into the space
Y (02) C (H~Y2(952))? (the precise definition of Y (0€2) is given in [Mon03, Re-
mark 3.32]).

(2) In the same way the mapping
T - (COO(Q7C))3 — (COO(Q7C))3J/7T(¢> = (n X ¢ X n)|aﬂ
can be extended into a linear map from H(curl, Q) into (Y (092))’.

(8) For any ¢ € H(curl, Q) and 3 € Y (09Q) there exists ¢ € H(curl, Q) such that
1 = (1) and the following linear functional is well-defined

Q%W@MmmmmwIAVX¢$Wxié¢Vx$%x (1.4.6)

A proof may be found in [Mon03, Theorem 3.31]. For simplicity we will refer to the
tangential component of the electric field using the integral notation of Fq. (I.4.1) instead
of the duality product in the left hand side of Eq. (L4.6). (-, )y a0 (v(aa)-
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I1.4.2.b Normal component in H(div)

Now we move on to the trace theorem associated with the H(div) space. As for H(curl)
we can extend the integration by parts formula of FEq. (1.4.2) to give meaning of the
normal component of an element ¢ in H(div) on the border of a domain as stated in the
following theorem.

Theorem 1.4.2.2 — Green theorem for H(div).
Let 2 C R? be a smooth domain. Then

(1) The mapping

T 2 (C%(Q,C))° = C=(Q,C), () = (¢ - m)jon
can be extended by continuity into a linear map from H(div, Q) into H~1/2(9Q).

(2) The following Green’s formula is valid for any ¢ € H(div,Q) and ¢ € H*(Q):
[ n@wds= [ - Vyax+ [ (V- gpydx.

Remembering that in Section 1.4.1.b we showed that n?E is an element of
H(div), Th. 1.4.2.2 therefore imply that the normal component of n’E is well-defined
on the border of a shape.

We can summarize the information given by the two previous trace theorems as follows:

e Since any electric field is searched as an element of H(curl) then its tangential
components n X E x n are well-defined on a border 0f2.

e If an electric field E is smooth inside a domain {2 then the normal component of
n’E is well-defined on ).

1.4.3 Variational formulation

We now have all the necessary elements to present the full variational formulation which
we have to solve in order to simulate the electric field inside a nanophotonic component.
Starting from the general PDE:

VX@AVXQ—MMMJZO in D
nxE = on OD\(T'j, UTou)

o

in

1Y . .
nxVxE+2;mexH?A[Exﬂwyn® - U on T,
]:

1N
nxVxE+2§¥wmnﬂ¢{4]Exﬂ?ﬂqms: 0 on Toy
]:

(L.4.7)
with U = 2iwpen x H (where m is the index of the injected mode) and A given
by Eq. (1.3.17). Multiplying the first equation by ¢*, integrating other D and using
Green’s formula (1.4.1), we see that E is the solution of the following variational formu-
lation for all ¢ € V with V = {¢ € H(curl,D),n x ¢ =0 on ID\ (I, UT o)}

a(E, @) = b(¢) (1.4.8)
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where the sesquilinear form a : V x V — C and antilinear map b : ¥V — C are given by

a@@ﬂzéA”VfoVxW—k%%Eﬁﬁk

1Y . :
- fZiwponx’H}n/ [Ex?—t}“’*}-nds-nxqb*xndt
[in 2 j=1 Tin
1 N . out out,* *
=[S dwmon x [ [ExH] ndsonx ¢ xndt (149)
Tout 2 j=1 Tin
and b(¢p) = inuo/ nxH -nx ¢ xndt (1.4.10)

Remark 1.4.3.1: We do not provide a demonstration regarding the existence and
uniqueness of a solution to FEq. (1.4.8) but we will have to assume that this is the case
in Chapter III.

I[.4.3.a Dirichlet-to-Neumann boundary condition

We present here a minor modification of the boundary conditions presented in Sec-
tions 1.3.2.c and 1.3.3.c which leads to great improvements of the finite element matrix
sparsity (this method seems to be presented in [Zhu06, Section 6.3]). The idea is to im-
pose the same boundary condition for the test function ¢ on both I';, and I'y meaning
that we have
E=&"+ Z o ET and ¢ = Z prE,
j=1 Jj=1

with no backward propagating modes. Putting this expression in Fqs. (1.4.9) and (1.4.10)
we find that the integrals on I';, may be simplified into

. i 1 ol . in i al in,* gin,*
Iy, = /r (szuon X Ho — 3 > iwpon X M a_j) ‘n X Zlﬁ_; EX xndt  (L4.11)
in j=

j=1

where ozifj, i_nj are defined through Eq. (1.2.12). Remembering the orthogonality relations

presented in Section [.2.2 lead to
N . .
Iy = iwpg Z(QCSj,m - alfj) Tfk, (1.4.12)
j=1

where 0;,, = 1 if j = m and zero otherwise. The same simplification is applicable to the
integral on I’y leading this time to

N
. out pout,*
W o g Oé_j - -
=1

Remark 1.4.3.2: This representation is particularly useful once discretized using
finite elements since it removes a lot of degrees of freedom and the associated matrix
is sparse except for the (few) lines/columns linking «;, 5; and E, ¢ together whereas
using Eq. ([.4.8) results in a matrix where all the degree of freedom defined on I, or
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['ou are linked together. This difference is easily seen on Fig. [.4.1 where the matrices
were constructed using only one mode (N = 1).

(a) Using boundary condition Fq. (1.4.8), (b) Using boundary condition Fq. (1.4.12),
non-zeros elements ~ 9 x 10° non-zeros elements: ~ 8 x 10°

Figure [.4.1: Finite element matrix sparse representation for the two representations
of the DtN boundary condition.

All the examples presented in Chapter 11T use Eq. (1.4.12).

1.4.3.b Boundary conditions

To ensure that the boundary condition n x E = 0 which is put at the external boundary of
the PML is satisfied (we recall here that this boundary condition is known as a PEC and
defined in Eq. (I.1.17)), we numerically add to the variational formulation the following
term

m%AD nxE-nx ¢ xnds (1.4.13)
PML

which, once discretized using finite elements (see Section [.5.1), modifies the lines in
the FEM system in such a way that the condition n x E = 0 is necessarily verified
numerically. Concerning the perfect magnetic conductor boundary condition (known as
a PMC condition and defined by Eq. (I.1.18)), it is naturally verified by the electric field
if no other integral on the corresponding edge is present in the variational formulation.

Remark 1.4.3.3: If the physical configuration presents a symmetry (in terms of
material properties and light excitation), say along an axis I', the numerical simulation
can be realized on only one half of the computational domain by applying a PMC
boundary condition on it. The same could be done for anti-symmetry around an axis
using PEC instead of PMC, but is more rarely considered.

I.4.3.c Eigenvalue problem

The variational formulation associated to Fq. (1.2.2) is:
[ 8 (VoBL Voo + By @ — Kn®Eu - 01) = 0B} - ¢y + V,E) - Vb dx, (14.14)

where I is a two-dimensional section of a waveguide. This generalized eigenvalue problem
should be solved for § € C and E € H(curl,I") with the additional Dirichlet boundary
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condition that n x E = 0 on OI'. In practice we did not consider PML to compute
the modes but rather a sufficiently large domain since the PMLs add complex values in
the optical indices leading to complex-valued § even though a guided mode in a lossless
medium should have a real propagation constant (see Section [.2.1.b). The reader is
referred to [Lee91] for the full-presentation and implementation of a numerical solver of
such eigenvalue problem.

I.4.4 Two dimensional approximation

I.4.4.a Functional space

In Section [.1.4, we have seen that in two dimensions, depending on the considered po-
larization, E, and H, are solutions of Eq. (1.1.19), that is to say a scalar Helmholtz
equation. Interestingly since (E,,H,, E,) and (H,,E,, H,) are independent we easily see
that the divergence-free conditions V- (n?E) = V- H = 0 are always satisfied (in the TE
case for instance we have d,H, = 0,H, = 0 since only H,, is considered and 9,H, = 0 by
definition of the two-dimensional approximation). With this in mind we derive that both
E, and H, should simply be elements of

Vap = Hp.. (D,C) = {¢ € L*(D,C), V¢ € (L*(D,C))*, doppyy,, = 0} (1.4.15)

with, again, V¢ defined in the weak sense meaning that there exists g,,g, € L*(D,C)
such that for all ¥ € C*(D,C)

Aﬁ@ﬁ@:—é%wm mjéﬁwwmz—é%ww. (1.4.16)

I.4.4.b Boundary conditions
In two dimensions, the approriate radiation condition is no longer given by Eq. (I.1.14)
but rather the Sommerfeld condition

ml\ﬂ<x-v&+MﬂJ:o. (1.4.17)

X—00 ‘X‘

This behavior at infinity of the electric field will once again be approximated by PML
(see Section 1.3.3). Concerning the injection of a mode we will this time simply con-
sider Eq. (1.3.7) instead of the DtN boundary condition since, in 2D, it is sufficient to
recover reasonable accuracy (see Remark [.3.2.1).

I.4.4.c Variational formulations

Using the previously formulated elements in this section, the full variational formulation
in 2D for the E, component of the electric field with PML and the boundary condition
of Eq. (1.3.7) is given by

/Aﬂv&,vw—ﬁﬁA%wdxmmm/
D

FinUlout

&wmwﬂmm/z$f@a4w)
Fin

where the PML matrix A is defined as

_ U;;l(x)ay(y) 0 x
A(x) = < 0 0o ()0 ()" ) , xeD. (1.4.19)

and o, is given by Eq. (1.3.16).
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thesis we only consider the two most widely used methods, namely the Finite Element
The FEM is a particular case of Galerkin approximation, which means that it searches

for a solution of the variational formulation Fq. (1.4.8

Hy, C H(curl, D) (or H (D) in 2D with Eq.

Many numerical methods have been developed to solve either Eq. (I.1.9) or (I.1.6). In this
electric field as
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I.5.1 Finite Element Method (FEM)

I.5 Numerical aspects
are briefly presented in the next subsections.

Method (FEM) and the F
I.5.1.a Introduction

)

(1.1.19

d

Z Vihi
i=1

where ; are scalar values, d the dimension of H, and ; the shape functions (that

is to say elements composing a basis of Hy).

The index h > 0 is used to describe the

E =

(see Fig. 1.5.1) so that each ); is different from zero only on a small number of ver-

To define the shape functions ;, a tetrahedral mesh of the domain D is used
tices, faces or tetrahedron’s volumes.

approximation accuracy and it is assumed that Hj, tends to H(curl, D) when h — 0.

I.5.1.b Geometry meshing

This choice of support is important because it

means that few functions will have a non-zero interaction with each other and it therefore

leads to a sparse system of equations.
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Figure 1.5.1: Typical mesh of a nanophotonic component composed of approxi-

mately 100000 tetrahedrons.
most of the time rely on a mesh that does not exactly coincide everywhere with the edges

of the shapes but which, using an index-smoothing method (see Section I11.2.2); still gives
propagating at the wavelength A in a medium with optical index n then the tetrahedron’s

To simplify the meshing process and minimize the overall number of tetrahedrons we will
consistent results. Regarding the elements size, it is commonly accepted that if a wave is
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edges must be of maximum size \/(5n) such that each oscillation of the wave may be
properly discretized using at least 5 elements in the direction of propagation.

I.5.1.c Nédélec elements

Now that a mesh of the domain is defined let us present the (curl-conforming) edge
elements of Nédélec and the corresponding shape functions. The full definition of these
elements may be found in [Mon03, Section 5.5] or [Jin14, Section 8.3.2] but lets give here
a glimpse of one of their most important properties.

As we have seen in both Sections [.1.3 and [.4.1, a solution E to the time-harmonic wave
equation naturally have its tangential components E| continuous at the interfaces while
E, has the same property only if it is multiplied by n? (see Eq. (I.1.15)). The problem
is that if we consider some subspace of H(curl, D) which only contains fully-continuous
elements (such as (Py(D))® where P, refer to the classic Lagrange elements of degree
k) we numerically see the appearance of so-called “spurious” solutions. To solve this
problem Nédélec notably introduced curl-conforming elements which are only imposing
the continuity of tangential components of the electric field.

I.5.1.d Solving time-harmonic Maxwell equations
The solution E € Hj, of the variational formulation
a(E, ¢) = b(¢) for all ¢ € Hy,
is, by definition of Hj,, the same as the one obtained by solving
a(E, ;) = b(1p;) for all shape functions ;.

By linearity, this is equivalent to finding the coefficients (v;); = -« such that:
Z a(’l,bj, ’l,bl)")/J = b(’l,b]) for all 7 = 1, c. ,d. (152)
j=1

That is to say the solution of the linear system A~y = b with A = (a(;,;));; and
b = (b(%;));. To solve this system we rely on the direct sparse LU solver MUMPS (even
though it requires a lot of RAM, it remains reasonable for the components described
in Chapters 111 and IV) which was found to be faster than iterative methods based on

GMRES or BiCGSTAB.

In practice the meshing and matrix assembly were done on either the commercial soft-
ware Comsol Multiphysics (COMSOL AB, Stockholm, Sweden) for 3D simulations or
FreeFem++ [Hec12] for the 2D ones. For the records, nanophotonic components such as
those in Chapter 1T were simulated using a mesh containing roughly 100 000 tetrahedrons
and second-order Nédelec elements leading to approximately 500000 degree of freedom.
On the CEA 20-cores 3.3 Ghz cluster nodes with 128 GB of RAM this is solved in about
5 minutes.

I.5.2 Finite Difference Time Domain (FDTD)

Another widely popular method is the FDTD method (see [Sch10] for a good introduction
and implementation details) which directly deals with the time-dependent Maxwell equa-
tions FEqgs. (I.1.1) to (I.1.4). This method is useful when dispersion relations are present
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(meaning that some parameters such as the optical indices depends on the wavelength) or
when the user is looking at multiple wavelengths at the same time (the spectral response
of the component). Even if most of our simulations uses the FEM, we resort to the FDTD
on an ad hoc basis to confirm our results or to quickly obtain the full spectrum.

Since we only used FDTD through the commercial solvers RSoft photonics (RSoft De-
sign Group, Inc., New York, U.S.A) and Lumerical (Lumerical Solutions, Inc., Vancouver,
Canada) as a black-box method we will not dive into much details here (see [Sch10] for
a presentation at introductory level). Nevertheless, it is important to be aware of two
characteristics of this method:

e First, since finite differences are inherently defined on Cartesian grids, the core
medium’s shape €2 of the component may not be properly discretized and it raises
the need to approximate the border 02 using some kind of sub-pixel smoothing
method (see Section I11.2.2).

e The second point is about the injection of modes into the waveguides. Since FDTD
considers time-dependent equations we now need to impose both the spatial profile
and the temporal behavior of the mode. To do this, two approaches are possible;
if we are only interested in a single frequency then this dependence could simply
be exp(iwt) (a continuous wave) whereas if we try to study a whole interval of
wavelengths then it is necessary to consider more than a single harmonic by injecting
a time-dependence like f(t)exp(iwt) (a pulse). Once the wave has had enough
time to propagate throughout the component, performing a Fourier transform then
provides the full spectral response, such as the power carried by a mode at every
considered wavelengths.

The consistency between FEM and FDTD is investigated in Section [11.5.2 with the
simulation of a polarization rotator.
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Chapter

Geometric shape optimization

Summary — One of the primary objectives of this thesis is to implement a numerical
method that automatically finds the optimal design of devices such as those presented
in Section [.3. To achieve this goal, most optimization algorithms are based on an iterative
process which produces increasingly efficient shapes (according to a given figure of merit)
and results in a locally optimized design.

For the past ten to twenty years, several shape optimization methods have been applied
in the context of nanophotonics (some of them will be presented in Section I11.1.3) based
either on binary discretization and genetic algorithms, continuous approximations of ma-
terial properties or geometric approaches. In this thesis we have decided to focus on
the latter since it allows us to easily handle geometric quantities which will prove to be
particularly useful to deal with manufacturing uncertainties as we will see in Section [V.3.

The full mathematical details being only very seldom documented in photonics papers
which rely on geometric shape optimization, this chapter starts with a comprehensive
overview of Hadamard’s shape derivative concept in Section I1.1.1, providing in particular
the necessary ingredients for the implementation of a “shape” gradient descent algorithm.

Sections I11.3 and 1.4 are then devoted to the presentation of the level set-based numer-
ical framework considered in this thesis with a particular emphasis on numerical details
that are of great importance for the stability and efficiency of the algorithm but often
overlooked in scientific papers (with the noticeable exceptions of the doctoral theses [De
05, Chapter 8] and [Vié16, Part IV]).

A direct application of the elements presented in this chapter to nanophotonics will be
discussed in Chapter I1l and an extension of this material for the optimization of the ge-
ometry between regions of shapes supporting different types of PDE’s boundary condition
will be proposed Chapter V.

II.1 The sensitivity of a physical objective according
to an infinitesimal variation of a shape
In this section we introduce the concept of shape derivative in the sense of Hadamard

as well as the Eulerian and Lagrangian derivatives of PDE constraint functional used to
define physical figure of merits.

Most of the material presented in this section may be found in the reference books [A1l07;
Hen06; Sok09; Pir82] or doctoral theses [Mic14; Dap13; De 05; Vié16].
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II.1.1 Shape derivatives in the sense of Hadamard

IT.1.1.a Introduction

In Chapter I we saw that finding the design of a component which maximizes some figure
of merit (also referred to as objective function) is a problem of interest to physicists. Since
these figure of merits depends on the shape €2 of the design, we define in this section the
“gradient” of a general (shape) functional J which depends on a shape Q C R?. This
definition being the most important element in the implementation of a gradient descent
method, it will allow us to solve the general shape optimization problem

max J (£2). I1.1.1
max 7(0) (I.1.1)
It is actually possible to define this “gradient” in many different ways depending on what
is meant by a “small variation” of a shape. From an algorithmic point of view, this choice
influences the allowed deformations of the shape between each iterations and therefore
limits those that can be obtained numerically.

In his memoir [Had08] Jacques Hadamard proposed to study the sensitivity of a shape
functional J(€2) when the shape’s contour 0f2 is shifted

“ by applying on its normals infinitely small lengths on” (translated from french).

In modern language, he proposed that the contour 02 be slightly modified into
(Id + on)(092) = {x + dn(x),x € 9N} where 6 € R is a small real number and n is the
normal vector to 0€2. Note that the choice to consider only modifications along the normal
vector may seem surprising at first sight but this is due to the fact that at first order, a
tangential movement simply corresponds to a reparameterization of the edges as can be
seen in Fig. I1.1.1 (see also Th. I1.1.1.3).

o

()

?

Figure I1.1.1: A tangential displacement of 0f) is, at first order, negligible compared
to a movement along the normal vector and is almost equivalent to a reparametriza-
tion.

This definition of a small variation of a shape was later considered and generalized in many
works (see for instance the original paper of Murat & Simon [Mur75] or the books [Hen06]
and [All07, Chapter 6]) as explained below.

For a given smooth shape  C R? we are going to continuously move its borders in the
direction specified by a regular vector field of small amplitude. Defining 8 : R? — R? as
this vector field we obtain a variation {29 of Q2 by the operation (see Fig. 11.1.2)

Qp = (Id + 0)(Q) = {x + O(x),x € Q). (IL.1.2)

This deformation is “small” insofar as 6 is “small” according to a given norm. The choice
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/ vector field 6
original shape 2
- - - - modified shape (Id + 0)(£2)

Figure I1.1.2: Schematic representation of a variation of a shape 2 using Hadamard’s
method.

of this norm, and therefore of the associated functional space for 6, is not very important
in practice (the fields will be chosen at least in C*(R? R?) or even C*(R? R?) cf. Sec-
tion 11.4.2) but it is nevertheless important that the vector fields are at least continuous
to ensure that the next theorems are true.

The most general space that can be chosen for @ is the set of vector fields with bounded
values and partial derivatives. More precisely we take 8 € Wh*(R? R?) the space of
L>®(R%)4 functions (essentially bounded functions) such that its weak partial derivatives
exist and belong to L>®°(R%)?. This choice implies in particular that € is continuous.
Endowing the space W1*°(R¢, R?) with the norm

||0||W1v°°(]Rd,]Rd) — ||0||L00(Rd)d —|— ||v0||Loo(Rd)d><d,
we obtain a Banach space. We will sometimes have to consider more regular deformations

using the space C}(R4, R?) N WL (RY RY).

Variations of shapes by a process of the form Eq. (II.1.2) turn out to be homeomorph to
2, and in particular they share the same topology:

Theorem I1.1.1.1 — Homeomorphism of W1 (R4, RY).
Let 6 € Wh(RY, R?) with [|0||yy1.00gagey < 1. The mapping Id + € is an homeomor-
phism with (Id + @)~ — Id € WH(R?, R%).

The proof of this theorem is given for example in [All07, Lemma 6.13].

I1.1.1.b Definition

With the previous choice of deformations the derivative of a shape-dependent functional
is given in Def. I1.1.1.1.

Definition I1.1.1.1 — Differentiability of a shape functional.
Let J : 2 — R be a given functional depending on a shape.

1. J is said to be shape differentiable at €2 if the functional
Ja:0— J((Id+0)(Q))
is Fréchet differentiable in W1°(R4, R?) at 0.

2. The differential of Jq at 0 is called the shape derivative of 7 at 2 and denoted
by J'(2)(0) = J;3(0)(6).
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With these definitions the following first-order Taylor expansion of 7 holds for vector
fields @ € WH (R R?):

T(1d+6)()) = T(Q) + T'(2)(6) +0(6) where lim ||e||vlv(if3n‘w>‘

Since the definition of the shape derivative is only valid for infinitely small perturbations
of the reference shape, J'(€2)(0) is only defined using vector fields 8 with associated
norm inferior to 1, meaning that this kind of sensitivity does not allow topology changes
as explained in Th. IT.1.1.1.

Remark II1.1.1.1: The vector fields living only in a Banach space (and therefore no
scalar product is available), there is, in general, no gradient associated to J'(£2)(0).
However, it is always possible to recover a gradient using the Hilbert projection method
described in Section 11.4.2.

I1.1.1.c Application to integral functionals

By directly using the previous definitions we can determine the shape derivative of two
types of functionals which are the basis for all the upcoming demonstrations.

Theorem I1.1.1.2 — Shape derivatives of domain-dependent integrals.

Let Q be an open, regular and bounded subset of RY f € WD (R4 R) and
g € W2 R4, R). Let

@) = [ fedx and F(Q) = [ g(s)ds. (I1.1.3)

o0

The functionals J; and J, are shape differentiable at 2 and we have the following
shape derivatives for all 8; € Wh>*(R% R?) and 6, € C!(R? R?):

ﬂ(@)(el):/mel-nf(s) ds and jz'(Q)(Hg):/BQHQ-n (Vg(s) - n+ rg(s)) ds.

where k = V - n is the mean curvature of 0§2 and n the unitary, outer-pointing normal
vector.

See [All07, Section 6.3.2] or [Hen06, Section 5.2] for the proof of Th. I1.1.1.2 which is
essentially based on a change of variables through the mapping x — (Id 4+ 0)(x) that is
only valid if it is a homeomorphism.

An interesting case is the one where f = g = 1. In this situation J; corresponds to
the volume of  while J; represents its perimeter. Th. [1.1.1.2 then gives the following
derivatives

THQ)(6) = O-nm;amikﬂﬁnw):/)medub. (I1.1.4)

o9 o9

In other words, the most efficient way to minimize the volume of {2 (resp. the perimeter)
consists in deforming its boundary using a vector field in the direction opposite to normal
vectors (resp. opposite to normal vectors weighted by the value of the mean curvature).
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IT1.1.1.d The structure theorem

In Th. I1.1.1.2 we have seen that for two integrals functionals the shape derivative only
considered the normal component 6 - n of the vector field on the border 02 of the shape.
The following theorem allows to extend this result for more general shape functionals.

Theorem II.1.1.3 — Structure theorem.

Let Q C R? smooth and J : © — R a shape differentiable functional with associate
derivative J'(€2)(0). Then there exists a linear form [ : 9 — R such that for all
0 c CL(R%,R) N Who(R?, RY)

J'()(68) = (0 - n). (IL.1.5)

In other words, the shape derivative only consider the normal component of the vector
fields 8 on the border of the shape 0€). Another way to understand this result is
that for any vector field @ with compact support S such that 9Q NS = () we have
J'(2)(0) =0.

For the proof of this theorem see for instance [Hen06, Theorem 5.9.2].

I1.1.1.e Summary of the shape optimization method: sketch of the algorithm

Let us put together everything we have presented so far by describing how we are going to
be able, using Hadamard’s method, to optimize an objective function 7 which depends
on a shape €2; namely to solve

max J(Q). (I.1.6)

QCR4

Considering a functional J as in Th. [1.1.1.2 there exists a scalar field V§; such that:
T (2)(0) = / 0 -nVy(s)ds.
oD
Therefore, taking 8 = Von we find that
T+ 0)(@) = T @) + [ Va(s)P ds +o(6).
Using a scalar 7 small enough this implies that J((Id + 7Von)(Q2)) > J ().

Starting from an initial shape ) we can iteratively carry out the transformation
(Id + 7Von)(Q2) as described in Algorithm I1.1.1 to obtain increasingly efficient shapes
for the objective function 7.

Of course Algorithm I1.1.1 does not present all the necessary ingredients to numerically
implement this shape optimization algorithm, this is the purpose of Sections 1.3 and 11.4.
The resulting fully-detailed algorithm is given at the end of the chapter in Section 11.4.3.

I1.1.1.f A note on the existence of global maximum in shape optimization
problems

In Section I1.1.1.e we proposed a general shape optimization algorithm to solve Eq. (11.1.6).
As for any gradient-based method the convergence into a local maxima is ensured as soon
as the step 7 in Line 8 of Algorithm II.1.1 is chosen sufficiently small at each iteration.
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Algorithm II.1.1: Sketch of the shape optimization algorithm to maximize an
objective function.

[y

begin (initialization)
Q := Qq (initial shape);
7 := 1 (the amplitude of the deformation);

w N

4 repeat (optimization)

5 0 := Vg the shape derivative scalar field (Eq. (I11.2.9));
6 7 := small amplitude for the gradient descent;
8

9

-

Q= (Id + 76n)(Q);
until convergence;
10 return €;

Starting from different initial shapes {2 we may end up in different local maxima but an
essential question then arises regarding the possibility to obtain a global maximum 2*;

* =argmax J(). (IL.1.7)

QCR4

The problem with such a question is that it assumes the existence of such 2*. However,
in general, the existence of a global maximum to this type of optimization problem is
not guaranteed and it might be possible to build a sequence of shape with increasing
efficiency for the objective function that does not converge to a shape Q* C R (see on
this topic [Hen06, Chapter 4] or [Pir82, Chapter 3]).

This also implies that the max in Eq. (I1.1.6) does not really makes sense and should be
replaced by a sup instead but we will keep this small abuse of notation later on.

I1.1.2 Eulerian and Lagrangian derivatives

Even though Th. I1.1.1.2 allows to find the shape derivative of integral functionals, its
result does not apply to physically interesting figure of merits since the integrands f and
g in Eq. (I1.1.3) do not depend on the shape €.

This dependence is, however, of utmost importance to consider physical quantities (such
as the electric field) that are inherently domain-dependent. Let us recall for instance that
in Section [.3.4 we presented a general optimization program for photonic components
which requires the resolution of Eq. (1.3.22), that is to maximize

2
/”HEgvﬂﬂ-nds, (I1.1.8)
I

7@ =|[;

where Eg is solution of the time-harmonic vector wave equation which depends on €2
through the values of the optical index.

In this section we will therefore describe the technique used to adapt Th. I1.1.1.2 to
integrals of the form

ﬂ@ﬁ%ﬁ@ﬁmxamkﬂm:éJ@ﬂM& (IL.1.9)
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I1.1.2.a Definition

To find the shape derivative of the functionals in Eq. (I1.1.9), we need to give meaning to
the derivative with respect to €2 of functions such as

ug : D — R,

which we assume to be an element of H, an Hilbert space defined on D C R? with Q C D.
This is the case of the electric field Eq in Eq. (I1.1.8) (as we have seen in Section [.4.3)
which is defined as the solution to a PDE in D C R? using an optical index which depends
on Q) CD.

To study these derivatives, two approaches are possible using either an Eulerian or La-
grangian framework as presented in Def. 11.1.2.1, I1.1.2.2 and Fig. I1.1.3. These denomi-
nations will be explained in Remark [1.1.2.1. Note that in general ug may be defined only
on (), thus requiring some modifications in the following definitions; see Remark I1.1.2.2.

(a) Eulerian point of view: we study the (b) Lagrangian point of view: we study the
variation between the value of w before and  variation between the value of u at x before
after the deformation at the position x the deformation and after at (Id + 0)(x)

Figure I1.1.3: Difference between the Eulerian and Lagrangian points of view.

Definition 11.1.2.1 — Eulerian derivative.

On the one hand we can study, for a given point x in space, the variation of the function
uq € H at this fixed position x with respect to a modification of Q (see Fig. [1.1.3(a)).
The new value of ug at the same position is denoted by i and defined as

Qg : WHPRERY) — H st. 0a(0) = uadre)y o) (I1.1.10)

When it exists, the derivative of this mapping at 0, in the direction 8, is referred to as
ug(0), the Eulerian derivative of ug. In other words

uh(0)(x) = ditg(0)(8)(x). (IL1.11)

Notice that since we consider ug as an element of €2 a subset of D, then for any
sufficiently small 8 with 8 = 0 on 0D, the value of 4(0) is well defined and so does

Definition 11.1.2.2 — Lagrangian derivative.

Alternatively, one can follow the movement of x € D during the shape deformation
and consider the variation of u € H along the path of x (see Fig. I1.1.3(b)). The new
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value of uq at the modified position is denoted by uq and defined as
Uq - Wl’oo(Rd,Rd) — H s.t. l_LQ(O) > U1d+0)(Q) © (Id + 0)

In this case, the derivative 1 (@) of ug at 0, in the direction 0, is called the Lagrangian
derivative of ug (also known as the material derivative of ug), that is

i0(0)(x) = diig(0)(8)(x). (IL.1.12)

Even though the Lagrangian derivative is more complex from a mathematical point of
view, it seems more appropriate in shape optimization since it allows to study the precise
behavior of the function ug on interfaces such as 9. Indeed, if @ # 0 and x € 0f) then
x ¢ (Id + 0)(012), hence the Eulerian derivative does not allow to track the variation of
ugq on the border of Q (it will be important in Chapter V when dealing with boundary
conditions defined on 0f2). Moreover, when ug is only defined on €2, the Lagrangian
derivative is easier to handle; see Remark 11.1.2.2.

Remark I1.1.2.1: The strategies of Definitions I1.1.2.1 and I1.1.2.2 are named after
two well-known viewpoints used, for instance, in fluid mechanics. When dealing with
flows, depending on the applications, it is customary to observe either the velocity
v(x,t) of the fluid at a given point x € R? over the time ¢ € R or the evolution of
a particle position X(x,?) (which begins at the location X(x,0) = x for ¢ = 0) and
therefore its individual speed OpX(x,t) = v(X(x,t),1).

When the quantity v(x, t) is considered, it is said that we are within the Eulerian frame
of reference whereas considering v(X(x,t),t) falls down in the domain of Lagrangian
coordinates.

A direct analogy between the time ¢ in fluid mechanics and the transformation
0 in shape optimization is made if we let X(x,0) = x + 6(x) be the point x
new position. Indeed if w(x,0) = 1ug(0)(x) is the Eulerian derivative at x then
w(X(x,0),0) = ug(#)(x) is the Lagrangian one.

Remark I1.1.2.2: If ug is solution to a PDE which is only defined on €2, then the
Hilbert space H depends on 2. This means that for any 6 # 0, 1q(6) ¢ H.

Still, the definition of the Kulerian derivative may be adapted by modifying g
in Eq. (IL1.10) into tqx(0) = uaa+ey)(x) (which is well defined for small enough
vector fields @) and ug(0)(x) as the associated derivative.

In this case, the Lagrangian derivative seems to give a more appropriate mathematical
framework since it may still be defined globally as in Def. [1.1.2.2 and does not require
a definition at each position.

Nevertheless, whenever both @ and u are well defined, they are linked through a simple

formula. To show this we introduce Uy : 8 — ug o (Id + ) in such a way that a formal
application of the chain rule gives:

dii(0)(6) = dUa(0)(8) + diin(0)(8) = 8 - Viuq + dig(0)(6).
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Using Eqs. (I1.1.11) and (I1.1.12) this is equivalent to
0 (0) = 0 - Vyuq + ug(0). (I1.1.13)

Since the Lagrangian derivative is more rigorous from a mathematical point of view,
it is common to find the Lagrangian derivative and then define the Fulerian one us-
ing Eq. (I1.1.13) as

UIQ(O) = &9(0) -0 VXUQ. (11.1.14)

I1.1.2.b Application to integral with shape-dependent integrands

Using the previous definitions we can now give the derivatives of Eq. (I1.1.9) (see [All07,
Prop 6.28]):

Theorem I1.1.2.1 — Shape derivatives of domain-dependent integrals and
integrands.

Let © be an open, regular and bounded subset of R?, fq,gq € LY(R% R) with gq
differentiable at 0 as a mapping from C*(R9¢, R?) into L'(92). Let

J1(92) :/QfQ(X) dx and JR(Q) = /89 ga(x) ds. (I1.1.15)

The functionals J; and J5 are shape differentiable at @ = 0 and we have the following
shape derivatives for all 8; € W1 (R4, R9)

T1(Q)(61) :/Q(V-Ol)fg(x)—l—jgg(el)dx:/Ejgel-nfg(x)ds—i—/ﬂfé(&)dx, (IL.1.16)

and for all 6, € C}(R? RY)

T}(9)(6:) = | g0(x)(V 02~ V8 -n) + jo(6y) ds

:/me?-nwgg(x)-nm%(x)) ds+/mg§)(02) ds. (IL1.17)

Note that using the Eulerian derivative the shape derivatives Eqs. (I1.1.16) and (II.1.17)
are exactly the ones expected using the chain rule applied formally and Th. I1.1.1.2. As
we will see in the next section, this sole theorem will allows us to find the shape derivative
of all the functionals considered in this thesis. However, in practice, since both Eulerian
and Lagrangian derivatives are difficult to obtain numerically we will resort to the adjoint
method to obtain the shape derivatives without computing either ug, or tg.

I1.1.3 Other type of sensitivity: topological gradient

In this subsection we briefly discuss another type of shape sensitivity, namely the topo-
logical gradient which allows topological changes in the shape.

For more information about this method we refer to [Sok09, Chapter 1] or [Ams03, Chap-
ter 1]. To better appraise the link between shape and topological derivatives we start this
paragraph with a very crude attempt to reuse the previously defined shape derivative in
the context of a topological modification which has the form of the removal of a sphere
within the shape.
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(a) Unperturbed shape ) (b) Modified shape Q. = Q\B(xg,€)

Figure I1.1.4: Variation of the shape using the topological gradient.

To do this, first suppose that we are in the situation depicted in Fig. 11.1.4(b). If we
consider the shape Q. = Q\B(xg, ) then we can look at the shape derivative along the
border of B(xy,¢) and check if it should be better to dilate or erode this ball by looking

at the sign of
T = [ Vols)ds
8B(X078)

where Vy only depends on the values of ug and v, the adjoint state as defined in Sec-
tion I1.2.1. From a numerical point of view we now make two approximations:

e For ¢ small enough the values of both ug_ and vg_ are constant on the border of the

ball so that J'(€2.)(n) ~ 27Vq_(xo).

e If ¢ is small enough then the PDEs solutions (the state and the adjoint) using either
Q or €. should be equal so that J'(Q.)(n) ~ 27V (xo).

In other words considering only the simulation of the state and adjoint using {2 we can
find if it would be better for €2, to dilate or erode B(Xg,¢) by looking at the sign of V(xo)
(negative values implying that a dilation would be better to increase the value of J(£2)).
Another way to interpret this result is the following if V, is negative then it should be
good to nucleate a hole in € at xq since, if such a hole were to exist, then it would be
better to expand it than to shrink it.

Of course, this conclusion does not result from a rigorous mathematical analysis and it
proves wrong in many cases, even though it can be legitimate in some circumstances;
see [Céa00]. In fact the most inaccurate assumption in the last paragraph was that we
considered the shape derivative in the direction n using an amplitude of at most the hole’s
radii ¢ (remember that the shape derivative is not allowed to alter the shape’s topology)
which is also the magnitude of the perturbation caused by the removal of B(xg,¢). In
other words, these two modifications (the edge of the hole in the normal direction and the
drill of the hole itself) are both functions of ¢ and it is therefore not justified to disregard
one of them without first checking that one of these perturbation is negligible compared
to the other one (this is the case if they are not of the same order in ¢).

A mathematically rigorous counterpart to the previous analysis relies on an asymptotic
expansion of the objective function as

J(%) = T(Q) + f(e)T(x0) + R(f(e)) (IL.1.18)

where f(g) — 0 and R(f(¢)) = o(f(¢)). In this case T (Xq), which is called the topological
gradient of the objective function, then gives information on where to remove balls in the
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shape in order to optimize [J. Differentiating FEq. (I1.1.18) by € and dividing by f’(¢)
then yields
"(22
T (xo) = lim (M - R’(f(s))) . (11.1.19)
f'(e)
And if we also have R'(f(g)) — 0 then T(xq) = Va(xo)lim.oef’(¢)”!. In the case
of nanophotonics, proving a relation like Eq. (I1.1.18) is very difficult; see Section 111.3.2

where we give some optimization results using the value of the shape derivative as a means
of knowing where to nucleate holes inside the shape.

II.2 How to find the shape derivative of a PDE con-
strainted functional

In Sections [1.2.1 and [1.2.2 we are interested in the shape derivatives of the following
model physical objective in which 2 is a subset of the considered domain D C R? (this
type of shape optimization problem where €2 is immersed into a larger domain is sometimes
referred to as an interface optimization problem)

T(Q) = / jlug) dx  with ug € H s.t. Ko(ug) =0 (11.2.1)
D

where uq € H a given Hilbert space defined on the whole domain D and Kq a linear
differential operator. Note here that to ensure the well-posedness of J we have to suppose
the existence and uniqueness of a solution for all smooth €2 to the equation Kq(ug) = 0
(additional regularity are also required in order to integrate j on D but we will ignore
these details here). More precisely, we will consider the variational formulation associated
to the PDE meaning that ug € H is solution of

aq(ug,v) = bo(v) (I1.2.2)
for all v € H where a (resp. b) is a bilinear (resp. linear) form.

According to Th. 11.1.2.1 the shape derivative of Eq. (I1.2.1) could be computed but it
involves either the Lagrangian or Eulerian derivative of the mapping 2 — ug. Céa’s
method [Céa86] (also known as the adjoint or Lagrangian method) allows us to find the
shape derivative of J without ever having to find this derivative but at the cost of a formal
demonstration. The general structure of the complete proof is presented in Section 11.2.2.

11.2.1 Céa’s formal method

I1.2.1.a General method

To find the derivative of Eq. (I1.2.1) consider the following three steps:

1. Definition of the Lagrangian. Define a function £, which will be referred as
the Lagrangian, as the sum of the objective and the considered PDE’s variational form
(see Remark I1.2.1.1 for some explanations about the link between this definition and the
Lagrangian used in optimization)

L(Qu,v) =T(Q)+ ag(u,v) — bo(v). (I1.2.3)
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Note here that £ is well-defined for all u,v € H and that no dependency between u,v
and () is required.

2. Expression of the shape derivative using the Lagrangian. Taking u = uq the
solution of the equation aq(u,v) = bg(v) we have for all v € H:

L(2, ug,v) = T(Q). (IT1.2.4)
And since this equality is verified for all shapes it also mean that for all 0:
L((1d+ 0)(2), uga oy, v) = T (1 + 0)(2).

Now supposing that the mapping 2 — L(£2, uq,v) € R is shape differentiable for every
v € H, we can use the chain rule and find that the shape derivative of J(2) equals to

J'(Q)(0) = 0aL(Q, ug,v)(0) + 0,L(Q, ug,v) o ug(8). (I1.2.5)

Remark here that finding 0qL(2, u,v)(0) is easier than J'(€2)(6) since the integrands in
L does not depend on {2 so we can use the results of Th. I1.1.1.2 instead of Th. I1.1.2.1.

3. Introduction of the adjoint state. Since ag is bilinear, Eq. (I1.2.5) is equivalent
to

TJ'(Q)(0) = 0o L(2, ug,v)(0) + /Dj’(uQ)(ugl(H)) dx + aq(ug(0),vq). (I1.2.6)

We will now see that it is possible to cancel the second and third term in Eq. (I1.2.6) which
has the advantage to greatly simplify the shape derivative’s formula by not involving the

Eulerian derivative. To do this it is sufficient to remark that taking v = v solution for
all w € H of

/;j%ugxﬂ)dx—%agﬁkv)::O (11.2.7)
From Eq. (I1.2.6) the shape derivative of J is then found equal to
T (Q)(0) = 9aL(, ug, v0)(8). (11.2.8)
In summary to find J'(22)(0) we will have to
1. Find ugq solution of aqg(uq,v) = bo(v) for all v € H.

2. Find vq solution of aq (@, vq) = — [p j'(uq) (@) dx for all u € H.

3. Compute the shape derivative as J'(Q)(6) = 0qL(£2, ug, vq)(0) whose exact formula
is obtained through Th. I1.1.1.2. From this theorem it is also clear that the final
shape derivative should be of the form

J'(Q)(0) = /8 0 nVa(s) ds (I1.2.9)

where the scalar field V(s) may involve the values of both ug and vg (note that
this expression is consistent with the structure theorem Th. I1.1.1.3).

Remark I1.2.1.1:  The definition of the Lagrangian (Eq. (I1.2.3)) comes from an
analogy with the Lagrangian used in mathematical optimization. Indeed, we can first
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see that maximizing Fq. (I1.2.1) is equivalent to solving the following mathematical
program

s s

ueH .
s.t. Kqo(u)(x)=0 forallxeD

Introducing a Lagrangian multiplier v(x) for each constraint on u leads us to the
following classical definition for the Lagrangian

L(Q,u,0) = T(Q) + /D v(x) Ko(u) dx

which, after integration by part, is equal to Eq. (I1.2.3). See also [Delll, Chapter 10,
Section 5.2] about this link between the Lagrangian in optimization and the one used
in shape optimization.

I1.2.1.b Limitations of Céa’s method

Céa’s method may be adapted to most physical problem and gives the correct shape
derivative in many cases but its application still requires to carefully keep in mind the
underlying assumptions that have been made to ensure that it is correctly adapted. Mainly
two hypotheses are of great importance to find the correct shape derivative.

First, in Eq. (I1.2.3), the definition of the Lagrangian supposed that w,v and € are
independent. This may not be the case if the Hilbert space H in which ug and vg are
defined depends on 2. This occurs for instance when a Dirichlet boundary condition is
applied on (a part of) the border of 2 which is also subject to optimization. It is still
possible to adapt Céa’s method by adding an additional Lagrange multiplier and we refer
the reader to [All07, Section 6.4.3] for information about this particular case.

Secondly, Céa’s method relies heavily on the formula (I1.2.5) obtained by assuming the ex-
istence of the Eulerian derivative of ug which, as we have seen in Section [1.1.2.a, may not
exist contrary to the Lagrangian derivative. We will see in Section [11.2.1 that this exact
problem occurs for objective functionals used in nanophotonics. This non differentiability
may be readily seen from Fq. (I1.1.14) since the Eulerian derivative is linked to the La-
grangian one by involving the gradient of the solution of the PDE (see Remark 11.2.1.2)
which may not be defined on the interface 92 (in Section 1.1.3.b we saw that only the
tangential derivatives of the electric field are well-defined on an interface). Just like the
first problem mentioned above, we can still adapt Céa’s method to find the right shape
derivative (see [Pan05] for more details).

Remark I1.2.1.2: To be perfectly precise about the Eulerian derivative, it may
be defined but will lack some regularity; ug may not be an element of H. In such
a situation, even if vg is defined by canceling the adjoint equation (I1.2.7) for all
u € H, Eq. (11.2.8) is not verified since ug(0) ¢ H. Even worse, it may not even be
possible to evaluate ag using an element which is not in H (for instance if the Eulerian
derivative is only an element of L? and aq(u,v) involve the gradient of u).
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I1.2.1.c Numerical considerations

In this subsection we discuss two numerical features about computation of the adjoint
state. First, as we have seen ugq is solution of Fq. (11.2.2) and vg the adjoint state is the
solution of Eq. (I1.2.7). Once discretized using the finite element method (see Section 1.5.1)
these equations drop down to:

AQ'LIQ = 1179 and AgVQ = 1279

where Ag is the same stiffness matrix involved for both equations, 1; o, 12 o are two vectors
and ug (resp. vq) is collecting the values of ug(resp. vg) at the degree of freedom of the
finite element discretization. If during the resolution of ug the LU decomposition of Aq
is found (this is most of the time the case when using a sparse direct solver) then vgq is
easily computed since it involves the same matrix.

It is worth noting that in Section [1.2.1.a the Lagrangian involved ug and vg and not
their discretized counterpart. The same analysis may be carried out using ugp and vg
in the Lagrangian and the question that can legitimately be asked is whether the shape
derivative obtained by considering this new Lagrangian is the same as the previously
obtained one once discretized (in other words, does considering a continuous model and
then discretizing it give the same result as directly considering the discrete model?). For a
lot of classical shape optimization problem these two approaches are indeed equivalent but
unfortunately this is not the case of the problem studied in Section I11.2.1; see also [All14b,
Section 2.2].

I1.2.2 Structure of the rigorous proof

Even when it gives the right result, Céa’s method remains purely formal as we have
seen at the end of Section [1.2.1.a. This section is now dedicated to the explanation of
the full proof required to obtain the shape derivative of q. (I1.2.1), an application to
nanophotonic will be studied in Section [11.2.1.

This demonstration is divided into four main steps.
e First we look at the variational form of the transported field ug44ey@) o (Id + ).

e Later it is proved that the Lagrangian derivative of uq is well defined by using the
implicit function theorem.

e We differentiate both the objective function and the variational formulation of
Uta+e)) © (Id + @) with respect to € to find that (@) is obtained by solving
a PDE where 0 acts as a parameter. Introducing an adjoint state vq it is then
possible to remove the dependence on the Lagrangian derivative and express the
shape derivative using a volumic integral and vg,.

e The last step is then dedicated to the modification of the previously found expression
into a surfacic one using integration by parts.

Unlike Section [1.2.1.a we consider here a particular structure of the variational formu-
lation (we could have once again remained with a general problem but we think that it
would be too vague to adapt this demonstration to other physical problems). For this
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introduction we consider that uq is the solution to a fairly simple second order elliptic
problem on D with Neumann boundary condition, precisely we take

aq(ug,v) = /D Vug - Vv + cququ dx = /D fvdx = bo(v) (I1.2.10)

where cq(x) equals ¢; > 0 inside Q and ¢ > 0 outside Q with f € C'(D,R). Here the
Hilbert space H is H'(D). In details the proof is then as follows.

1. Mapping of the objective function and the variational formulation in the ref-
erence domain. Let 8 € W= (R% R%) a vector field such that its norm [|0||y1. ga ra)
is strictly less than 1 (see Th. I1.1.1.1). We start by transporting the objective functional
for the shape (Id + 0)(£2) = Qg on

T (Qe) = /Dj(uQe) dx where /DVUQG - Vv + cquun,v dx = /va dx

for all v € H. Using a change of variables and defining the transported fields
ug = ug, o (Id + @) and vy = v o (Id + 6) we therefore have

T(Q) = /D j(iig) B(6) dx, (I1.2.11)
and for a given v € H
/D A(@)Vug - Vg + cqB(0)ugvg dx = /D B(0)f o (Id 4 0)vg dx
since by definition cq = c¢q, o (Id + 0) with
A(0) = |det(Id + VO)|(Id + VO) H(Id+ VO')™* and B(0) = |det(Id + V8)|.
In the previous calculation we have used the fact that
V(ug, o (Id + 8)) = (Id + VO ") (Vug,) o (Id + ).

Now from Th. I1.1.1.1 we see that for € small enough we have {vo (Id+0),v € H} = H
which means that ug is also solution for all v € H to

/ A(0)Viig - Vv + cqB(0)iigv dx = / B(6)f o (Id + ) dx. (11.2.12)
D D
Note that this first step could be achieved for any PDE and objective function since it
amounts to express the objective function and variational formulation in terms of ug.

2. Proof of the Lagrangian differentiability of uq using the implicit function
theorem. Now we consider the following functional from W (R% RY) x H into H*
(the dual space of H)

F(0,u) = (U — /DA(O)VU -V + coB(@)uv dx — /

Ifﬂmfoad+9wdg)

Using for instance the Lax-Milgram theorem we can prove the existence and uniqueness
of the solution to
ag(u,-) =14 (I1.2.13)
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for all Q2 and ¢ € H*. The function ugq is therefore the unique u such that F(0,u) = 0,
that is (0, uq)(v) =0 for all v € H.

Furthermore, F' is an affine map with respect to u so 9,F(0,u)(a) = aq(u,-). Since
aq(t,-) = ¢ has a unique solution for all either fixed « € H or ¢{ € H* then
u — 0, F(0,uq)(u) is an isomorphism from H into H*.

Besides, A(6) and B(0) are polynomials in @ which implies that F' is a C'! application
with respect to @ but also according to u since F' is affine for a fixed value of 6.

In summary:
e The three sets W1 (R4 RY), H and H* are Banach spaces,
o [:WL(RY RY) x H— H* is a C* mapping,
o F(0,uqg) =0,
e 0,F(0,uq) is an isomorphism from H into H*.

Now owing to the implicit function theorem [Lan12, Chapter 1, Theorem 5.9] there exist
two neighborhoods U € W (R4 R?),V C H of 0 € U and ug € V and a differentiable
function ¢g : U — V such that F'(6,9(0)) =0 for all @ € U.

Once again by uniqueness of a solution to the PDE we have g(8) = ug for all @ € U which
allows to conclude that 8 — ug is Fréchet differentiable or, equivalently, that ug has a
Lagrangian derivative g (0) € H.

For more general PDEs the main difficulty of this step would be to prove the uniqueness
of a solution to the equation aq(u,-) = ¢ for every linear map ¢, which is, in general, a
fundamental assumption for the study of physical problems.

3. Volumetric shape derivative using an adjoint state. We can now differentiate
the objective Eq. (I1.2.11) to obtain

\7TfD(9)==/;j%uQﬁ%ﬂ0)dx, (11.2.14)

as well as the variational formulation Eq. (I1.2.12) verified by g

AvhwawmmmmmX

— /D A'(0)(8)Vug - Vv + coB'(0)(8)ugu dx + /D B'(0)(8)fv+6-Vfvdx, (I1.2.15)

where simplifications were made using A(0) = Id, B(0) = 1 with the derivatives of A and
B given by

A'0)(8) = (V-0)Id—VO—-VO' and B'(0)(0)=V-0.

Our goal is now to express Eq. (I1.2.14) without resorting to (@) since for the mo-
ment if we want to compute the value of J'(£2)(0) we have to solve one additional PDE
(Eq. (I1.2.15)) for each 8. Formula Eq. (I1.2.14) is impractical from a numerical point of
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view; in particular it does not lend itself to finding a descent direction 8 for J(2) (i.e. 6
such that J'(2)(0) < 0).

To understand how we will solve this problem, let us have a look at the variational
formulations verified by both uq and g (0). Taking v = ug in Eq. (I1.2.15) and v = 1(6)
in Eq. (11.2.10) we find that

/D Viig(8) - Vug + coiia(0)ug dx

—LAmwmmmvm+mR@wmmm+/B (8) fuq + 0 -V fuq dx dx,

/ Vg - Viia(8) + cqueiia(8) dx = / Fin(6) dx,
D D

and therefore

/ Fia() dx = / B'(0)(8) fug + 6 - V fug — A'(0)(8)Vug - Vg — coB'(0)(0)ud dx.
(11.2.16)
If j'(ug) in Eq. (I1.2.14) were both equal to f we could use the right-hand side
of Eq. (I1.2.16) to compute J'(€2)(0) without solving any additional PDE since it would
not use un(@). Unfortunately this is not the case for a general function J(€2). The idea
is then to introduce a new state, the adjoint, solution of Fq. (I1.2.10) with this time a
source term j'(ugq) instead of f. Indeed if we let v the solution for all v € H of

/D Vg - Vo + cququ dx = /Dj’(uQ)v dx (I1.2.17)
then taking v = L,(0) in Eq. (I1.2.17) and v = vg in Eq. (I1.2.15) we find that
/ B'(0)(0) fug+0-V fug—A'(0)(0)Vug-Vvg—coB'(0)(0)uquadx, (11.2.18)
which is known as the volumetric expression of the shape derivative.

4. Surfacic form of the shape derivative. To simplify the previous expression and
obtain an integral on 02 involving only the normal component of 8 (which should be
possible according to the so-called structure theorem) we rely on the following integration
by parts formulas valid for smooth enough 6, scalar fields u, v and vectorial ones u, v (the
strategy used here follow the development proposed in [Fepl8, Section 3.4.3]):

/D<v . 60)(uv) dx = /

oD

(0 -n)(uv) ds — / V(uv) -0 dx (I1.2.19)

/D(Veu) cvdx = /81)(0 -v)(u-n)ds — /D((V -u)v + (Vv)u) - 0 dx. (I1.2.20)

To apply these formulas note that the last term in the integrand of Eq. (I1.2.18) is not
smooth, more precisely since ug, vg are smooth (a classical result of elliptic PDE may be
used to show that they are at least of class H*(D,R) with k > 1, see for instance [Brel0,
Section IX.6]) but cq is not. We then rewrite the last integrand term as

A%H@WWmMm:/

2B O)Ounre dx + / a1 B'(0)(0)ugvo dx,  (I1.2.21)
D\ Q

for which we can apply both Eqs. (11.2.19) and (I1.2.20) to both integrals. Second remark,
since values of @ are only important inside {2 and the shape 2 is an open subset of D

47/182




48/182

CHAPTER II. GEOMETRIC SHAPE OPTIMIZATION

we can choose any value for @ on 0D such as @ = 0. From these remarks we can now
use Eqs. (11.2.19) and (I1.2.20) on Eq. (I1.2.18) to find that the first three integrands are
of the form [, 60 - ro dx and that finally

J'(Q)(0) = /80(9 -n)(c; — cp)ugug ds + /D 6 - rq dx (11.2.22)

where rq is some scalar field depending on both ug and vg. From Hadamard’s structure
theorem 11.1.1.3 however, we know that J'(€2)(0) should vanish for compactly supported
0 in Q or D\Q which is only possible if the last integral in Eq. (I11.2.22) vanish. This
conclude the four steps proof with the shape derivative given by Eq. (11.2.22) with
rQ = 0. O

Contrary to Céa’s method we can see that this proof does not involve the Eulerian deriva-
tive of ug and therefore only performs mathematically valid operations. The adaptation
of this demonstration to nanophotonics is explained in Section [11.2.1.

II.3 Numerical representation of shapes using level-
set functions

This section is a short introduction to the level-set method used to numerically represent
shapes and their deformations. Sections [1.3.1 to [1.3.3 gives theoretical results on level-set
functions whereas Section [1.3.4 deals with its numerical discretization. Most of the mate-
rials presented in this section can be found in the book of Sethian [Set99]. The application
of level-set functions to shape optimization comes from the seminal paper [All04].

I11.3.1 Introduction

Rather than representing a shape € C R? by its characteristic function 1 : R? — {0, 1},
this method implicitly represents € using a smooth function ¢ : R? — R (a level-set
function) such that 9 corresponds to the zero level-set of ¢ (see Fig. 11.3.1) and € to
the negative subdomain of ¢. More precisely ¢ is chosen such that

Q={x,0(x) <0}, 00={x06(x) =0} (RN\Q)={x d(x)>0}.

As we will see, this new degree of freedom (¢ gives at each point a value in R instead
of a binary result with 1q) is very convenient since a smooth representation means that
small modifications of the shape 2 will corresponds to regular changes of ¢ allowing a
finer control of the border of the shape and its properties.

Remark I1.3.1.1: In the previous section we studied the sensitivity of an objective
function when the shape 2 is deformed according to a vector field. In this section we
have established that a level-set function allows to fully represent a shape. We could
then study the sensitivity of the objective function when one of the level-set function
¢ associated with the shape € is slightly modified.

If we denote by 5 the shape represented by a level-set function ¢+§ where 6 : R? — R,
then we are looking for a first order Taylor expansion as

T Q) =T(Q) + T'(Q)(8) + 0o(d), (I1.3.1)
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(a) Characteristic function 1 (b) A level-set representation  (c) 8D illustration of (b)

Figure I1.3.1: A shape ) and some related discrete representations.

which allows to find the best modification d to apply on ¢ in order to improve the
objective function.

This method has been considered in several scientific articles but one criticism is of-
ten made about it; given that this method does not make any distinction between
the shape and its numerical representation, level-set regularization processes such as
redistanciation (see Section 11.3.3.¢) cannot be mathematically justified (although it is
numerically useful). However, in the case of a derivation and modification of the shape
with respect to a vector field, the level-set being there only to represent the shape, it
is possible to modify it as we like as long as it always represents the same shape.

I11.3.2 Geometric properties

The first interesting property of level-set functions is that they allow to conveniently
calculate geometric quantities such as the normal vector or local curvature. Indeed, a
result of differential geometry allows us to find that if a shape 2 C D is represented by a
smooth level-set function ¢ then

Vo

n=—— and s=V-n 11.3.2
Vol 11.32)

where n is the normal vector to 02 pointing outward ) and x the mean curvature.

Remark I1.3.2.1: The geometrical definitions in Eq. (I1.3.2) are only valid for a
point x on the border of the shape 2. Later on, however, we will sometimes refer to
the value of the normal vector outside of 0€). For this purpose we define the extended
normal vector on D through the level-set representation of Q2 as n(x) = Vo(x)/|Vo(x)|
for all x € D whenever V¢(x) is not equal to 0.

Its also worth noting that the perimeter and volume of 2 may be computed as

Per(Q)) = / ds = / 5o © d(x)|V(x)| dx (11.3.3)
{6(x)=0} R
using the dirac function §p and
Vol 52:/ (1:/1xx dx. 11.3.4
olume((2) woo<op X7 o Lixoro<oy dX (I1.3.4)
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11.3.3 Movement along the normal vectors

I1.3.3.a Hamilton-Jacobi equation

Let us get back to shape optimization. So far we have seen that in order to optimize a
figure of merit 7 we need to move the borders of the shape along its normal vector; for
a given initial shape o we need to compute ; = (Id + 6)(£2y) with a given vector field
0 (supplied by the shape derivative of J(€2)) of small amplitude. Remember that a very
crude sketch of the optimization algorithm was given in Section I1.1.1.e.

We will now see that Line 8 of Algorithm II.1.1 where we performed the operation
Q= (Id + 76n)(2) is easily numerically performed using a level-set representation of
the shapes. More precisely if 2y is given by ¢y then ¢;, a level-set representation of {2,
is found by solving an Hamilton-Jacobi equation.

To understand this, let us consider the general framework of the movement of a
shape Qy C D through a time-dependent vector field. For all ¢ € [0,1] we define
Q= (Id + 0(x,1))(Q) where 0(x,t) is a given vector field. The movement of any “par-
ticle” starting at a point x¢ € €y is denoted by X(x,t) and defined as the solution

DX (x0,1) = O(X(x0, 1), 1) (11.3.5)

with the initial condition X(x¢,0) = xo. Knowing ¢(-,0) = ¢ a level-set representation
of Q, we are searching, for each ¢ €]0, 1], a function ¢(-, t) representing (Id+ (-, ¢))(£2).
This implies in particular that a particle on 0}y has to stay on 0€2; after its movement.
In other word if xg € 92 then for all ¢:

$(X(x0, ), 1) = 0. (I1.3.6)

Differentiating with respect to ¢ Eq. (I1.3.6) using the chain rule and the definition of X
(Eq. (11.3.5)), we find that

8t¢(x0, t) + O(XO, t) . Vx¢(X0, t) =0. (1137)

If we add the more general constraint that for all x € D such that ¢(x,t) = r € R
the particle X(x,t) associated with x must stay on the same level set value r, that is
o(X(x,t),t) = r, then we find that Eq. (I1.3.7) must be verified for all x € D and
not only for r = 0 and x¢ € 0f). In the particular case of normal vector fields,
0(x,t) = 0(x,t)n(x,t) and using Eq. (11.3.2) the Eq. (I1.3.7) rewrites as the following
Hamilton-Jacobi equation

B (x, t) + 0(x,1)|Vod(x, )| = 0. (I1.3.8)

Together with the initial condition given by ¢(x,0) = ¢o(x) this equation characterizes
the motion of the domain €2;. We shall see in the next section that efficient finite difference
schemes exist to solve the Hamilton-Jaocbi equation.

Remark I1.3.3.1: As an example, it is interessting to note that solving Eq. (11.3.8)
using 0(x,t) = J (resp. —d) should give the shape dilated (resp. eroded) by a length 4.
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I1.3.3.b Distance function and Eikonal equation

Among all the possible level-set functions ¢ to represent a shape €2 C D there is one that
is particularly useful in numerical practice. This is the signed distance function to €2
defined as the unique function dg whose sign at x indicates whether or not x is inside 2
and whose absolute values gives the distance from x to 052,

—daQ(X) if xe
do(x) = 0 if xeo | (IL.3.9)
dag(X) if xe D\Q

where ds(x) is the distance from x to 92 (the level-set representation in Fig. 11.3.1(c)
is a signed distance function). An interesting property of dg, is that it is solution of the
following Eikonal equation:

|[Vdo|=1inD, do=00n09Q and dg <0 in €. (I1.3.10)

The resolution of Eq. (I1.3.10) provides a way to find a level-set function associated to
a given shape () and is useful to initialize the optimization algorithm with an existing
shape.

In addition of being useful numerically, the signed distance function is also used multiple
times in Chapters [II to V to simply express geometric properties or to regularize quan-
tities close to the border of the shape; if f : D — R is a discontinuous function, taking
a value f1 in Q and f5 elsewhere then we can smooth the transition near 02 using the
signed distance function and a small parameter € as f = fo + (fo — f1)H(dg) where H
is a smooth heaviside function (see Remark 111.2.2.2 or Section V.4.1 for examples using
this regularization).

Handling the signed function as the level-set representation of a shape is convenient since,
in practice, it has been reported many times that solving FEq. (I11.3.8) will have the un-
fortunate tendency to flatten areas (resp. make very steeps areas) with near-zero values
hindering the proper determination of the sign of ¢ (resp. preventing a precise calculation
of the gradient of ¢). However, it should be noted that we did not experience these kind
of problems during the optimization of the nanophotonic components presented in Chap-
ter II1.

I1.3.3.c Redistanciation

One last interesting equation concerning level-set functions that will be used later is the
following:

0ip(x,t) + sign(¢o)(|Vxd| —1) =0 and ¢(x,0) = ¢, (I1.3.11)
where sign(¢y) is defined as

1 if ¢p(x) >0
sign(¢o(x)) = 0 if ¢o(x)=0 . (I1.3.12)
1 Golx) <0

In order to grasp the behavior of such equation, suppose that ¢ is a level-set function
associated to a shape €. First of all, notice that Fq. (I1.3.11) is the same as Eq. (I11.3.8)
using the vector field sign(¢p)n (where n is the extended normal vector as explained
in Remark 11.3.2.1) and an additional source term sign(¢g). A formal analysis then reveals
that all edge points x (¢o(x) = 0) stay on 2. Indeed:
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1. The effect of the vector field sign(¢o)n is nearly the same as removing the value
sign(¢p) to all values of ¢g(x).

2. Meanwhile the same quantity sign(¢g) is added by the presence of the source term.

Additionally, if a steady state is achieved, Eq. (I1.3.11) is equivalent to Eq. (I1.3.10),
that is |Vx¢| = 1. By combining all these remarks we can understand that FEq. (I1.3.11)
provides, when ¢ — o0, the signed distance to the set associated with the level-set function
¢o. Solving Eq. (I1.3.11) periodically allows to keep a well-defined level-set representation
of the set.

I1.3.4 Numerical discretization

I1.3.4.a Introduction

In order to store and manipulate the level-set function numerically, we need to discretize
the level-set function ¢ (i.e. parametrize ¢ by projecting it into a finite-dimensional space)
representing a shape Q C Doy C RY. To do so, several options are feasible; see [Dij13] on
this topic in the context of shape optimization. Most of them rely on a discretization of
the domain D leading to ¢ being defined as

Ndof

9(x) = 3 aidi(x) (11.3.13)

where the (a;)i=1,.. n,, are scalar coefficients and (¢;)i=1,. n,., some basis functions. In
this section, as in the rest of this thesis, we will limit ourselves to the two-dimensional
case (N = 2) and a discretization of the domain through a Cartesian, regularly spaced
grid so that Eq. (I1.3.13) rewrites into

o, y) =35 b0, 1), (I.3.14)

i=1j=1

We also consider bilinear basis functions (see Fig. I1.3.2) defined at each nodes of the grid:

| = 23] [y — vl
¢ij(z,y) = <1 - TJ 1 - A—yj L) o= 51 <Az ly—ys, ;1 <Ag}- (I1.3.15)

See Fig. 11.3.2(a) for a representation of this basis function.

r

(a) One bilinear basis func- (b) A shape on a 4x 4 Carte- (c) One level-set representa-
tion defined in Fq. (11.3.15) stan grid tion of the shape in (b)

Figure I1.3.2: Level-set function on a Cartesian grid.
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Remark I1.3.4.1: The bilinear interpolation scheme is mainly used for exportation
purpose when generating the file containing the geometric information of the shape
(GDSII format) and therefore the precise position of its edges. For most computations
we are only interested in the nodal values of ¢ and the interpolation scheme is not
important.

To enhance the precision of such parametrization it is possible to consider adaptative re-
finements of the grid using for example quad-trees or triangular meshes. Other basis func-
tions include RBF (Radial Basis Functions) or spectral decomposition (again, see [Dij13,
Section 2.2]) which both bring into play smoother level-set functions and therefore more
regularity in numerical quantities such as n and k.

11.3.4.b Geometric properties

For any matrix of scalar coefficients a = («; ;); ; we define the following operators approx-
imating the first and second order partial derivatives considering either forward, centered
or backward finite difference:

— %1

O{,7. 1_a7 _ O{7_O{,_1 _ aA7, 1
R e S B P R B p o S s . (IL.3.16)
J Az 1,J Ax b 2Az
Diteg - Q2 — 20+ Xy, —Oijee + 20054 — 1o,
(2] - 2 ) (2] - 2 ’
(Az) (Az)
Di-tg - Dtog - Yidtl ~ 2055 + @i
ij = Vig o= 2 ,
(Ar)

and the same holds as far as the y-direction is concerned. With these finite differences

operators the normal vector and curvature (defined in Eq. (I1.3.2)) may be approximated
by (see [Set99, Section I1.6.7])

D™« D™V«

(D=0)? + (D7))2 (D) + (D7va)?)

n, =

Y

NI

D *a(D™a)? — 2D aD™Va(D7Y D= a) + DT Ya(D " a)?
K= ,
(D=0)? + (Da)?)?
where we removed the 4, j subscripts for simplicity. Note that for extremal values (i = 1, n,
or j = 1,n,) considering either Dirichlet or Neumann boundary conditions allows to define
the previous operators and geometric values for all i =1,...,n, and j =1,...,n,.

I1.3.4.c Resolution of the PDEs using finite differences

Hamilton-Jacobi equation

The numerical resolution of either Eq. (11.3.8) or Eq. (I1.3.11) first requires to choose one
particular solution of these equations. Indeed, as it may be seen on Fig. 11.3.3, several
solutions can be considered mathematically but one in particular, the viscosity solution,
seems to be the natural one. We do not give here the mathematical definition of such
solution and the reader is referred to [Set99, Section I1.2] for more details and to Fig. 11.3.3
for an illustration.

The remainder of this section is devoted to the presentation of a second-order finite
difference numerical scheme to obtain this viscosity solution. Information presented here
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1 b (1d+6)(Q)

(a) Moving each point of the border (b) The viscosity solution which border
through normal vectors, (Id+Vn)(02)  is different from the one in (a)
in dotted line

Figure I1.3.3: One shape 2 and two possible evolutions of its borders 02 when
moved along a vector field Vn where V is a scalar field whose precise value is not
important.

mostly comes from [Set99, Section I1.6]. We consider an explicit and time-updwind finite
different schemes of FEq. (I1.3.8) of the form
ot =aj; — AtH(i, 5, 0", a") (I1.3.17)
where At is the time step and H(i,j,0" «") is some numerical discretization of
0(x,1)|Vxo(x, )| using the values o™ = (af;)i; (resp. 0" = (67;)i;) of ¢(x,nAt) (resp.
0(x,nAt)) at each node of the Cartesian grid at the time n. From [Set99, Section I1.6.4]
we consider that the expression of H is given by the following formula in which different
numerical schemes are considered depending on the sign of 67,
H(i, j, 0", ™) = max(6]

Zhj,

0)H* (i, 4, ™) + min (67, 0)H (i, j, a™). (11.3.18)

Z7J’

In Eq. (I1.3.18), H*(i,4,a™) is chosen in order to provide a “good” discretization of
|IVo(x,t)]. A second order strategy reads as:

HE (i, 4,0") = \JHE(i, g, 0m) + Hf (G, 4, am)
H(i,4,0") = \JHy (i,,0m) + Hy (i, §,am)

where, this time for v = x,y, H are approximating (9,¢(x,t))? by

H (i, 4, ™) = max(D" (i, 4,™),0)* + min(D” (i, j, @), 0)?,
H, (i, 4,a") = max(D” (i, j,™),0)* + min(D (i, j, @), 0)?,

and D%, D" are given by

12 . . n -V _n AI/ -V _ N v _.n
D% (i,j,a") = D;ja" + Tm(Dm o, D), (I1.3.19)
A
DY (i, j,a") = Dita" + ELm(D;fj*”a", D vam), (11.3.20)

The discrete derivatives are defined in Section [1.3.4.b and m is the following function

Va if Ja| < |b] and ab >0
m(a,b) = b if |a] >1|b| and ab>0 . (I1.3.21)
0 if ab<0
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Note that in Eqs. (I1.3.19) and (I1.3.20) D', and D’ are either (depending on the value
of m) first or second order approximation of the partial derivatives. The numerical im-
plementation of Eq. (I1.3.17) does not require further comments and since it only involve
explicit finite difference its resolution is easily performed in parallel.

As is often the case for explicit finite difference schemes the time and spatial steps At, Ax
and Ay cannot be arbitrarily chosen in order to keep a stable numerical resolution. In the
case where ¢ is time-independent (so that 0}'; = 0; ; for all values of n), At is limited by
both the spatial steps and the maximal value taken by the scalar field 8 via the following
relation

min(Az, Ay)

Sup; ; ‘ei,j’

At <

(11.3.22)

which is known as a CFL condition, and we will refer to the right-hand side as the CFL
value. From a geometrical point of view Eq. (I11.3.22) simply means that at each iteration
the boundary of the shape should not move by more than one grid node. Numerically we
used a step At equal to 0.4 times the CFL value.

Redistanciation equation

Let us now turn to the numerical derivation of FEq. (I1.3.11).  The numerical
scheme Eq. (I1.3.17) is simply modified into

afft =af; — At} (i, j,0", ") + 07, (IL.3.23)

1,J

with 0, = sign(af’;). For stability reasons it is also advised to smooth the sign function
near zero using for instance

sign(a) ~ a/ \/a2 + min(Ax, Ay)zw.

Remark I1.3.4.2: It is important to clarify that given the approximations made by
the numerical resolution of Eq. (I1.3.11), the level-set function ¢(-,nAt) obtained after
redistanciation of an other one ¢(-, 0) may not represent exactly the same shape near the
borders, that is {x, ¢(x,nAt)} # {x, ¢(x,0)}. This fact is important since in the last
iterations of the optimization, the successive shapes will be very similar and therefore
the slight modification brought by the redistanciation process may cause too much
numerical errors and prevent the optimization algorithm from properly converging.

Eikonal equation

Numerical schemes to solve the Eikonal equation |Vé(x)| = 1 (Eq. (11.3.10)) involve
different methods than the one presented for the Hamilton-Jacobi equations since it is
not a time-dependent equation. A good approximation may be obtained by solving the
redistanciation PDE Eq. (I1.3.11) starting from an initial level-set representing the same
shape, but numerically it is more stable to use an algorithm such as the fast marching
method for which good explanations may be found for instance in [Set99, Section II1.8]
or [Dapl3, Section 1.3.1].
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II.4 Shape optimization algorithm based on
Hadamard’s shape derivative

We now have all the required information to implement in details the numerical Algo-
rithm I1.1.1 for solving the shape optimization program:

{ max J(Q) z/QJ'(U) dx _ (11.4.1)

s.t. u € H, and ag(u,v) = bg(v) for all v € H

I1.4.1 Gradient descent algorithm

II.4.1.a Optimization scheme

In Section I1.1.2 we have seen how to get the shape derivative J'(2)(0) of J(Q2) and that
in general this shape derivative may be expressed as

T'@)(0) = [ 6-nVa(s) ds = (6, 0V0(5)) 20,5

With this information a gradient descent algorithm (note here that we use the term of
“descent” algorithm even though we are considering the maximization of a functional)
consists in an iterative computation of @ = nf(s) and the modification of the shape into
(Id + 760)(£2) where 7 is the step size (see Algorithm I1.1.1 for a sketch of the optimiza-
tion algorithm), an operation which is achieved by solving the Hamilton-Jacobi equation
presented in Section [1.3.3.a.

Starting from an initial shape, the previous method should end up into one of the local
maxima of the considered objective function where the gradient, that is @ = nf(s) van-
ishes. For this to happen in practice, high numerical accuracy is required at each step
of the optimization process in order to guarantee that the computed gradient is indeed
an ascent direction for J(£2). The precision of the overall computation being altered
by many parameters such as the simulation software accuracy (mesh of the geometrical
domain, iterative solver, ...), the computation required for the velocity extension process
(explained later in Section 11.4.2), the grid size of the level-set function or even the small
modification of the shape induced by the redistanciation process. An easy way to asses the
validity of the full numerical method is to simply compare the value of J((Id+780)(2)) for
some small values of 7 with its first order approximation obtained by J(£2) + 7.7'(€2)(8).

In this thesis we only consider gradient descent algorithm and not more evolved scheme
such as non-linear conjugate gradient or second-order methods like Newton’s or BFGS.
The interested reader is referred to [Vié16, Chapter 9] for more details on these numerical
algorithms applied to shape optimization.

IT1.4.1.b Line search

In order to guarantee convergence towards a local maximum (as well as to improve the con-
vergence speed of the gradient descent algorithm) it is advised to perform a line search
at each iteration so that the step value 7 of the gradient (used in the update formula
(Id 4+ 760)(R2)) at each iteration is sought so that the objective function increased “suf-
ficiently”. Since the calculation of the objective function is usually very noisy due to
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numerical errors, we have decided not to use classical indicators to find a satisfactory
time step such as Wolfe conditions but rather rely on the following strategy. Starting
from an initial step 7y and the iteration number ny; = 0 we perform a line search by
looking at the value of J((Id + 7,,0)(f2)) and considering two cases:

Case 1: If J((Id + 7,,0)(22)) > J(R2), then we update the shape Q as (Id + 7,,0)(f2)
and since the step for the gradient was sufficient for this iteration, we can consider that a
slightly higher value would also work meaning that we can take 7,,,, 41 = YacceptedTn;; Where
Yaccepted > 1 (in our numerical test we used Yaccepted = 1.1).

Case 2: If 7((Id + 7,,,,0)(22)) < J(Q2), then the shape is not modified and we continue
the line search using this time 7, 41 = Vrejected Tns, WheTe Vrejected €0, 1[ (in our numerical
test we used Yrejected = 0.5).

Even with a very small step 7 it may happen that J((Id + 70)(2)) < J(Q2) because of
the lack of numerical accuracy. This remark led us to modify the condition of the two
cases by comparing J((Id + 7,,,0)(2)) with J(Q2) —n (where n > 0 is a small tolerance
value) to ensure that the line search will end in the hope that subsequent iterations will be
subject to fewer numerical errors. Let us conclude this subsection by pointing out [Pir82,
Section 4.4.3] in which the author proposed a strategy to perform a line search using a
local parabola approximation.

I1.4.1.c Stopping criteria

Theoretically, a gradient descent algorithm should stop when the gradient of the objective
functional equals zero. Obviously, it will be impossible to achieve such a precision numer-
ically and a more common stopping criteria is to request that the norm of the gradient
1/ (s)17290.) De less than a given threshold e. Ending the algorithm in this manner
means that at the end of the optimization, if the shape is moved in any direction with a
maximum amplitude of 7 then it should not increase the objective function by more than
7| f(s) ||%2( pory (if 7 is sufficiently small so that the first order approximation is valid).

However, in practice, we noticed in our numerical tests that it is really difficult to get pre-
cise values of the gradient’s norm at the end of the optimization process. This observation
lead us to two other stopping criteria.

e The first method is to look at the relative increase of the objective function in the
last n;, steps. If it has not improved by more than a given threshold during this
time then we can assume that allowing the optimization algorithm to continue even
further will not allow to increase the objective function by more than several time
the threshold value unless the algorithm is left for many more than ny iterations.

e The other idea is to stop the algorithm if the line search (see Section I1.4.1.h) cannot
find a new shape with a better value for the objective function even with a very
small step since this means that the numerical errors are too important (the next
iterations will therefore mainly consist in some kind of noise-optimization).
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I1.4.2 Velocity extension

I1.4.2.a Introduction

As we have seen in Th. [1.1.1.3, Sections [1.2.1 and [1.2.2, in practice, the shape derivative
of the considered objective functions are always in the form

JTQM9%:L;9-nWﬂst:(&nwﬁmwam, (11.4.2)

where Vo € L*(0Q,R). Considering only normal vector fields 8(x) = 6(x)n we have
T ()(0) = (0, [) 2(00r)- Taking 6 = nf on 0 with n sufficiently small will, in theory,
increase the objective function. Unfortunately, there are several problems with the use of
this vector field since it is only defined at the edges 0f2 of the shape. Although this is in
principle not a problem (any values can be taken outside 02 according to Eq. (11.4.2)),
the efficiency of the numerical schemes presented in Section [1.3.4 for the resolution of the
Hamilton-Jacobi equation depends very much on the regularity of 8 which Vq(s) may be
lacking off.

As a matter of fact, in order to numerically compute the values of the scalar field V(s)
on 0f) we need, in principle, a mesh of this border, which is not always the case in fi-
nite difference or finite element simulations (see Section I11.2.2 in which this problem is
described in more details). Secondly, from a theoretical point of view, as seen in Sec-
tion [.4.1, the trace of a PDE’s solution (like Maxwell’s equations) on the edges may have
limited regularity.

To alleviate all these problems at once, a common method (see for instance [De 05,
Chapter 3]) is to project the normal component Vi (s) of the shape derivative FEq. (11.4.2)
on a highly regular Hilbert space, for instance H!'(D,R). In other words we are now
looking for a scalar field fios € H'(D,R) such that its associated scalar product with all
regular 6 in H*(D,R) is equal to

<‘97 VQ7reg>H1 (D,R) — <0, VQ>L2(8Q,R) . (1143)
Once the regularized scalar field fie, is found we see that taking @ = nf., gives
(Vareg, Vo) 12008 = |‘V97reg‘|§{1(D ) = 0 and so this new vector field is indeed an ascent

direction. In theory, since we have restricted ourselves to a sub-space of L*(D,R), the
gradient Vo ;e is not an as good ascent direction as Vo.

I1.4.2.b Projection as the solution of a PDE

To properly define Eq. (11.4.3) we need to choose an inner product for the space H'(D, R).
The most convenient option is to have recourse on

(W, 0) g1 () = /De‘Vu - Vo + ww dx, (I1.4.4)

where ¢ > 0 is a small parameter. With this choice of inner product Fq. (I1.4.3) is
equivalent to finding Vg e, € H'(D, R) such that for all § € H'(D,R):

/svmmgv0+wm¢dx:aﬂmem (I1.4.5)
D
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which is the variational formulation associated to
— €AV res + Vares = Vadoo in D and  OnVareg = 0 on 0D (11.4.6)

where dgq is the Dirac distribution on 0f). Physically, the solution Eq. (I1.4.6) gives
approximately the same values of Vg on 0€); if ¢ = 0 then Eq. (11.4.6) drop down to
Varee = Vo on 09Q). The presence of the Laplacian operator on his part causes the
diffusion of the values of Vg, over a width of about £* where d is the dimension in which
the set D is immersed; this may be justified by looking at the Green function associated
to Eq. (I1.4.6). In other word, the solution Vg e drops down to Vg after a gaussian blur
of radius e. In practice we use ¢ = a(Ax)? with o = 2 and Ax the spatial step of the
level-set function.

Remark IT.4.2.1: A classical result on elliptic equations makes it possible to show that
a solution to Eq. (I1.4.6) is of higher regularity than f which provides an understanding
of why this regularization process is of numerical interest.

Let us also note that we can limit modifications of the shape on boundaries. Indeed, to
prevent changes on I' C 9§ we can search for a regular field Vg o € Hi-(D,R) defined as

H{\(D,R) = {u € H'(D,R),yr = 0}.

This is useful in Chapter Il to preserve the continuity between waveguides and the
component.

IT1.4.2.c Numerical resolution

To solve equation Eq. (I1.4.6) or (I1.4.5) let us first remark that usually the Dirac distri-
bution dyq is approximated using the level-set function ¢ as dgq =~ 1/n¢(¢/n)|Vé| where
¢ is a mollifier like ((z) = 1/8 x exp(—1/(1 — 2?))d)_1,1; where /3 is chosen such that
Jg ¢(z)dz = 1 and n > 0 is taken as small as possible and generally equals to the level-set
grid spacing (note that the unit normalization of ¢ is important to keep consistent values
of the scalar product).

Concerning the effective numerical resolution of Eq. (I1.4.6) or (11.4.5) either finite element
or finite differences may be considered, both of them leading to the resolution of a system
Ax = b where the matrix A is always the same no matter the value of f. If the size of the
problem is not too large it is then possible to compute only once the LU decomposition
of A subsequently making this velocity extension/regularization step at each iteration
almost computationally-free.

I1.4.2.d Other regularizations/post-processing of the scalar field

Even after regularization some part of the scalar field Vi o, may still cause numerical
issues. This is particularly the case when really small details are present in the shape
(think of a thin bar or a small isolated ball) where the scalar field may take extremely
high values. Because of their amplitudes these areas will be almost the only ones where
the shape moves at each iteration. Moreover, since the values of Vg ¢ in these areas could
in turn take positive and negative values (a bar may want to shrink to a narrower width
than the mesh resolution so that at each iteration it will require either to be larger or finer)
this will cause oscillations of the shape update process in these areas and prevent other
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locations from being modified as required. To prevent this problem, a simple method is
to limit the extreme values of the scalar field by, for instance, modifying Vi ;e into

Vﬂ,reg - Sign(VQ,reg) min(|VQ,reg|> %.95)

where ¢gg5 is defined as the 95 % quantile of Vi ee| (the minimum is also numerically
implemented using some smooth minimum function). It is worth noting here than even
after all these modification on the scalar field it is still an element of W1°°(R¢, R) meaning
that J'(Q)(Vouen) is still able to inform us about the (first order) sensitivity of the
objective function when following the vector field Vg,regl’l.

I1.4.3 General framework

Algorithm IT.4.1: Numerical algorithm for topology optimization of Eq. (I1.2.1)
using a level set representation and a simple line search.

1 begin (initialization)

2 ¢ := Initial level set function ¢° (see Section 11.3.3.b);
3 Q= {x € D,¢p(x) <0} (making the shape geometry for simulation software);
4 ug = solution of the PDE (FEq. (I11.2.2)) using £2;
5 J = value of the objective (Eq. (I1.2.1)) using ug;
6 v := solution of the adjoint PDE (Eq. (11.2.7)) using €2 and ugq;
7 T := 1 (step factor for the gradient descent);
8 verL = 0.4 (factor for Hamilton-Jacobi equation);
9 Vaccepted ‘= 1.1, Vrejected 1= 0.5 (factor if the step is accepted or rejected);
10 repeat (optimization)

11 V = Vg the shape derivative (Eq. (11.2.9));
12 Vieg := solution of the regularization PDE (Eq. (I11.4.5)) using V;

13 Vieg := eventual other regularizations/post-processing (see Section I1.4.2.d);
14 dcrr, = YorL X CFL value (Eq. (11.3.22)) using 6 = \Zeg;
15 begin (linear search)
16 1 := solve the Hamilton-Jacobi equation (Fq. (11.3.17)) for
t €10, 7crL/vcrFL] using ¢ as initial condition and scalar field \Zeg;
17 1 := redistanciation of 1 solving Eq. (11.3.23);
18 Q= {x € D,y¥(x) <0} (making the geometry for the software);
19 ugq := solution of the PDE (Eq. (I1.2.2)) using €2;
20 Jimp = value of the objective (Eq. (I1.2.1)) using ug;
21 vg = solution of the adjoint PDE (Eq. (11.2.7)) using Q and ug;
22 if Jimp 1s sufficiently larger than J (see Section 11.4.1.b) then
23 ¢ =10, T = Tomp;
24 T = YacceptedT ;
25 goto Line 10
26 else
27 T = TrejectedT
28 goto Line 15

29 until convergence (see Section 11.).1.c);
30 return (2,

We conclude this chapter with Algorithm I1.4.1, the pseudo-code of a generic shape opti-
mization algorithm using all the information presented throughout the previous sections.




Chapter

Optimal design of photonic components

Summary — This chapter combines the results of Chapters I and I to achieve shape
optimization of single-objective nanophotonic components.

Section [11.1 starts with a short overview of the state of the art in topology optimization
applied to nanophotonics devices; the bases of the most popular methods are presented,
as well as some references where they have been used.

The second Section [11.2 adapts the presentation of geometric shape optimization ex-
plained in Chapter II to the context of nanophotonics by giving the rigorous mathematical
calculation of the shape derivative of the objective function presented in the first chapter.
A strategy featuring a smoothing of the refractive index in order to stabilize the numerical
implementation is discussed in details.

In Section I11.3 we present several optimization results demonstrating that our numerical
method manages to maximize the power carried by an outgoing waveguide mode when
it comes to designing components such as crossings, mode converters, mirrors or power
dividers. Some of the optimized devices presented in this section are coming from our
published paper

[Leb19a] N. Lebbe, C. Dapogny, E. Oudet, K. Hassan, and A. Gliere. “Robust shape
and topology optimization of nanophotonic devices using the level set method”. In:
Journal of Computational Physics (2019). po1: 10.1016/j.jcp.2019.06.057.

After presenting these results, some comments are added concerning the use of the topo-
logical gradient in the optimization process.

The short Section [11.4 presents some of the technological constraints hindering the fab-
rication of arbitrary geometries and some recently published method to deal with such
constraints in the context of geometric shape optimization.

Finally, Section I11.5 is dedicated to the optimization of multi-layers components. This
topic was, until very recently, ignored in shape optimization and has allowed us to achieve
significant results concerning the optimization of nanophotonic polarization rotators. One
part of the results presented in this section was published in the journal article

[Leb19b] N. Lebbe, A. Gliére, and K. Hassan. “High-efficiency and broadband pho-
tonic polarization rotator based on multilevel shape optimization”. In: Optics Letters
44.8 (2019), pp. 1960-1963. DOI: 10.1364/0L.44.001960.
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III.1 State of the art for the design of photonic com-
ponents using topology optimization methods

In Section [.3.4, we presented a general problem whose resolution make it possible to
optimize nanophotonic components. More precisely, in Section [.3.1.c, we have seen that
it is desirable to control the way in which an incident light arriving in the form of a guided
mode in one waveguide is transformed and redirected to other ones. To characterize a
component, we defined the scattering parameters S,, , whose squared absolute values give
the power carried by a guided mode on a waveguide. In details, to maximize the power
carried by the n-th outgoing mode (€% H") on a waveguide’s cross section Iy, when
the m-th input mode (£, H") is injected into the section I'y, of a waveguide accounts
to solve

1
max () = |Spa(Ba)® with  Spn(Eo) = / [Eo x #7%] nds, (ILL1)
I—‘out

QCDopt

where Doy is a subset of D C R?. In Eq. (I11.1.1), the field Eq refer to the unique solution
of the following time-harmonic vector wave equation

VxA'WXE-EnilAE = 0 in D
nxE = 0 on 0D\(Fout U Fin)

nxVxE+y(E) = 2iwuz x H® on Ty,

in which ng is the optical index equal, in Dqp, to either neore inside €2 and ncq elsewhere.
The matrix A is defined through the PML as Eq. (1.3.17) and the operators i, and vout
are given by

i\f: 1wty Z X ’Hm/ (E X ’H;n*) -z ds,

in

M
Z Wiy 2 X ’H‘i‘}t/

1—‘out

7111

l\.’)\r—\ w\»—t

70ut <E X %(il}t’*) -7z ds.

To design nanophotonic devices which maximize Eq. (I11.1.1), physicists derived several
methods based either on simplifications of the Maxwell equations and analytic calculations
or on parameterized designs composed of geometric primitives and optimization of a few
number of parameters. One limitation of these approaches is that, for each component,
a new analysis must be made to adapt the existing tools to this new particular case; i.e.
it requires to find a good approximation of the Maxwell equations and the interesting
parameters to optimize. Moreover, the approximations of the considered PDE may be
valid only for sufficiently large optimization domain D,y;. This notably means that, with
these methods, it is not possible to obtain designs with arbitrarily fixed dimensions.

In the past ten to twenty years, researchers have been working on methods to automati-
cally find the design of photonic components without relying on an a priori parametriza-
tion of the desired design, with the hope to obtaining non-intuitive designs that may,
among other advantages, be much more compact than the previously obtained compo-
nents. In this section we briefly review the main non-parametric methods that have been
applied to the shape optimization of nanophotonic components so far.




CHAPTER III. OPTIMAL DESIGN OF PHOTONIC COMPONENTS

II1.1.1 Binarization-based methods

We begin this review with the methods which involves a binary discretization of the
desired shape. The general idea is to discretize the optimization domain D,y into pixels
(see Fig. I1I.1.1(a)) meaning that Doy = Ui, D; and search for a subset [ C 1,...,n of
these pixels which allows to maximize the value of the objective function for the design
Q = Ujer D;. These methods rely on optimization algorithms featuring a discrete (large
in practice) set of binary variables.

Number of simulations: 10501

~ R o n _ 0.8
Dopt - Ui:1 D, ii W&al design
Dy - - 0.6 4
() =
04
D, = a
v U""E’D% Eh:‘-/ 0.2

20 40 60 80 100
Number of iterations

(a) Discretization of the domain D,y into pizels D;;  (b) Extreme values of the objective in the
example of a shape Q) in blue consisting in some pizels population at each iteration of the algo-
rithm represented with the blue bar plots

Figure II1.1.1: Optimization of a nanophotonic crossing (see Section I11.3.1.d for
a presentation of this component) using genetic algorithm with the ga function of
Matlab and its defaults parameters. About 10000 simulations for the whole op-
timization. It should be noted that because of this high number of simulations
(compared to the SIMP method presented below) the mesh used during this opti-
mization was very coarse.

Among the multiple methods implemented to deal with this type of binary optimal design
problems, let us mention

e Particle swarm methods; see [Mak16]. This metaheuristic considers several shapes
(a population) and at each iteration of the algorithm, modifies all the shapes in
different ways depending on the objective value obtained for each of the other shape.
These modifications are carried out by considering a “distance” between the shapes
and by transforming a shape in a “direction” given by its neighbors (that is, the
shape which are the closest to this one) as in a swarm.

e Evolutionary algorithms; see [Gon08| or Fig. I11.1.1. This metaheuristic also consid-
ers a population of shapes but, at each iteration of the algorithm, a new population
of shapes is generated from some of the best shapes (according to the values of the
objective function) by modifying the subset I of pixels constituting the shapes with
operations inspired from biological evolution.

e Deep learning methods; see [Tah19]. Contrary to the two previous methods, this
one is rather a way to reduce the overall computation time and thus to quickly
test many shapes. By using a neural network, the algorithm learns how the elec-
tromagnetic field propagates into a component identified by the subset [ used in
the discretization. To this end, the results of many electromagnetic simulations are
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supplied to the neural network, using for instance random sets I. Once these data
have been processed, the neural network is then capable of predicting, at almost no
additional computational cost, the output transmission for any shape €. Using this
model, some optimization algorithms are then launched on the component in order
to find the best shape to obtain the desired output transmissions.

Let us also mention [Shel5; Majl7] and [Xul7; Liul8] which respectively consider the
Direct-binary-search and Fast-search methods but very few details concerning their im-
plementations are given in these papers.

One of the main advantages of all these binary-based methods is that they do not require
a precise analysis of the Maxwell equations and may be used as black-box optimization
procedure. Another significant interest of these methods is that they produce a shape
composed only of pixels. These “Manhattan” structures are well-known in microelectronic;
several methods have been specifically developed to manufacture them correctly.

I11.1.2 Density-based optimization methods

In order to use gradient based methods, it is necessary to manipulate continuous variables.
The most logical idea in this direction judging from the presentation of the previous section
is to relax the binary constraint on the pixels by allowing each of them to be composed of
materials with optical indices taking intermediate values between the one of the cladding
and core material. Mathematically, the problem is that of finding a density function
p : Dopi, — [0, 1], associated with an optical index n, defined for all x € Dy, by

nﬂ(x)z = nglad + (n(Q:ore - nglad)ﬂ(x)’

which makes optimal a “relaxed” counterpart J(p) of the objective function 7 (£2). More
precisely, the optimization program Eq. (II1.1.1) which seeks to optimize J (£2) is rewritten
as

max 7 (p) = J(E),

st. VxVXxE—kn2E=0"

where we simplified the time-harmonic vector wave equation for simplicity. Using for
instance a gradient-based algorithm (the gradient may be found using a variation of the
adjoint method presented in Section I1.2.1) or a more advanced mathematical program-
ming algorithm such as the MMA method, we can solve Eq. (I11.1.3), resulting in a density
p. This is unfortunately not a manufacturable shape since it is only possible to produce
the cladding and core materials corresponding respectively to p = 0 or 1; see Fig. [11.1.2.
To alleviate this problem, one idea is to penalize the intermediate values of p. To achieve
this, two popular methods known under the name of the SIMP method modifies the optical
index n, in Eq. (II1.1.3) into n,» where p > 1 or into H(n,) where H is an “Heaviside
filter” function, which makes it easier to obtain a black and white design. For more details
see the review paper [Jenl1] which presents this method in the context of nanophotonics.

(I11.1.3)

Remark I11.1.2.1: Another method, known as “objective-first”, which grew popular
after the publication of [Pigl5] (for the implementation details see [Lul3, Appendix
C]) is to exchange the objective and PDE-constraint of the optimization program
in Eq. (I11.1.3); we minimize the error (according to a given norm) in the fulfillment
of the time-harmonic vector wave equation by the actual electric field E while con-
straining the “true” objective function of the optimization problem to be above a given
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Number of simulations: 200

ip=2" P Te=sr =8

Dy, p1

Objective value

50 100 150 200
Number of iterations

ng = n;ir + (ngore — ”gir)/)

a) Discretization of the domain D,y into pizels D;; b) Convergence history graph
P

example of a density p in blue

Figure II1.1.2: Optimization of a nanophotonic crossing (see Section I11.3.1.d for a
presentation of this component) using a density-based gradient descent algorithm
using the SIMP procedure. About 200 simulations for the whole optimization.

threshold 7:
min |V x V x E - k’*n’E|,

p,E
s.it. J(p)>71

the parameter 7 being for instance taken equal to 0.9.

Y

II1.1.3 Geometrical shape optimization

Geometrical shape optimization methods are widely detailed in Chapter II. They have
already been used in a few studies in the context of optimization of nanophotonic com-
ponents.

To the best of our knowledge, the first papers dealing with geometric variations of a shape
for the optimization of photonic devices is [Kao05], in the context of photonic crystals,
and [Lall3] for nanophotonic components, such as the one presented hereafter. The
analysis performed in this paper is fairly different from the one presented in Chapter 11
and the sections hereafter since it is based on the use of Green’s functions to compute the
sensitivity of the objective function in the case of a small geometric perturbation of the
shape.

As denoted in Remark I1.3.1.1, it is also possible to find a shape through the optimization
of one of its level-set representation as it is done in the calculus of variation; see for
instance the supplementary materials of [Pigl7; Ver19a).

II1.2 Hadamard’s shape optimization method ap-
plied to photonic components
In Chapter 11, a shape optimization algorithm based on Hadamard’s boundary variation

method was presented. In order to apply it to the optimization of nanophotonic compo-
nents, the first necessary step is to find the shape derivative of the considered objective
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function Eq. (I11.1.1); this is the purpose of Section I11.2.1. The second subsection [11.2.2
then presents the index smoothing method which trades the sharp-interface (jump of the
optical index value on 0f2) into an approximate, smoothed interface, in order to reduce
numerical errors when computing this shape derivative. Section [I1.2.3 concludes this
section by presenting some variations of the first subsection’s results in the case of other
objective functions than the ones considered in Section [11.2.1.

I11.2.1 Shape derivative of the general model problem

II1.2.1.a Rigorous calculation of the model objective

The following theorem gives the shape derivative of Eq. (I11.1.1) and will be widely reused
throughout this chapter and the next one to optimize nanophotonic components. Note
that a similar result was already found in [Joh02] or [Mill3, Section 5.1], but without a
full mathematical analysis.

Theorem II1.2.1.1 — Shape derivative of the power carried by a mode.

The shape derivative associated to the problem Eq. (I11.1.1) is given by:
T(Q)(8) = / 0 -1 Vo(s)ds (IIL.2.1)
o0

with

Sm,n(EQ)*

_ 12
Va(s) = k°Re [ Dicon

(ﬂngﬂEQM-AEM——ﬂégn(néEQ#)(néAéJ)>] (I11.2.2)
Q

where [X] = Xp\o — Xjo denotes the jump of the quantity X at a discontinuous
interface, X;; = n x X x n the tangential components of X, X, = X - n its normal
component and A the unique solution to the time-harmonic vector wave equation
when injecting the output mode into the output waveguide, or equivalently stated that
Ag solves

V x AV x A — k2n3AA = 0 in D
nxA = 0 on OD\(T'ou UTh) (I11.2.3)
nXVXA+v%u(A) = 2wz X HO™ on Ty -
nxVxA+y(A) =0 on Iy,

Remark I11.2.1.1: In order to prove this theorem we will need the following result
for which elements of proof may be found in [Mon03, Remark 3.48] or [Daul2, Chapter
IX]:

The restrictions Eq; and Eq 9 of Eq on © and D\Q satisfy additional smoothness to
that encoded in the spaces H(curl, Q) and H(curl, D\Q); this is a classical issue in
the theory of elliptic partial differential equations, which follows from the smoothness
of Q; typically, in our context: Eq; € H'(Q) and Eqy € HY(D\Q). The same result
holds for Ag.

Proof of Th. II1.2.1.1. This proof follows the general four-parts method presented
in Section 11.2.2.
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1. Variational form of the transported field
The variational form associated to Eg solution of Fq. (I11.1.2) for Qg = (Id + 0)(Q2) (and
optical index ng) is given by:

/A*VxEny¢“—W@A%-WﬂX—/fm@M~nx@xnds
D

in

—/ %Mmynxwxnm+/fmwmxﬂgmx¢m@myza(mz®
Fout Fin

where Eg and ¢ are elements of the Hilbert space V defined as
V={¢ € H(curl, D), = 0 on OD\(T'oys UTin)}.

Using a change of variables, the first integral in Fq. (I11.2.4) may be expressed as

Ayv%vXEmoad+0y(vX¢woad+m
— k’n o (Id+ 0)AEg o (Id + 6) - ¢* o (Id + 0)]| det(I + V)| dx. (I11.2.5)

We define the transported field as Eg = (I+ VOT)Eg o (Id + 6) and its counterpart for
¢g. The following identity follows

(V x Eg) o (Id+80) = |det(1+ VO)| (1 + VO)(V x Ey).
Together with the shortcuts
A)=C(0)" = |det(1+ V)| (I1+VO" )1+ V8),

Eq. (I11.2.5) is equal to
/AAMQVXEyVX¢h%%MCQEy¢WX
D

Since 6 + (Id + @) is an homeomorphism, 6 = 0 on both Ty, ['oyy and ng o (Id + 6) = ng,
Eg, we get that Eg is solution for all ¢ € V of

/A*M@VxEmVx¢“—HﬁﬁOwE¢¢WM—//m@m-anxnds
D

in

—/ Yout(Eg) - X ¢* x nds +/ 2iwpon x H™ -n x ¢* x nds = 0. (I11.2.6)
1_‘out Fiﬂ

2. Differentiability of the transported field w.r.t. the vector field 0
To prove that Eq has a Lagrangian derivative, we define a F' map from Wh*°(R3 R3) x V
into the dual space V*:

F(0,%) : ¢ — ag(y, p) — be(P).

where ag (resp. bg) is the sesquilinear (resp. antilinear) part of Eq. (I11.2.6). Assuming
the existence and uniqueness to a solution ¥ of a(t, ) = b(¢) for all ¢ € V, the implicit
function theorem implies that @ — Ey is Fréchet differentiable (see Section 11.2.2 for more
details about this second step of the demonstration) meaning that it has a Lagrangian
derivative EQ

3. Volumetric shape derivative
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Differentiation with respect to @ of the variational form Fq. (I11.2.6) gives:

/DA—lA’(o)(e)v ¥ Eo -V x ¢" + A~V x E(e) VX
— K*njAC’(0)(0)Eq - ¢" — K*ndAEq(0) - ¢* dx
. /F vn(Eo(6)) -1 x ¢* x nds —/F out(Ba(8)) - nx ¢* xnds =0 (I11.2.7)

where A’(0)(0) = —C"(0)(0) = —(V-0)I+VO+VO'. The objective function Eq. (IT1.1.1)

may also be expressed with Eg (remember again that @ = 0 on T'yy):

2

T() = ‘/ Eo x HO" -1 ds

Its shape derivative is given by:

7'(9)(6) = Re [(/F

We consider an adjoint state Ag solution of the following variational formulation:

£(9) x HO - n ds) sm,n(Qe)*] . (111.2.8)

out

/A—leA-vX¢*—k2n§2AA-¢*dx—/ ym(A) -1 X ¢* x nds
D

in

_ / (A 1 X ¢ x 1 ds + it (/ b x HO . nds> —0. (I1.2.9)
Fout

out

The antilinear part in the variational formulation Fq. (111.2.9) is of the same form as the
one in FEq. (I11.2.4), that is a mode injection:

21w o (/ @ x HO™* - n ds) = 2iwpon X HX™ - n x ¢* x nds.
1_‘out

Fout

But since in the objective the mode is a backward one and the normal component on ',y
point out in the opposite direction as the oneon Ty, (n = -z andnxH,, = —nxH_,,)
we end up with the adjoint being the same as an injection of the forward mode in the
output waveguide.

Note also that (E,¢) — (v(E),n x ¢" X n) 2 ) is sesquilinear, indeed:
1 N
/ny(E).nx¢* xnds:/r§Ziwuoix7-tj/F(Ex’Hj> -zds-nx ¢" xndt
/ Zzw,uo z><’H )/(nx¢*xnx?{j)-idt-Eds
= (/7(¢)~n><E*><nds> .
r
Using ¢ = Agq in (I11.2.7) and ¢ = E() in (I11.2.9) we find that
/ ATV x B() -V x AL — K23 AE(0) - Af dx —/ n(B(6)) -1 x AL x nds
D

in

_/ %ut(E(e)) ‘n x A5 xnds
Fout

— / ATA(0)(0)V X Eq - V x AL — K2n2AC"(0)(6)Eq - AL dx
D
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and

t/A*VXAQWVxE@Y—HﬁﬂAﬂiﬂmﬁk—/n%AAm-anwYxn®
D

in

_/ Yout(Ag) - 1 x B(6)" x nds = —2iwpig (/ E(0) x How . nd8> .
1_‘out r

out

Which gives the equality:

1
/AﬂﬂmwwxEvaAg
Mo /D

E(6) x Ho"" - nds =
B < mds = o

— E*njAC’(0)(0)Eq - A, dx.
The shape derivative (111.2.8) is therefore equal to:

Spn(Q)*

J'(2)(0) = Re l dicoe

/A*A@wwxEvaAg
D

—k?néAO%Oﬂ@ﬂﬁzuAgdxl.(Hl21@

4. Surfacic shape derivative
In order to find the surfacic expression we use the following integration by parts formulas
valid for smooth enough domain D and vector fields 6,1 and ¢:

(V-0 gix=[ ¢-6©0-nds— [ Vi) 0dx,

| (vow)-gax= [ (0-¢)(w-n)ds— [ (V-9)0-¢ax— [ (Voy)-0ax
LJVOUM-¢®n:ADW-¢H¢-Mds—Awa@0-¢dx—AxV¢¢y0dx

However, the second integrand in Fq. (I11.2.10) is discontinuous across the border 0f2
meaning that it is not smooth enough to apply one of the previous integration by part
formula. We then decompose Eq. (I11.2.10) into

Smn(£2)*

J%Qﬂa)zfm[ ST

(I = I — 13)] :

so that
hz/A”A@@WxEmVxAMm
D
h:/ﬁﬁmMﬂmwmmwﬁﬂkzmik:/\ﬁﬁmMﬂmwmmuﬁﬂm
Q ’ D\Q ’
in which Eq 1, Aq 1 (resp. Eqo, Aq2) are restrictions of Eq, Ag on € (resp. D\Q), that is

areas of constant optical indices in which Eq, Aq are smooth (at least in H! as explained
in Remark I11.2.1.1). Since @ = 0 on 9D and A = Id on 99 we find that

11:/0'7"17de,
D

]2 = k2ngore /g)Q<EQ’1 . A}‘M)G ‘n -+ (EQJ . H)Aal -0 + (A;Z,l . n)EQJ -0ds + A 0. 2.0 dX,
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g::—Hn;¢éJEQ?A599«H4EQynxA5r9H4A5rangy9ﬁm+éﬁrm@dx

where 7; o depends on Eq, Ag. Now using the continuity of the tangential components of
Eq, Aq and that of the normal components n3Eq - n, n3Aq - n we can rewrite the last
two integrals into

L+ 13 :/800-nk2 ((nzore—nglad)(n X Eqg xn)-(nx Agj x n)
—(n2, — ng2) (AEq - m)(nhAf 1)) ds + /D 070 dx.

Canceling the terms of the form [ 0 - rq dx (see Section 11.2.2 and Th. 11.1.1.3) we find
that the shape gradient is equal to

E *
jﬂnwy:mﬁ-nﬁm{&gLs)Q@M—n;anEmenxAgxn

core

—(ngaq — Nee) (GEQ) - 1 (G A) n)] ds, (IIL.2.11)
concluding the proof. O

Remark II1.2.1.2: One comment is about the units in Eq. (III.2.11). Since J'(2)(0)
gives the variation of 7 (€2) according to a small perturbation on 0, it must be expressed
in W. This remark is useful since it gives a physical meaning to the previous quantity
as well as giving a necessary condition on the obtained formula to ensure its correct
calculation (the obtained formula for J'(€2)(0) must also be in W).

First, since the modes are normalized in Section 1.2.2 we have [S,,,] = 1 (we use
the notation [z] for the unit of z and 1 refer to an adimensional quantity). Secondly,
by definition, [k?/(wpo)] = S/m. Lastly, both Eq and Agq are electrical fields and so
[Eq] = [Aq] = V/m. Combining these results together we find that

Vo] = [S/m][V/m]* = W/m®.

In other word, the scalar field Vi, can be interpreted as the local change of power
transmission when the optical index is modified in a small volume. The integration on
the surface 02 and the multiplication by the perturbation @ (which is a distance and
therefore expressed in m) then leads to [7/(Q)(8)] = [m?][m][W/m’] = W.

Remark I11.2.1.3: In Th. I11.2.1.1 the electric field Egq is solution to a PDE using the
Dirichlet-to-Neumann boundary condition defined in Section [.3.2.c for both the input
and output waveguide surfaces. This means in particular that Eq is only composed of
backward propagating modes on I'yy.

If, instead of using this boundary condition, we rather consider a PML after 'y as pro-
posed in Remark [.3.3.1 we may have some spurious forward propagating modes in the
decomposition of Eq on I'y,¢. This implies that the scattering parameter in Eq. (I11.1.1)
is now equal to Eq. (1.2.12) and that the adjoint state must be modified accordingly.
This was our situation in [Leb19a] and we refer to our paper for details on the expres-
sion of the adjoint which, in this case, cannot be exactly written as the injection of
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the output mode into I'y,;. The result proposed in this section is therefore possible to
implement in commercial photonic simulation software since most of them only act as
black-boxes which only provide a way to simulate the electric field when injecting a
mode into a waveguide. A more general boundary condition like the one in our paper
is impossible to implement in these software.

I11.2.1.b Invariance of the shape in the etching direction

The result of Th. I11.2.1.1 allows to optimize nanophotonic components but it lacks one
important feature; even though the device’s design €2 C D, is three-dimensional, consid-
ering that it is manufactured through an etching process (explained in Section [V.3.1.h)
it must be invariant in the etching direction (y-axis).

To ensure this constraint, the idea is to consider an initial design €2y C Dypy which is
y-invariant, and deformation fields @ in the method of Hadamard which are y-invariant.
Indeed, let ) be defined as

Q= {(z,y,2), (z,2) € Q,y € [~h/2,h/2]}

for some two dimensional shape Qc ﬁopt where ﬁopt C R? is a section of the (y-invariant)
optimization domain D. If @(z,y,z) = 60(z,z) is independent from the y-coordinate
then Eq. (I11.2.1) simplifies into

h
2

J'(Q)(6) :/060(x,z)-n(x,z) (/ Va(z,y, 2) dy> ds(z,2),

h
2

in which we see that an ascent direction supplied by the method of Hadamard which is
y-invariant is given by

0(z,2) =n(zx,z) /

Val(z,y, z) dy. (II1.2.12)

ol ©

II1.2.1.c Application of Céa’s method

We propose to find here the result of Th. [I1.2.1.1 by using Céa’s method. As pointed
out in [Pan05] in the case of the Laplace equation, the 2-phases setting contains some
difficulties which result in an erroneous shape derivative. In this subsection, we start
with the formal application of Céa’s method which ends up with a wrong result while the
second part of this subsection shows how to modify Céa’s method to recover, in theory,
the correct shape derivative.

Formal application of Céa’s method

If we apply Céa’s method as presented in Section [1.2.1.a without extra attention, we end
up with the correct adjoint state but a wrong shape derivative. Indeed, let us consider
the following Lagrangian

LQE, @) =T(Q) + aq(E, @) — b() (I11.2.13)

where a(E, ¢) = b(¢) is the variational formulation of Eq. (111.1.2) (defined in Eq. (I11.2.4)
with @ = 0). Using Th. I1.1.1.2, we can infer the adjoint state Aq equation by canceling
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the derivative of Eq. (I11.2.13) with respect to E and then find the shape derivative of J
as the partial derivative of £ with respect to the explicit dependence on  at (2, Eq, Aq).
Since the Lagrangian may read as

L(Q,E, ¢) = —k2/pn§2E . ¢* dx + R(E, ),

where R(E, ¢) does not depends on €2, we can separate the integral on both Q and D\Q
and end up with

T ()0)= | 6 -nk*(ni, Eas Ah,—n2  Ea1-Ah,)ds. (I11.2.14)
o0 ’ ’

In Eq. (II1.2.14), Eq1,Aq, (resp. Eqg2,Aqg) are the (smooth; see Remark I11.2.1.1)

restrictions of Eq and Ag on Q (resp. D\Q2). Equation (II1.2.14) rewrites as

J'(2)(0) = o 0 -n k*(n?,q(n x Eg2 Xn-nx Ay, xn+Eqs-nAg, -n)

—nl .. (xEq; xn-nxA}, xn+Eqg; -nAj, -n))ds.

core

Now using the continuity conditions of the electric field

2

nxEgxn=nxEgyxn=nxEqgxn and n2 Eq; -n=n3,Eq> n=niEq-n,

the shape derivative is equal to

J'(Q)(0) = 9-nk2[(nglad—n2 JnxEqgxn-nxAjXxn

89 core

+(Naza — Neke) (MEq - n) (G AL - m)| ds. (I11.2.15)
The main difference between this expression and Fq. (I11.2.11) is that the second term
(the one involving the normal component of the fields) has opposite sign | The error in
the previous calculation comes from the fact that Céa’s method assumes the existence of
the Eulerian derivative of the electric field 2 — Egq, which is not the case here due to the
discontinuity of the normal component of E; see Section [1.2.1.a in which this problem
was also explained.

It is also worth noting that the real part and the factor S, ,(Eq)*/(2iwpug) are absent
from Eq. (I11.2.15). This is due to the fact that all these information are contained here
in the adjoint. Indeed, in Section [1.2.1.a, we defined the adjoint Aq as the solution of
OeL(Q, Eq, Aq)(E) = 0 for all E. Here, since £ is not holomorphic with respect to E
(due to the fact that J () is real-valued), we need to consider separately both the real
and imaginary part of E. That is, if E = E,. + iE;,, to define A = A,. 4+ iA;, as the
solution of both

aEreE(Qa EQa Aﬂ,re) =0 and (‘3Eim£(Q, EQ, AQ,im) = 0’
using the fact that aq is sesquilinear and J real-valued we find that for all E,. and Eiy:

aQ(Erea Are) - _aErcj<Q>(Ere)u aQ<Ere> Airn)
aQ(Eima Aim) - _aElmj(Q)(Elm)a aQ<Eim7 Are) -

0 (I11.2.16)
. (I11.2.17)
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For the objective function of Eq. (II1.1.1), assuming without loss of generality that the
objective mode ‘H* = H is real, we have
. 1 -
06T (V)(Bw) = Re | Sn(Bo) [ [Beex ] nds],
r

out

O T () (Bi) = ;Im {sm,n(EQ) /F ~[Bux#]n ds} .

This allows us to summarize Eqs. (I11.2.16) and (I11.2.17) into

. . 1 -
aq(Ere, Are) + a0 (BEim, Aim) = —Re {S* (EQ)/ {E X ’H} ‘n ds] )
Fout

2 m,n

where the missing real part and factor are present.
A (potential) correct calculation using Céa’s method with two phases

In [Pan05] a method to find the correct shape derivative using Céa’s method despite the
non-existence of the Eulerian derivative of Eq is explained. We have not been able to
reproduce this method for our objective function and PDE but we still decided to provide
some details in case someone is interested in doing this calculation.

In the previously mentioned paper, the author proposed to separately consider Eq ; and
Eq 2, the solutions of the time-harmonic vector wave equation inside 2 and D\Q with
the addition of a Lagrange multiplier to link these two solutions to one another. In
mathematical terms, the Lagrangian in FEq. (I11.2.13) is modified into

£<Qa Elu ¢17E27 ¢27 Aa M) = \7<Q> + aQ,l(Eh ¢1) - bl(d)l) + a912(E27 ¢2) - b2(¢2)
+/ )\-(anlxn—angxn)der/ p-(mxVxE —nxVxE))ds,
o9 o0
(II1.2.18)

with aq, b1, as, by the sesquilinear and antilinear form of associated with the variational
formulation of the time-harmonic vector wave equation in  and D\Q. The two additional
Lagrangian multiplier A and p account for the interface conditions of E on 0f2. Since E;
and Ej are smooth on their respective domains of definitions (Remark I11.2.1.1), the Eu-
lerian derivatives of each of these functions are defined (through the relation Eq. (I1.1.14))
and Céa’s method can be carried out.

Canceling the partial derivatives of Fq. (I11.2.18) with respect to E; and E; are equal to
A defined in Eq. (I11.2.3); Aj, Ay are the restrictions of A into Q and D\Q2. We also find
the expressions of A\, u as

A=nXVXp=—nxVxg¢,and py=nxE; xn=-nx E; xn.

Using these values, Fq. (I11.2.18) may be decomposed into

L(Q,E1, b1, Es, ) = R(E, $) —/DangE.gb* dx

-2 nxVxE nx¢;xn—nxVxE; nxa@;xnds. (111.2.19)
o9

A tedious differentiation of Eq. (I11.2.19) with respect to @ should give, this time, the
correct shape derivative. Although we have not succeeded in achieving this calculation,
we want to make two precision:
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e Derivating Fq. (I11.2.19) with respect to @ brings into play terms of the form
/ (0-n)(n-V)(nxV xE)n x ¢* xnds,
o9

where the term (n-V)(nx Vx E)isclose ton X Vx V x Exn = k*n’n x E x n.

e In integrals of the form [, f(n), the normal vector n depends on the shape €2 and
therefore the derivative of this integral is found using Th. [1.1.2.1 and the Fulerian
derivative of the normal vector which is n'(0) = —Vq(0-n) (see [Hen06, Proposition

5.4.14))

I11.2.2 Alleviating numerical instabilities using refractive index
smoothing

I11.2.2.a Isotropic smoothing

Since the shape derivative Eq. (I11.2.1) depends on the evaluation of the electric field’s
tangential components and normal component (n3Eq) - n at the interface 92, we theo-
retically need a precise mesh of the shape at this discontinuity. Indeed, as can be seen
in Fig. [11.2.1, if the nodes of the mesh do not coincide exactly with the border of the shape,
then, by definition of the finite element basis functions (for FDTD see Remark [11.2.2.1),
the electric field is continuous on these tetrahedrons crossing the interface. This means
that, when evaluating the quantity (n3Egq)-n, we want to have a continuous value by com-
puting the product between the two discontinuous ones ng and Eg - n while numerically

Eq - n is continuous.
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Figure III1.2.1: E, component of the electric field using either an explicit or an
implicit mesh of the interface. In the case of an implicit meshing, the numerical
integration scheme on tetrahedrons crossing the interface leads to continuous values

of the electric field’s normal component.

Although it may be possible to use remeshing algorithms on the moving interface in the
case of the finite element method to always have nodes of the mesh on this boundary,
we prefer to rely on an index-smoothing (also known as sub-pixel smoothing) method
which approximates the discontinuous optical index ng by a smoothed version.
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Remark I11.2.2.1: This method also has the advantage of being useful in the case
of finite difference simulations, like FDTD, which are inherently defined on Cartesian
grids and therefore never give the possibility to accurately evaluate Eq. (I11.2.1).

To explain this method, let us first define a sequence of mollifiers s, such that
s:(x) = e %s(e7'x) with s € C°(R?), supp(s) C]—1,1[* and / 1. (II1.2.20)

We define the smoothed approximation nq . of ng by:

nhe(yn) = sk (h(y,), mhe(ey.2) = [ [ s(e =ty —und(t y,u) dt du.
(I11.2.21)
The unique solution of the time-harmonic vector wave equation using the optical index
nq. is denoted by Eq. and the smoothed objective function as J.(Q) = |Sy..(Eae)|*.
In this case, since ng, € C™(D,RY}), the electric field Eq. is at least of class C''(D)
(see [Daul2, Chapter IX]) and the shape derivative associated to J.(€2) may be found
using Céa’s method:

% SmnEa*
JTLQ)(6) = 890-nk2/: Re[;%&;3)(nam——nimﬁs*<EQ£-Agﬁﬂ dy ds,
(IIL.2.22)

SIS

where Agq . is solution of Eq. (I11.2.3) using the optical index nq..

In summary, to obtain this shape derivative we need to convolve the optical index and
solve for both electric fields (Eq. and Ag, ) and then convolve the scalar product between
these two quantities. Equation (I11.2.22) is much simpler to compute than Eq. (I11.2.1)
since it does not involve any discontinuous quantity across 0f2.

Remark I11.2.2.2: In [Alll4b] or [Ver19b] the authors also proposed to regularize
the index (the conductivity of the Laplace equation in the original papers) into that
ng. defined by:

n?),s - clad + ( corc - nclad) 1h< d ) (111223)

where h is a smooth, non-decreasing function such that h(z) =0if z < —1, h(z) = 1 if
x > 1 and dg the signed distance function defined in Section I1.3.3.b. This additional
dependency of ng . on Q in Eq. (I11.2.23) through the signed distance function dg
leads to a different shape derivative which need to evaluate the electric field along rays;
see [All14b, Section 3.2] for the definitions.

We conjecture that the following error estimate concerning the smoothed field is verified
for all p > 1 if Eq is sufficiently smooth:

1

[ EQH(LQ(D,(C)P o 0(81_1’), (I11.2.24)

meaning that the convergence of the regularized field to the real one is at least sub-linear.

One difficulty in proving this result notably comes from the fact that the bilinear form
associated with the time-harmonic vector wave equation is not coercive. Note that to
alleviate this problem it is common to have recourse to the so-called Helmhotz decompo-
sition (see [Mon03, Lemma 4.5]) of the electric field which breaks down Eq (resp. Eq.)
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into the sum of a divergence free field ug (resp. ug.) and a curl free one Voug (resp. vo.)
such that vq is solution to a Laplace equation. Proving that vg. converges to vg with
the same order of convergence as in FEq. (I11.2.24) is then achieved by classical energy
estimations; see for instance [Dap13, Section 4.8.1].

Using the identity Eq. (I11.2.24) and considering that the mapping E +— S, ,,(E) defined
in Eq. (IT1.1.1) is continuous (from (L*(D,C))? into C) then we have J.(£2) which tends
to J(2) with at least the same order of convergence as the prior estimate. This validates
the fact that optimizing J.(€2) will give a shape 2 with approximately the same value for

J(£2).

With more calculations it may be possible to show that we also have an error estimate
between J!(2)(0) and J'(£2)(0) and therefore that a local optima found for J. is close
to a local minima of J when ¢ tends to zero.

II1.2.2.b Anisotropic smoothing

Apart from the smoothing method proposed in Section [11.2.2.a, a larger order of conver-
gence (larger value in the power of ¢ in Eq. (I11.2.24)) may be obtained by using another
type of regularization as proposed for instance in [Kot08, Section VI]. The method de-
scribed here was initially found through the following formal observations:

e If we want to numerically compute a discontinuous quantity y = ax equal to the
product of a continuous value z and a discontinuous one a then it is desirable to
smooth a in order to make y also continuous and thus enhancing the stability of its
computation.

e If now y is continuous but with both a and z discontinuous then smoothing a will
still lead to a discontinuous y. Instead we can re-arrange the equation as a 'y = «
which brings us back to the previous case and lead to smooth ¢! instead of a.

In Eq. (IT1.2.1) we need to compute the continuous value n3Eq - ng which is the product
of two discontinuous functions, thus we should smooth ng? for the normal component of
Eq. When it comes to the computation of the tangential part n%ng X Eq X ng, we rather
need to smooth nd on the tangential components. This leads to defining the following
smooth, anisotropic, optical index Ns%,e

N&EZZG%*(n%”lé+—<@%*(nga)1_(55*0ﬁﬂ))Ab (I11.2.25)

where the matrix Ng is equal to Ng = n'n. In [Kot08, Section VI] the authors claim
that this method is of second order in €.

Let us conclude by saying that we have observed that the smoothing method presented in
this section is very efficient in practice for shape optimization of photonic devices to get a
stable algorithm. Many numerical software, such as RSoft Synopsys or Lumerical, both
using FDTD, even implement this kind of smoothing procedure by default; see [Han14,
Section 4.2] for the implementation of this idea in the FDTD method and [Mic18] which
considers this kind of smoothing in the shape optimization of nanophotonic devices.

Although very practical for the numerical stability of the optimization algorithm, it is
essential to take care of the fact that the electric field obtained numerically through the
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smoothing method may differ significantly from the real solution even with the result
of Eq. (I11.2.24). Typically, if the width of the smoothing is of the order of a mesh
tetrahedron, it seems very unreliable to have isolated shapes of the same size. In practice,
it is therefore recommended to avoid as much as possible this kind of small shapes. A
simple way to check the correct behavior of the electric field is to refine the mesh at
the end of the optimization process or to ensure that other simulation software produces
the same result (see Fig. I11.5.6 in which we compare our results using three different
software).

I11.2.3 Results for other objectives

I11.2.3.a Total power

In the previous sections, as far as the objective function is considered, we were only
interested in the power carried by a given mode. In some situations however, it may
be interesting to look at the total power going through a surface. By definition of S, ;,
ignoring the radiative modes, the total power P transmitted through an output waveguide
Lout is given by (Eq. (1.2.16)):

N
P(Q) Y[ Re [Eq x Hy) -nds ~ > [S,:(Q)]% (111.2.26)

2 Fout i=1

where S, ; is given by Eq. (IIL1.1.1). Summing N times the result of Th. I11.2.1.1, the
shape derivative is given by:

PO)O)= [ 0> V(o) ds, (11227

i=1
where V; is defined in Eq. (I11.2.2) and requires both the values of Eq and Agq; the adjoint
state (Fq. (I11.2.3)) corresponding to the injection of the mode (&;,H;) in the output
waveguide. This shape derivative is not satisfying because it requires as many simulations

as there are modes in the decomposition Fq. (I11.2.26). If we look at Eq. (I11.2.27) we
can see that the sum of the scalar fields V; may be written as

i\/: Vi(s) = k*Re

=1

M=

([W]] Eq - ( Sm,i(En)Aﬂ,i,O

(2

a

Using the linearity of the time-harmonic vector-wave equation, we can define

21w

3‘,_. Il

2" Eo.1 <§: Sm,i(EQ)AQ,i,J_> *>} . (I11.2.28)

=1

N
Ao =) Sni(Ea)Aq;1,

i=1
such that Ag is solution of
VxAIVxA—-KEn’AA = 0 in D
nxA = 0 on OD\(T'out U )
nxXVXA+yu(A) = 2wz x H on oy , (I1.2.29)
nxVxA+m(A) = 0 on Ty,
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where HY is defined as

N
Hige = D Smi(Ea) H™.
i=1
This method effectively reduces the computational complexity of FEq. (111.2.27) since only
one adjoint state is needed, which corresponds to the simultaneous injection of all the
output modes multiplied by their associated S-parameters.

Note that instead of relying on Th. [11.2.1.1, it is possible to directly compute the shape
derivative of Eq. (111.2.26) using the same demonstration as in the theorem but the expres-
sion of the adjoint found in this case is more complex than Eq. (I11.2.29) since it contains
information on both the guided and radiative modes (the last equality in Eq. (I11.2.26) is
very accurate in practice but is still a mathematical approximation).

I11.2.3.b Mode volume

An other figure of merit, which is often considered in, for instance, cavity (see Sec-
tion I11.3.1.e), is the so-called mode volume Vj,0q0(€2). This figure of merit characterizes
the uniform distribution of the electric energy inside a volume V' C R3 of core material
(that is to say, the confinement of light inside V') and it is defined as

ngorelEQ |2 dX

Vmode(Q) - /V 2

. 111.2.30
max 1gore |EQ |2 ( )
%
Equation (I11.2.30) is often simplified by dropping the denominator leading to
Binode(©) = [ n2lEa(x) P dx, (I11.2.31)
1%

which is the total electric energy inside the volume V. The shape derivative associated
to Eq. (I11.2.31) is given by Eq. (I11.2.1) with T,y = 0 and an adjoint Ag solution of

VXAV xA—-EniAA = —2n? Eqgly in D
nxA = 0 on OD\I'j, .
nxVxA+y(A) =0 on I,

From a physical point of view, this is the same as saying that Agq is the solution of the
time-harmonic vector wave equation with an imposed current density 2n?  Eq inside the

volume V. An application using this shape derivative is given in Section I11.3.1.e.

Note that the mode volume, as well as many other figures of merit in photonics, is phys-
ically related to resonant phenomena and thus can be studied through the eigenvalues of
the time-harmonic vector wave equation.

II1.3 Numerical examples

I11.3.1 Classical components

In this section, we evaluate the efficiency of our shape and topology optimization Algo-
rithm I1.4.1 on the design of various nanophotonic devices.
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In all cases, the design domain Dy is [—d,, d;| X [=h/2,h/2] X [=d,, d,] where d, and d,
vary between 1.5 pm to 3 pm depending on the situation, and A = 306 nm (see Fig. [.3.2 for
a reminder of the considered 3d geometry). The PML width is 500 nm. The tetrahedral
mesh 7 associated to the finite element resolution is composed of about 10° elements, with
size at most A/(5ng) where X is the wavelength and ng the optical index, as commonly
advised in practice for such simulations. The 2d Cartesian grid G of D,y dedicated to
practice of the level set method has uniform size Az = 10 nm.

The values of the wavelength A considered in this section lie within the typical range used
in telecommunication applications, that is around 1.31 pm and 1.55 pm. The values of the
refractive indices of the involved materials (core of silicon, cladding of air and substrate
of silica) are:

Neore = 3476, Ngups = 1.444, ngaq =1 at A = 1.55m (IT1.3.1)
and  Neore = 3.506, Ngups = 1.447, negaa =1 at A= 1.31pm o
All the numerical computations are performed on a cluster node with 8 to 20 cores CPU
clocked at 3.0 GHz with 128 GB of reserved memory. For some example, we provide a
rough estimate of the needed CPU time; notice that in each case, more than 99 % of
this time is devoted to the resolution of the state or adjoint time-harmonic vector wave
equations; the effort related to the level set method is negligible by comparison.

I11.3.1.a Mirror

Our first numerical example deals with the optimization of a nanophotonic mirror. This
component is connected to the rest of the circuit through a single waveguide which acts as
both an input and an output. The goal of this device is, for a given input forward mode,
to send back this mode in the same waveguide without losing any power as represented
in Fig. I11.3.1.

2 pm

Figure I11.3.1: Setting of the mirror test-case of Section I11.3.1.a.

This situation falls into the framework of Th. I11.2.1.1 with I';, = gyt and n =m =1. In
particular, the adjoint state A is equal to the direct solution of the PDE (the problem is
said to be self-adjoint) and therefore the shape derivative only involves the electric field
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2 (um)

2 (jum)

1 1.5-15 -1
x (ym) x (jum) x (jm)

Figure I11.3.2: Optimized shapes of the mirror device of Section [11.3.1.a for different
initializations. From left to right and top to bottom, each run was initialized with
the full domain perforated by n, x n;, holes with n; ranging from 1 to 6.

Eq. Precisely, the shape derivative is given by

T = [ 6-nk /_Qh Re [

2

Smm(EQ)* (( 2

2iUJlLO core

— (122, = N3tiamg) INBEq - 1?)| dyds. (IIL3.2)

core

- nzladding”n X BEg % 1’1‘2

Starting from an initial shape made of several holes we end up, after 200 iterations, with
the shapes of Fig. [11.3.2.

For each of these optimization examples, the convergence graphs are given in Fig. 111.3.3
and as one would expect, the mirror’s performance is almost always better when the
process is started with a large number of holes. The optimized shape’s successive trans-
formations starting from a shape with one hole is shown in Fig. [11.3.4 as well as a cross
section of the electric field and energy density at y = 0.

Note that the resulting shapes are not perfectly symmetric while, in theory, since we
started with a symmetric shape, the electric field should be symmetric as well and so does
the vector field used to move the border of the shape. As can be seen on Figs. 111.3.4(a)
to I11.3.4(d) this non-symmetry develops after a significant number of iterations, before it
can be seen with our naked eye, and is due to the accumulation of small numerical errors.
In the next examples the symmetry is enforced at each iteration.

I11.3.1.b Power divider

Let us now turn to the optimization of a very useful device in nanophotonics, namely the
power divider.
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Figure I11.3.3: Convergence history for the six optimization examples in Fig. [11.3.2.
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Figure II1.3.4: Evolution and result of the optimization process for the mirror test-
case of Section [I1.3.1.a starting with an initial shape composed of one hole.

The physical setting is that of Fig. II11.3.5(a): our aim is to divide the electromagnetic
power conveyed by the incoming field through the waveguide figured by I';, in an equal
way between both output waveguides 'y 1 and 'y 2. Considering the symmetry of the
problem, we only discretize one half of the design domain D, and we restrict the set of
the considered deformation fields 6 in the practice of Hadamard’s method to vector fields
of the form

vgw)eﬁm,éuﬁy:;wuﬁy+m—%@y (I11.3.3)

This allows to formulate our optimization problem as in Th. I[I1.2.1.1, that is to consider
the maximization of the single objective functional

1

2 Fout,l

Ji(Q) [Eq x H2'| - nds. (111.3.4)
Note that considering the symmetrized vector field given by Eq. (I11.3.3) is, if the shape
(2 is also symmetric, the same as optimizing the objective function J;(2) + Jo(€2) where
J: is given by Eq. (I11.3.4) with [y ; instead of Tou 1.
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(a) Schematic representation of the (b) Initial shape used by the algorithm
power divider

Figure I11.3.5: Setting of the power divider test-case of Section I11.3.1.b.

Starting from the initial shape of Fig. I11.3.5(b), 50 iterations of our optimization al-
gorithm are performed, for a total computational time of roughly 3 hours. Details of
the numerical computation are reported on Fig. [11.3.6; the optimized device achieves
approximately 49 % transmission into each output waveguides.

I
'S
(&)}

I
'S

0.35

bjective value
Aysuop AS10ur

0.25
10 20 30 40

-1.8 -18 Number of iterations

(a) Optimized shape (axes in pm)  (b) Convergence history — (c) wq in the section y =0

X (pm)

Figure I11.3.6: Optimized shape of the power divider of Section [11.3.1.b and details
of the numerical computation.

I11.3.1.c Mode converters

Our third example deals with the optimization of the shape of devices whose common
purpose is to transform the mode coming from an input waveguide into another mode of
the output waveguide.

The physical settings of interest are depicted on Fig. [11.3.7, where the output waveguide
is wide enough to allow for the existence of multiple guided modes. In this context, the
electromagnetic power is injected via the port I'y,, using the fundamental mode TEj,
and we seek to transfer this power to the first, second or third TE mode of the output

waveguide.

Due to the symmetry of the situation in the case of the TEy and TE; modes with respect
to the x variable (see Fig. 111.3.7; the TE; mode is, unlike the others, antisymmetric),
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Figure I11.3.7: Setting of the three mode converters test-cases of Section [11.3.1.c.

only one half of the design domain D, is discretized in this case and we use symmetrized
deformation fields of the form Eq. (I11.3.3) in the practice of Hadamard’s method.

1 . .
F——— - - 1 ) 0.8 [ /
: Dopt : —1:5
' g
I S R
> TE, | Q | TE; —> = Mode converter
B © 04 —TE, to TE,
: ; = —TE, to TE,
| : S 02 —TEq to TE,
0 | |
50 100 150

Number of iterations
(b) Convergence history graphs

(a) Initial shape used by the algorithm

Figure II1.3.8: Application of our shape optimization algorithm to the mode con-
verters of Section I11.3.1.c.

Starting from the initial shape of Fig. 111.3.8(a) we perform 150 iterations of our opti-
mization algorithm leading to the convergence graphs of Fig. 111.3.8(h). We end up with
the designs shown in Fig. [11.3.9.

Note here that we only considered conversion from TE into TE modes. When the mode
converter modifies also the polarization it is called a polarization rotator, which is a far
more difficult effect to achieve; see Section I11.5.

I11.3.1.d Crossing

The purpose of this device is to facilitate circuit routing by limiting the crosstalk (un-
desired coupling power) between two intersecting waveguides (see Fig. 111.3.10(a)). The
design domain D, is connected to two input waveguides via the ports I';, ; and Iy, 2, and
two outgoing waveguides via the surfaces Iy 1 and L'y 2. The fundamental mode TE is
injected at 'y (resp. I'iy2) with a wavelength A = 1.55 pm and our aim is to maximize
the transmitted energy J;(2) to the fundamental mode in I'op;j = oue1 (resp. Tout2).
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Figure I11.3.9: Simulation of the time-harmonic vector wave equation using the final
designs of the mode converters obtained in Section [11.3.1.c.
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Figure I11.3.10: Setting of the crossing test-case of Section I11.3.1.d.

Taking advantage of the symmetry of the situation, we only consider shapes €2 which are
symmetric with respect to the x and z axes; doing so ensures the symmetry between the
electromagnetic fields Eq and Hg, obtained in the situations where light is injected from
I'in1 and Iy, 2. Hence, our shape optimization problem boils down to that of maximizing
the single objective in Th. II11.2.1.1, where the Maxwell equations describing the physics
at play involve only injection through the port I'y,; and where oy = I'ou1. Accord-
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ingly, in the practice of the boundary variation method of Hadamard, we only consider
symmetrized vector fields 8 of the form

V(%) € Dopt, O(x,2) = i(@(m, 2)+0(—x,2) +0(x,—z) + 0(—x,—2)). (II1.3.5)

Starting from an initial shape made of the union of two orthogonal, straight waveguides
connecting I'iy 1 to Ioyeq and I'ipo to Doya (see Fig. II1.3.10(b)), 50 iterations of our
optimization algorithm are performed, for a total computational time of roughly 4 hours.

The optimized design, convergence history, as well as the normalized density of electro-
magnetic energy inside the computational domain are represented on Fig. [11.3.11. We
notice that more than 95 % of the electromagnetic energy contained in the incoming field
is successfully conveyed to the output port, while this ratio equals only 70 % in the case of
the initial device of Fig. I11.3.10(b). Notice that the shape 2 has changed topology in the
course of the optimization process. In this example, the crosstalk, that is the undesired
coupling to the perpendicular waveguides is less than 1 %.

4
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o
0.7 0

- 10 20 30 40
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(a) Optimized shape (axes in pm)  (b) Convergence history — (c) wq in the section y =0

x (pm)

Figure II1.3.11: Optimized shape of the crossing device of Section II1.3.1.d and
details of the numerical computation.

IT1.3.1.e Cavities

Here, we consider the mode volume objective of Section [11.2.3.h. We consider the same
geometry as in ig. II1.3.1 with an additional cylinder V' at the center of D, composed
only of cladding material and in which we want to maximize the mode volume defined
by Eq. (I11.2.31), that is

T(Q) = [ 0 [Balx) dx.

Again, the symmetry of the problem allows to consider only 50% of the whole domain using
vector fields of the form FEq. (I11.3.3) in the practice of Hadamard’s method. Applying 125
iterations of our numerical algorithm we end up with the result of Fig. [11.3.12 and we can
clearly see on Fig. I111.3.12(c) that the energy is condensed in the small blue (cylindrical)
volume.

I11.3.2 Comments on the use of the topological gradient

In Section I1.1.3 the topological gradient was presented as a means to optimize a functional
J () depending on a shape ) by iteratively nucleating holes into €. We have seen that
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Figure II1.3.12: Optimized shape of the cavity of Section [11.3.1.e and details of the
numerical computation. The initial shape was composed of 8 x 8, equally spaced
holes.

the location of where a hole should be nucleated inside €2 relies on an asymptotic expansion
of the objective functional as Fq. (I1.1.18), that is

T () = T () + f(e) T (%0) + 0(f(€)) (I11.3.6)

where Q. = Q\ B(xp,¢) and ¢ is the radius of the hole.

In our application, {2 is a 3d shape, which is y-invariant (see Scction I11.2.1.h), and where
a 2d section () is optimized. Naturally, a small hole inside 2 amounts to performing a

variation of the 3d shape of the form Q\C'(xo, ) where C(xo,¢) is a cylinder of radius ¢,
centered at xo and with fixed height h (that of the component) in the y-axis.
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Figure I11.3.13: Formal application of the “topological gradient” of Section [11.3.2.
From left to right: a diameter of the holes and a minimum distance between holes
of 100, 50 and 25nm is used. The optimization procedure was stopped when the
topogical gradient was everywhere negative.
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This type of asymptotic expansion is highly unusual and we did not try to find an equiv-
alent to iq. (I11.3.6) in our context. Nevertheless, as suggested in Section 11.1.3, a formal
approach of this problem suggested that the sign of the shape gradient Vg, in Eq. (I11.2.2)
(or more precisely its integrated values on [—h/2 h/2] as in Eq. (I11.2.12)), indicates
where to remove matter into the shape. This method has been tested on the optimization
of the power divider of Section [I1.3.1.b and some results are presented in Fig. [11.3.13
using different sizes for the holes and a minimal distance between them. Interestingly, the
convergence graphs of Fig. I11.3.13(b) are almost always strictly increasing meaning that
the approximation used here for the topological gradient works well in practice.

In reality this good result may be explained in this case by the optical index regularization
process of Section [11.2.2. Indeed, since the optical index ng is smoothed by applying a
convolution s, on its values (defined in Eq. (I11.2.20)), removing a cylinder C(xo,¢) of
radius e into  amounts to changing ng,, into ng, —nZ, where n?, € C*(R*R) is
defined by

ng,xo (l’, Y, Z) = (ngore - nzlad) /C( 6 SU(‘IO - t? 20 — u) dt dua
X0,

implying in particular that lim._, n?}xO = 0. In this case, studying the sensitivity of the

objective function with respect to the removal of an infinitely small cylinder then reduces
to compute the derivative of the objective function J with respect to £ at 0. To do
this, we first define for any fixed shape {2 and position x, € () the objective function
Tn(e) = T(Q\C(x0,€)). A direct calculation using Céa’s method allows to find that the
shape gradient with respect to € of 7}, (¢) is proportional to the scalar field in Fq. (111.2.22).
This result means that using the shape derivative as a mean to know where to remove
holes in the shape 2 is justified in the context of smoothed optical indices.

Once again we insist on the fact that this result is only true because of the index smoothing
method. In order to obtain the real shape derivative without taking into account the
smoothing it is still necessary to find an asymptotic expansion as in Fq. (I1.1.18) and this
analysis was not considered during this thesis.

II1.4 Incorporating constraints into the optimization
process

II1.4.1 Introduction

For the moment, no constraints have been imposed on €2 during the resolution of the shape
optimization problem. In practice, however, not all shapes are possible to manufacture;
but defining precisely the set of shapes that may be produced is a complex task. Nowadays,
engineers use programs known as Direct Rule Check (DRC) to verify if a design can be
produced in reality. These programs mainly consists in the verification of three “rules”:

e Minimum gap space: if two different regions of the design 2 are too close from
one another then they are likely to end up accidentally merged in the concretely
produced design (Fig. I11.4.1, bottom left). Hence, such pattern are impossible to
assemble without alterations.
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e Minimum feature size: if a region of the shape is too thin then it will disappear
in the final design (Fig. [11.4.1, top left).

e Maximum local curvature: sharp corners (high local curvature value) are
smoothed by the manufacturing process (Fig. I11.4.1, right) and thus cannot be
produced accurately.

®
g —

Q —

e ()

Figure I11.4.1: (left) A shape Q. (right) The associated produced shape.

These DRC programs provide criteria that should be respected for the desired design to
be manufactured faithfully. In theory these rules are not “constraints” in the sense that
we could still try to produce shapes which do not respect them but in practice engineers
require physicists to respect these rules in order to guarantee the proper manufacturing
of the designs.

Even though the modeling and incorporation of manufacturing constraints in the opti-
mization process is not the primary target of this thesis, we hereafter provide some in-
formation about recently published paper on this topic concerning nanophotonic devices
with a particular emphasis on strategies used in the geometric optimization framework.
Let us also point out that this kind of constraints have already been studied extensively
in the context of density-based shape optimization method; see for instance [Zhol5].

111.4.2 Projection method

Let us suppose that it is possible to derive a function F' which, to any shape 0 C Dy,
associates a “projection” of {2 onto the set of admissible shapes. In such a case, a pro-
jected gradient algorithm can be used to enforce these constraints. In [Pigl7] the authors
proposed to apply the two following projections after each iteration of the gradient descent
in order to enforce the three previous rules of manufacturability:

e Remove the small isolated connected elements of €2 and the small isolated bubbles
of air in 2.

e Solve the Hamilton-Jacobi equation over a “short” time period using a scalar field
equal to the opposite of the local curvature x of the shape in order to reduce the
values of k.

It is worth noting that in the second projection, using a scalar field equal to the opposite of
k in the Hamilton-Jacobi equation is mathematically equivalent to adding a penalization
on the perimeter of the shape to the optimization problem (see Eq. (I1.1.4)).
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I11.4.3 Penalization methods

Another possibility to enforce manufacturing constraints on the optimized shape is to
rely on penalization. In this case, a term is added to the objective function in order to
penalize the regions of the shape which violate the constraints. This penalization may be
expressed by using the level-set numerical representation of the shape as in [Ver19a] or
by using the signed distance function [Micl4, Section I1.3].

II1.5 Multi-levels: shapes that can be made through
multiple levels of etching
This section is dedicated to the presentation of a method for the design of nanophotonic

components exploiting the possibility of several etching levels (see Fig. I11.5.1 for an
example).

(a) Three dimensional representa- (b) Views of the two 2d lay- (c) Level-set representations
tion of a two-layer shape ers constituting the compo- of the two layers

nent, red: bottom layer, blue:

top layer

Figure II1.5.1: A two-layer component and its numerical representations.

I11.5.1 Motivation: polarization rotator

In Sections [.1.4 and [.2.1.b the polarization of a mode was defined for a y-invariant
material by looking at the behavior of the electromagnetic fields. In a nutshell, in the case
of y-invariant optical indices, the time-harmonic vector wave equation is simplified into
two uncoupled two-dimensional scalar Helmholtz equations (Eq. (1.1.19)) giving access to
respectively (E,,H,,E,) and (H,,E,, H,). In the case of non-y-invariant optical indices,
a mode is said to be in the TE polarization if the majority of its power is carried by the
first set of three components and is said to be TM in the other case.

A polarization rotator is a component which converts an input TE (or TM) mode into a
mode of the output waveguide with the other polarization as presented in Fig. [11.5.2.

Given the independence between TE and TM modes in the case of y-invariant optical
indices, it is not possible to convert an input polarization into the other by using a
device where the index is y-invariant. Even if general waveguides such as the one studied
previously (Fig. [.2.1) are indeed not y-invariant due to the presence of a cladding and
substrate with different optical indices than the one of the core, we can legitimately assume
that having “more” variations of the optical indices in the y-direction may improve the
performance of the polarization rotator. In order to enhance this variation, one idea is to
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Figure I11.5.2: Schematic representation of a polarization rotator.

consider components having several depths of etching (see Fig. I11.5.1), that is allowing
the shape to have different layers instead of being restricted to the one of the waveguides.

Still, if we try to optimize a polarization rotator using a single etching level though,

starting from a straight waveguide we obtain, after more than a thousand iterations, the
results shown in Fig. [11.5.3.

-1.9 dB (65 %)

0.5

y (pm)

(a) Optimal shape (b) Cut of the energy density at y = 0, A = 1.55 pm

Figure I11.5.3: Classical shape optimization of a polarization rotator starting from
a straight waveguide.

As we can see only 65 % of the input fundamental TE mode is well-converted into the
fundamental TM mode, which still leaves a lot of room for improvement.

I11.5.2 A first method using projections

In order to optimize the n, layers €, ...,€,, constituting the shape Q = U,y _,, {4, we
can still use the result of Th. I11.2.1.1 by changing the height of integration in the shape
derivative (I11.2.1) for each layer (see below Eq. (II11.5.2)). But we also need a way to
ensure that each layer is always placed above the lower ones; this condition is necessary

to produce the shape through etching. For each layer €2;, we denote by Ql C R? its two
dimensional section such that

Qi - {(ZE,y,Z), (.T,Z) € wa € [hi—luhi]}

with —h/2 = ho < ... < hy,, = h/2. With these definitions, the manufacturing constraint
reduce to enforcing that
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The general shape optimization problem is now

max J(Q)
917"'79’” R R (11151)
s.t. QlD...DQn

where the value of 7 (€2) is given through the solution of the time-harmonic vector wave
equation using the optical index defined through Q,...,€,. As in Eq. (I11.2.12), the
mathematical program Fq. (I11.5.1) may be optimized by considering the following vector
fields 8; to move each shape €); in the practice of the boundary variation method of
Hadamard:

h;
0(z,2) =n(z,2) /h Val(z,y, z) dy. (II1.5.2)

where Vi was defined in Th. I11.2.1.1.

To take into account the constraint, first note that it is sufficient to require that
¢1 < ...< ¢n, where ¢; is a level-set representation of Ql With this new formu-
lation of the constraint through level-set functions, a simple numerical algorithm to
solve Eq. (II1.5.1) is a projected gradient algorithm where, at each iteration, the con-
straint is ensured by using the following projection:

for i from 2 to n, do:  ¢; = max(¢;, Pi_1). (II1.5.3)

With this algorithm and two layers (n, = 2) we end up this time with the results
of Fig. I11.5.4. As we can see, the final design is geometrically more simple than the
one in Fig. [11.5.3(a) and exhibit a drastic improvement of the transmission, greater than
90 % for the same compactnes (that is, the same size of the optimization domain). A
comparison between the convergence graphs of both one- and two-layer designs is given
in Fig. [11.5.5 and, as can be expected, the geometrically simpler shape is obtained in far
fewer iterations of the optimization algorithm.

-0.41 dB (91%)

y (pm)

(a) Optimal shape (b) Cut of the energy density at y =0, A = 1.55 pm

Figure II1.5.4: Shape optimization of a two-level polarization rotator starting from
a straight waveguide.

Let us now optimize the same component with different lengths of the optimization do-
main, as represented in Fig. [11.5.6. In order to increase the confidence in our numerical
results, a comparison between the performances of the optimized design measured by
three different numerical softwares was additionally performed (results in Fig. I11.5.6(a)),
namely Lumerical and RSoft Photonics using 3D-FDTD (Section [.5.2) as well as
Comsol Multiphysics using 3D-FEM (Section 1.5.1).

The transmission as a function of the wavelength is shown in Fig. II1.5.6(b) (top) for
polarization rotator length ranging from 3pm to 6 pm. A clear improvement of the in-
sertion losses (the power lost during the polarization rotation) can be seen from the blue
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Number of iterations
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Figure I11.5.5: Convergence graphs of both one and two layers designs. Note the
different z-axis for both optimization.
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(a) Optimal shapes. Each device is represented in red (bot- (b) (top) Transmission into TM and

tom layer) and blue (top layer). The multiple dots for TE polarizations inside the output

each domain length corresponds to the TM transmission wavequide for each two-levels de-

in the output waveguide computed using different commer- signs, (bottom) corresponding polar-

cial software. ization conversion efficiency defined
in Eq. (ITL5.4).

Figure I11.5.6: Shape optimization of several two-level polarization rotator start-
ing from a straight waveguide and an optimization domain with length between 2
to 6 pm.

curves when increasing the length, down to —0.2 dB (95%) whereas the residual TE trans-
missions remains constant after 5pum. This fact can be readily seen on the polarization
conversion efficiency plot of Fig. I11.5.6(b) (bottom), for which the broadband capability
of our two-level designs is displayed. The polarization conversion efficiency (PCE)
is defined as

pTM
PCE = ——F— I11.5.4
Prg + Prus (HH54)
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where Prg (resp. Pryp) are given by Eq. (II1.1.1) using the fundamental TE (resp. TM)
mode in the overlap integral.

Let us conclude these results by having a few words about the projection method explained
in Eq. (I11.5.3). First, other projections methods may be used. Indeed by choosing any
layer j € {1,...,n,} the projections may be performed in a different order by doing

for i from 1 to 7 — 1 do:  ¢; = min(¢;, it1),
for ¢ from 7+ 1 to ny do:  ¢; = max(¢;, ¢;i_1).

One drawback of doing so is that, whatever the order of the projections, this method will
always give priority to one level over the others. If we want to derive a general method
which is not restricted by any order of projection it is necessary to find some sort of best
common descent direction for all the layers, which satisfies the inclusion constraint.

I11.5.3 Theoretical general frameworks

Before closing this chapter, we propose here two methods to derive an algorithm which
does not give priority to any layer. This part is still an ongoing work and no numerical
illustration is given for these methods.

IT1.5.3.a Penalization of the distance

Let us start with the most simple way to deal with this constraint. Again, we limit
ourselves to only two layers for simplicity, meaning that €; (resp. 23) represent the
bottom (resp. top) layer. As we have seen in Section [11.5.2] the inclusion constraint
Q1 O O may be equivalently reformulated as ¢; < ¢o where, for ¢ = 1,2, ¢; is one level-
set representation of Q.. In particular, this is true using the signed distance functions as
level-sets (defined in Section 11.3.3.b), that is ¢; = dg,. Since dg, is uniquely defined for
every shape ();, it is possible to study its variations when a deformation is applied on €2;.
We can then define the penalized objective function to maximize as

T5(Q) =T(Q)+6 A (do, — dg,) dx, (I11.5.5)
for which we can prove that it is GAteau-differentiable at @ = 0 (where 8 = 6" in (2;) and
that

T5(Q) =T (Q)(0) + 6t [ (6*-1n) o psa, — (0 - 1) o po, dx, (I11.5.6)

Dopt

where pgq(x) is the projection of x on 0€2; see [Dapl3, Section 4.2.2]. Using a decompo-
sition along rays, the second integral in Eq. (I11.5.6) may be written as

6-n (/ (1 + dq,kq,) dt — / (1 + dg,kao,) dt) ds, (I11.5.7)
o0 rays0, raypq,

where kg, is the local curvature on 0€2; and we refer again to [Dapl3, Corollary 4.2]
for the definition of raysq . Equation (II1.5.7) has the same structure as the previously
obtained shape derivatives which allow to find an ascent direction. The drawback of
this whole penalization scheme is that the optimized layers will tend to be as distant as
possible one to the other. To alleviate this problem it is possible to change the integrand
in Eq. (II1.5.5) into H.(dg, — dg,) where H. is a smooth Heaviside function to only have
a penalization where 0€2; is really close to 02 but this will still prevent these borders
from being exactly on top of each other (that is, 9Q; N 9y = 0).
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I11.5.3.b Modifying the Hamilton-Jacobi equation

We now move on to a different, more “algorithmic”, approach of this problem. By “algo-
rithmic” we mean that it will consider the numerical discretization of the shape instead
of dealing with its continuous representation.

Remembering Section [1.3.3.a, we saw that to find a level-set representation of (Id+-6n)(£2)
we have to solve the Hamilton-Jacobi equation 0,¢(x, t) + 0(x)|Vxo(x,t)] = 0 on t €]0, 1]
with the initial condition ¢(x,0) = ¢o(x) where ¢q is a level-set representation of 2. Nu-
merically, the resolution of the Hamilton-Jacobi equation was explained in Section [1.3.4.c
and we have seen that it relies on a finite difference scheme which, at each iteration, per-
forms

ot =o', — AtH(i, 5,0, a") (II1.5.8)

4,7

where «'; are the coefficients of the level-set representation at each node of the grid and
the Hamﬂtoman H is an approximation of 6|Vx¢|. When performing Eq. (I11.5.8) on the
level-sets ¢1, ¢o corresponding to the lower (£2;) and upper (£23) layer of the design, we
can check at each node if the constraint ¢, < ¢5 is locally violated. If it is the case we
need to modify the values of both level-sets at this node. Several choices are possible but
a good heuristic is to consider the expected (first-order) improvement of 7 using only the
vector field #¥ which is used to move €.

Let a " be the coefficients of ¢, at the node position x;; and pseudo-time nAt. We

also deﬁne 9’“ = 0k(x;;) where 8, = nfj, is defined in Eq. (I11.5.2). If we detect that

1 n+1 2 n+1

a;; " >a;; then, depending on the value of 0% .. we modify the coefficients as:

1,57

o if |9242,j|2 > |(9l-17]~|2 then oz:J"H — ai’j@“,

o if [02,2 < [01,]? then a7 a7
This algorithm works like a projection but this time it gives priority locally to the layer

which is expected to increase most the objective function. Indeed, we can write the shape

derivative J'(Q2)(0) as

[\

Z (Q0)(B1,) where  J(2%)(0a,) / 010, - 01 ds,

and @ given by Eq. (I11.5.2). If we now consider the following vector field:

S Ox. Hk( ) if x €
5] _ i
0 (x) = { "0 elsewhere (I1.5.9)

with dy the dirac distribution centered at x, then J'(Q)(6}’) = 07>, Note that this
reasoning remains formal since the vector field in Eq. (I11.5.9) is not an element of Wihoee
and therefore, in theory, J'(Q2)(0,”) does not give the first order expected improvement

of J(Q).

In the perspectives part of this manuscript we will also present a way to deal with the
“limit case”, that is when we consider an infinite number of layers (n, = oo). This is
physically possible using a manufacturing process known as grayscale lithography.




Chapter

Multi-objective problems and robustness to envi-
ronmental uncertainties

Summary — This chapter is devoted to the presentation of a method to deal with the
simultaneous optimization of multiple objectives functions for the design of nanophotonic
devices. An interesting application of this framework is related to the incorporation of
a degree of robustness to the considered optimization problems. The method presented
here has been published in the paper

[Leb19a] N. Lebbe, C. Dapogny, E. Oudet, K. Hassan, and A. Gliere. “Robust shape
and topology optimization of nanophotonic devices using the level set method”. In:
Journal of Computational Physics (2019). pO1: 10.1016/j.jcp.2019.06.057.

Section V.1 opens the chapter with a presentation of the gradient sampling method to
consider the optimization of multi-objective problems. Some of the numerical examples
of the previous chapter are also formulated and tackled as multi-objectives problems and
we show that using a “multi-objective point of view” allows to obtain results which are
closer to what is physically expected from these components.

In Section ['V.2 we adapt the previous gradient sampling method to take into account the
uncertainties of some environmental parameters (such as the wavelength, the temperature,
etc.) in the course of the optimization process. Our aim is to obtain nanophotonic devices
which are robust to variations of these parameters.

The last section V.3 concludes this chapter by showing how it is possible to take into
consideration the geometrical uncertainties coming from the manufacturing process of
nanophotonic devices. Several numerical examples are presented which reveal that our
methodology indeed makes it possible to obtain components which are tolerant to these
kind of geometric uncertainties.

IV.1 The gradient sampling method for multi-
objective problems

IV.1.1 Weighted sum of objective functions

In Section I11.3.1 we have presented a variety of nanophotonic components but, still, we
have not yet fully addressed the optimization of multi-objective components despite
the fact that they are the most typical devices encountered in physical circuits. Among
others, let us mention the cases of the diplexer and nanophotonic diode, as presented
in Fig. [V.1.1 which both require the joint fulfillment of two objectives.
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In the optimization of such devices we need to simultaneously consider at least two
figures of merit. A first idea to solve a problem involving np; objective functions
Ji(82); .. Tngyy (22) is to gather all of them into a weighted sum J(€2):

Nobj

JQ) = aiJi(Q). (IV.1.1)

Din1 =Tout,2
Fout,l
—————————————— 1 B e e |
! 1 1

1
1A D, i Dopt 1.5 pm
Tin, = Fimz o I TE, —>| 1 o :
|2 pm o ! '. A =1.55 pm
—> TE, —+— A = 1.55 nm, > TE, +—— TE; —>

1
1
]
—> TE; A=131um, | << TE) — < - TE, <—|
1 I 1
TE) —> ]
1

1
[I Y 2 pm i — T : 1.5 pm \
1 | ! 1

z T FouLz 3 T T J

Touty = Tino

(a) A diplexer in which the incident light, (b) A diode in which the incoming TE
as a TEqg mode, is redirected into one of mode may be converted into the TE, out-
the two output wavegquides depending on  going mode while preventing light coming
the incoming wavelength from the output waveguide to come back

Figure IV.1.1: Setting of two multi-objectives test-cases: a diplexer and a nanopho-
tonic “diode”.

One drawback of this formulation is that the coefficients a; should be chosen appropriately
so that the optimization algorithm does not end up in a local maxima which overly favors
one of the objectives J;(£2); see Fig. IV.1.2(a) in which ay = as = 1 was chosen. In
practice, the choice of adequate coefficients «;, leading to a satisfactory optimization of
all the involved objectives in the weighted sum is very much case dependent and requires
fine tuning.

When dealing with the joint maximization of several objective functions J;(€2), it is cus-
tomary to consider the Pareto front P of the objectives. In our case this front is defined
in the following way:

P={QVQ,Fi=1,... 00 () > Ti(Q)}.

In other words, €2 C P if and only if there does not exists any shape which has strictly
better performance for one of the objectives without being strictly worse for another one.
Once the Pareto front is known, a shape 2 which establishes a compromise between each
objective can be chosen. Of course, the precise determination of the set P is out of reach.
In general, for nanophotonic components such as those depicted in Fig. IV.1.1 there is only
one compromise of interest: we want all the objective functions to have approximately
the same and largest possible values. That is to maximize

J(Q) = min J(Q) (IV.1.2)

i=1,...,n0bj
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instead of Eq. (IV.1.1). Note that Eq. (IV.1.2) makes sense since the J;(Q2) all represent
the same physical quantity: a power transmission in the interval [0, 1]. If they do not
correspond to the same quantities, it is necessary to normalize them in order to obtain
comparable values.
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(b) Optimization of the minimum between the
two objectives as in Fq. (IV.1.2)

(a) Optimization of the sum of the two objec-
tives (a; =1 in Fq. (IV.1.1))

Figure IV.1.2: Optimization result of the diplexer test-case presented in Sec-
tion IV.1.1 considering two different objective functions and starting from a shape
made of 2 x 2 holes.

In Fig. IV.1.2 we compare the optimization of a diplexer device (see Fig. [V.1.1(a)) using
the objective function Eq. (IV.1.1) with a5 = as = 1 (see Fig. IV.1.2(a)) or using the
formulation of Eq. (IV.1.2). In the former case, the two objectives are not optimized
at the same speed: after 200 iterations the first objective function J;(£2) ends up with
a transmission of almost 90 % while the second one J5(2) ended up at 70 %. On the
contrary, using Fq. (IV.1.2), the optimized shape share similar performances for both
figure of merits with J,(Q) ~ J5(©2) = 85 %. This means that both objectives have
indeed been optimized concurrently. Moreover, the final transmission of both [J;(2) is
an intermediate value between thus obtained using Eq. (IV.1.1). In the next section we
explain how we manage to maximize the objective functional of Fq. (IV.1.2) even though
it features a non-differentiable function due to the presence of the minimum operator.

IV.1.2 Algorithm for automatic coefficients adaptation

In the previous section, after the end of the optimization process in Fig. [V.1.2(a), we
could increase the value of oy then start again the optimization in order to focus on the
maximization of J5({2), at the expense of a decrease in J;(€2). The modification of the
coefficients «; may be done by hand in a tedious trial and error procedure but it would
be desirable to automate this process.

The method that we now discuss provides somehow, at each iteration, the “optimal”
values of the coefficients «; in order to maximize the minimum between all the objective
functions J;(Q2), that is to maximize the program Eq. (IV.1.2). Our method is also very
close to the Multi Gradient Descent Algorithm (MGDA) proposed in [Dés12].
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Let us recall that our goal is to solve the following optimization problem

max min J;(Q). (IV.1.3)
Q  i=1,...,n0b;
At a particular given shape €2, we assume that the shape derivative J/(€2)(0) of each
objective is known. In order to find an ascent direction 8 for FEq. (IV.1.3), we linearize
each function J;(2) in the neighborhood of the actual shape €2 in Eq. (IV.1.3) so that it
becomes:
max min Ji(Q) + T (Q)(6), (IV.1.4)

where @ runs over the set of admissible perturbations in the practice of Hadamard’s
method. Note that, as it is common in the optimization field, Fq. (IV.1.4) may be
reformulated with the addition of a dummy variable r into

Pog
é.t. ‘ 1min Ti(Q) + T (Q)(0) >r - (IV.1.5)
i=1,..., Nobj

The constraint is then equivalent to the following ngp; linear constraints:
Ji(Q)+ T (2)(0) >r, fori=1,... 1oy

Let us now introduce the shape gradients V;q e associated to the shape derivatives
J!(2)(0) via the extension and regularization process Eq. (I1.4.5). We remind that V; g reg
is given as the only scalar field V' € H'(D,R) solution of

aG@@:iéevv-v9+VWdX:iAQW@9ds (IV.1.6)

for all € H'(D,R) and V; g is defined through the shape derivatives as they are supposed
to be of the form
J/(Q)(6) = [ 6-nViods.
o0

We then search for a solution 8 = 0n to Eq. (IV.1.4) whose amplitude 6 is restricted to

.....

Mobj Tobj
conv {Vi areg} := {Z a;Viare, 0<a; <1, Z o = 1} ) (IV.1.7)
i=1 i=1

In other terms, the vector field @ is sought under the form @ = fn with 6 = Z?:"‘ij a; Vi 0 regs
a convex combination of the scalar fields V; q yeg. Assuming such a structure for €, it comes:

Tobj

T/ ()(8) = a(0, Vi) = 3 a(Vigures, Vigures)

j=1

where a(,-) is the bilinear form defined in Eq. (IV.1.6). Using this choice of vector field
1.

0, Eq. (IV.1.5) rewrites into
T
s.t. ae0,1]™, reR,
Tobj
> =1, (IV.1.8)
i=1

Tobj

Ji(Q) + Z a;ja(Viares: Vjareg) > 1, fori=1,..., ney;.
=1
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Denoting by P = (P,;);; the matrix with entries P,; = a(Vi e, Vjareg) and by
v = (J:()); the vector of objective values, the program Fq. (IV.1.8) may be equivalently
rewritten for x = (e, 1) as

max c'x 0 1

x€R™obj 1 ) 1 .
AeqX = beq 0 1

1<x<u 1 0

b =10, bgg =1, 1" (0,...,0,—00) and u’ (1,...,1,400). Equation (IV.1.9) is
none other than a small linear program whose resolution may be carried out by using, for

instance, the linprog function of Matlab.

Remark IV.1.2.1: Equation (IV.1.8) may be complemented with other linear con-
straints. For instance if no,; = 2 and the initial shape ), already provides good
performances for one objective, for instance [J; ~ 1 then it may be interesting to max-
imize J, as much as possible without degrading too much the first objective by adding
the linear constraint J;(Q2) + Z?Zl a;a(Viareg: Viareg) = 0.9 to Eq. (IV.1.8) in order
to keep a first objective with transmission value above 0.9.

In other words, to solve Eq. (IV.1.4) we replace Line 11 to 13 in Algorithm I1.4.1 into the
following Algorithm [V.1.1. We refer to this process as a gradient sampling algorithm.

Algorithm IV.1.1: Gradient sampling algorithm to find a descent direction for
the multi-objective topology optimization of Section [V.1.2: “gradient sampling”.

v := (J;(Q)); the value of each objective (Eq. (11.2.1));

[uny

2 V; := V, o the shape derivative of each objective (Eq. (11.2.9));

3 Vi queg = solution of the regularization problem (Eq. (IV.1.6)) for each shape
derivative;

4 P = (P,;);; the matrix with entries the inner product between regularized
gradients V; g reg (Eq. (IV.1.9));

5 a := solution of the linear program (Eq. (IV.1.8)) involving v and P;

6 ‘/reg = Z?gf aiv;,ﬂ,reg;

Remark IV.1.2.2: If one wants to perform an additional post-processing on V; eq
(see Section 11.4.2.d) which is not encoded in the inner product (such as symmetries)
then Line 4 in Algorithm IV.1.1 must be modified into

4a %’Q7reg := optional other post-processing (see Section 11.4.2.d); .
4b P := (P;;);; the scalar product (Eq. (I1.4.5)) between V; q reg anid Vj g reg;

and Line 6 becomes accordingly:

. N obi ) .
6 V;eg C Zi:l ai‘/;,ﬂ,regy

It may happen that one of the shape gradients V; e has a much higher amplitude

(L* norm) than the others. In this case, considering a vector field whose amplitude is
contained inside the convex hull of Eq. (IV.1.7) is not a wise choice.
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Indeed, the shape gradient Vg, associated with an objective function [J(£2) is only optimal
in the sense that there exists a step ¢ such that for any other scalar field W of the same
amplitude, J ((Id+dWn)(Q)) < J((Id+0Von)(2)). Since each V; g have different ampli-
tudes, it may happen that for a fixed § we have J1((Id + 0V5)(€2)) > Ji((Id + 6V71)(£2)).
Thus, solving Fq. (IV.1.8) could lead to a strange result where, to optimize J;, we should
only consider V5 q.

To alleviate this issue we propose to normalize each shape gradient using the lowest L>
norm of the shape gradients by replacing Line 4 in Algorithm IV.1.1 by:

4a Viyr 1= mini(”‘/;,(l,regnoo);

4b i:kQ,mg = ‘/z',Q,reg X ‘/inf/H‘/i,Q,regHoo;

4c P := (P;;);; the scalar product (Eq. (I1.4.5)) between each Vg eg and Vg .0
and Line 6 is replaced accordingly:

. ytobj * .
6 ‘/reg = Zi:l Q; 1,Q,reg’

Remark IV.1.2.3: Equation (IV.1.3) may be adapted to consider objective functions
for which different values are requested. For instance, let us consider a non-symmetric
version of the power divider depicted in Fig. II1.3.5 where we aim that a fraction
n € [0,1] of the total power be redirected in the I'oy 1 port and (1 —n) in Foyo. To
obtain such a component we may consider the following objective function

J () = min{7(2)/n, J2(2)/(1 = n)},

which, once maximized, should give the desired transmissions for both outputs (up to
the same factor for each J;). More generally, it is also possible to prescribe a particular
target value J;* for each objective by considering

J(Q) = _min |F(Q) - T,

i:l,...,nobj

which results in a modification of the considered shape derivatives in Fq. (IV.1.8).

IV.1.3 Numerical examples

In this section we show two numerical examples using the gradient sampling method
introduced in the previous section. Note that in the optimization of the diplexer
of Fig. IV.1.2(b) we already relied on this method to maximize both outputs at the
same time.

IV.1.3.a Design of a power divider from 1 to n ports

This first example revisits the power divider example of Section I11.3.1.b by considering a
larger number of output waveguides. Even using symmetric vector fields as in Fq. (111.3.3),
the design of such devices requires to consider multiple objectives at the same time.
In Fig. IV.1.4 we optimize a 1 to 3 and a 1 to 4 power dividers starting with a shape as
in Fig. II11.3.5(b) and an optimization domain D,y of respectively 3 x 3 pm and 4 x 4 pm;
see Fig. [V.1.3.
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Figure 1V.1.3: Settings of the 1 to 3 and 1 to 4 power divider test-cases of Sec-
tion IV.1.3.a.

Due to the symmetry along z-axis we only have to consider two objective functions: the
transmission in one of the central waveguides and one of the outer ones. As we can see
on the convergence history graph, both objectives are maximized simultaneously. The
algorithm is stopped after 100 iterations and results in a 1 to 3 power divider with 31 %
transmission in each output waveguide (6 % of the total power is dissipated) and 22.5 %
in the case of the 1 to 4 power divider (10 % of the total power is dissipated).
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Figure IV.1.4: Optimization result of the power dividers test-cases presented in Sec-
tion IV.1.3.a considering the initial shapes in Fig. [V.1.3.

Note also that non-symmetric versions of these power dividers may be obtained in the
spirit of Remark 1V.1.2.3.

IV.1.3.b Diode

This second example is based on the test case of [Call6] and it is illustrated
in Fig. IV.1.1(b). This component is connected to two waveguides with different sizes:
the bottom waveguide linked to the device via the port I'yoitom iS single-mode while the
top one whose junction with the design domain is denoted by I'i,, allows the propagation
of both a TEg and TE; mode. The two objective functions of this device is as follows:
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e When the light is injected from I'yotom as the fundamental TEy mode we want to
convert it into the TE; mode of the top waveguide.

e When injecting the TEy mode in I'y,, we want to prevent its transmission into the
bottom waveguide.

To achieve these two objectives we consider here the maximization of
J(Q2) = min{ 7, (), 1 = J2()},

where J1(€2) is the power carried by the TE; mode in I'y,, when the TE, mode is in-
jected though Iyotrom and Jo(£2) the power carried by the TEy mode in I'yottom When the
TEy mode is injected from the top waveguide. Using the gradient sampling algorithm
of Section I'V.1.2 and starting with a shape made of 8 x 8 holes we end up with the result
of Fig. IV.1.5 where we can see in the plot of the energy density that no power is trans-
mitted into the fundamental mode of the bottom waveguide when injecting light from the
top one.
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Figure IV.1.5: Optimized shape of the diode starting from 8 x 8 holes and details
of the numerical computation.

IV.2 Dealing with robustness to the fluctuation of
physical parameters

The physical and geometrical properties of the considered nanophotonic components and
their environment are characterized by data (the incoming wavelength, the refractive
indices of the media at play, or the morphology of shapes itself, to name a few) which are
in practice known with some uncertainty. The electromagnetic fields around nanophotonic
devices, and thereby their physical behaviors, being very sensitive to these data, it is of
utmost importance to optimize their shapes in such a way that their performances are
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robust with respect to such uncertainties, i.e. so that they retain an acceptable efficiency
in a variety of fabrication or operating conditions.

Optimization of shapes in a way which is robust to uncertainties has been a burning issue
in shape and topology optimization lately. In the recent review [Mol18], manufacturing
uncertainties have been identified as the main obstacle preventing the use of nanophotonic
components at the industrial level, and studies towards alleviating these problems have
been initiated [Wanll; Elel2]. Beyond the field of nanophotonics, robustness issues in
shape and topology optimization have been addressed from two fairly different viewpoints:

e When no information is available about the uncertain data but for a bound on
their maximum amplitude, the worst value of the performance criterion under all
possible uncertain data is optimized. These problems are generally ways too difficult
to be dealt with in utter generality, since their treatment inherently involves a
bilevel optimization program; yet several particular situations or approximations
have provided quite satisfactory answers [Alll4a; Amsl6]. The main drawback
of such approaches is that they are generally too pessimistic: while the worst-
case scenario is likely never to happen in practice, the specific optimization of this
situation may conduct to shapes with poor nominal performance.

e When more information is available about the statistics of the uncertain data (e.g.
about its first- and second-order moments), probabilistic approaches may be con-
sidered for the minimization of the average value or the standard deviation of the
performance criterion; see [Maul4| for an overview. These approaches generally
rely on very costly sampling strategies, such as Monte-Carlo, or collocation meth-
ods, involving a large number of evaluations of the considered cost function and its
derivative; see for instance [Marl6] and the references therein. Linearized approx-
imations of such problems have been proposed [Laz12; All15] which alleviate the
dramatic computational cost of the aforementioned approaches.

In this section, we rely on a simple sampling strategy for the robust worst-case opti-
mization when small uncertainties are expected; this method is particularly well-suited
in situations where the uncertain data lie in a low-dimensional space. Our approach is
guided by the large CPU cost of the numerical resolution of the time-harmonic vector
wave equation, which makes methods involving a large number of evaluations of the ob-
jective function and its derivative totally impractical in our context. The general principle
of the method is presented in Section ['V.2.1 in an abstract and formal way. Its particular
application to deal with robustness with respect to the incoming wavelength and to the
geometry of shapes themselves are discussed in Sections [V.2.2 and V.3, respectively.

IV.2.1 A general framework for dealing with robustness using
a gradient sampling strategy

Our uncertain data are modelled by a (small) parameter § lying in a set X. In practice
we assume that

X is a ball with small radius m > 0 in a low-dimensional vector space. (IV.2.1)

Denoting by J5(€2) the value of the considered objective functional when the physical
data ¢ are observed, our purpose is to maximize the worst value of J5(£2) when 0 runs
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through X:

max min JTs(82). (IV.2.2)

Taking advantage of the hypothesis Fq. (IV.2.1), the previous problem is consistently
approximated by

max min_ J;(Q), where J;(Q2) := J5,(2), (IV.2.3)

i=1,...,

and the 9;, ¢ = 1,...,N constitute a suitable sampling of X. Hence, the prob-
lem Eq. (IV.2.2) is reformulated as that FEq. (IV.2.3) of maximizing the minimum value
between a finite number of objective functions, which falls exactly into the context of
application of the gradient sampling method of Section 1V.1.2.

In other words, to find a design €2 robust to some uncertain parameter 9§, we only need at
each iteration of our numerical Algorithm [V.1.1:

1. Perform the simulation of the time-harmonic vector wave equation on €2 by using
different values d1,...,dy of the uncertain parameters ¢,

2. Compute the value of each objective function Js,(§2) as well as their respective shape
derivatives (through the computation of the associated adjoint states),

3. Find a vector field 8 which maximizes the minimum between each first order ap-
proximation of the objective J5(£2), i.e, which solves the program Eq. (IV.2.3).

Remark IV.2.1.1: The above strategy is solely based on a sampling 7;(Q2) = Js,(€2)
of the perturbed functional J5(£2) at particular values § = d;, i = 1,..., N, and on the
derivative of the sampled functionals Q — 7;(Q2). In particular, it does not involve
the sensitivity of the objective function with respect to the perturbations, that is,
the derivative of the mapping § — J5(€2), which is a noticeable difference with the
linearization method proposed in [All14a; All15].

IV.2.2 Robust design with respect to the incoming wavelength

Perhaps one of the most crucial aspects where robustness is desired in nanophotonics
is related to the wavelength A of the light injected into the component. Aiming at a
performance which is little altered by small variations of the incoming wavelength is
indeed a way to cope with the inaccuracy of the laser realizing the light injection, or
simply to construct large bandwidth devices.

Using the notations of Section ['V.2.1 the considered set X of perturbations is the interval
(A —m, X+ m] C R, where X is the ideal operating wavelength, and m > 0 is a user-
defined tolerance for the range of wavelengths where the optimized design should retain
good performances. Let us denote by J,(2) the value of the considered objective function
at a particular shape {2 when the operating wavelength equals \; notice that X\ influences
three parameters of the physical model Eq. (I11.1.1):

e the wavenumber k = 27/,

e the optical indices of the silicon core and silica substrate depends on the wavelength
as can be seen in Fig. [V.2.1,
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e the optical modes (€, H), computed as the eigenvectors of Fq. (1.2.2); also depend on
the values of the wavenumber and the optical indices; they are therefore modified by
a wavelength shift (a dependence which is highly non-linear). From a mathematical
viewpoint, this is reflected by the fact that the operator v and the value U in the
boundary condition Eq. (1.3.14) also depends on .
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Figure IV.2.1: Dependence of the silicon and silica to the wavelength (ellipsometric
measures made at the CEA).

The worst-case shape optimization problem reads, when uncertainties of amplitude m
around the value A\ are expected about the wavelength:

max I)\Iél)r(l IA(Q). (IV.2.4)

Following Section IV.2.1, the set X is sampled as {)\i}izl,...,N’ and Eq. (IV.2.4) readily boils
down to a program of the type Fq. (IV.1.8), which is solved thanks to the methodology
described in Section [V.2.1.

IV.2.2.a Robust crossing

Let us start our numerical analysis with the determination of a wavelength-robust crossing
device (see Section I11.3.1.d for the presentation of this component). We first computed an
optimized crossing for the operating wavelength A = 1.55 pm without taking into account
robustness with respect to A. Starting from a shape with 2 x 2 holes it produces the
results in Figs. [V.2.2(a) to [V.2.2(c) where Fig. IV.2.2(b) shows that this component is
not particularly robust in the (relatively large) wavelength band [1.35,1.75] nm: indeed,
its performance drops from nearly 98 % at A = 1.55 ym to 83 % at A = 1.65 ym and even
to less than 80 % at A = 1.35 pm.

To enhance the robustness of this component with respect to uncertainties over the oper-
ating wavelength A we rely on the multi-objective optimization presented in Section [V.2.1
by considering 3 wavelengths at respectively 1.45, 1.55 and 1.65 pm. Starting from the pre-
viously optimized crossing as an initial shape this leads to the results of Fig. [V.2.2. This
new optimized component is noticeably more robust, exhibiting a transmission greater
than 95 % in the considered bandwidth [1.45, 1.65] pm.

We eventually turn our attention to the optimization of a robust crossing on an even
broader bandwidth considering 5 different wavelengths at 1.35,1.45,1.55,1.65 and 1.75 pm
starting from the same non-robust shape and we end up after 100 iterations of our gradient
sampling algorithm with the results of Fig. IV.2.3 where 90 % of transmission is expected
in the whole bandwidth.
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Figure IV.2.2: Results of the robust shape optimization of a crossing with respect
to uncertainties over the wavelength.
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Figure IV.2.3: Results of the robust shape optimization of a crossing with respect
to uncertainties over the operating wavelength using a sampling of the interval A\ €
[1.35,1.75] pm at five equally spaced wavelengths (dashed lines in Fig. TV.2.3(b)).

IV.2.2.b Robust power divider

In this subsection we revisit the power divider example of Section I11.3.1.b with the aim
to obtain a broadband component. The power divider obtained in Fig. [11.3.6 being geo-
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metrically simple, it is, understandably enough, also reasonably robust according to small
variation of the input wavelength. To demonstrate the efficiency of our method we there-
fore consider another optimized power divider for the operating wavelength A = 1.55 pm
without considering robustness issues and starting from a shape composed of 3 by 3 holes.
The result is represented in Fig. [V.2.4 and the graph in Fig. [V.2.4(c) reveals that this
component is very sensitive to small variations of the wavelength.
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(a) Optimized shape (b) Convergence history (c) Spectrum

Figure IV.2.4: Optimized shape of the power divider of Section [11.3.1.h starting
from 3 x 3 holes, details of the numerical computation and spectrum.

To obtain a robust component in the bandwidth X = [1.5,1.6] pm we now consider the
problem Eq. (IV.2.4) with the uncertainty set X sampled at A\ = 1.5,1.55 and 1.6 um.
Starting from the optimized shape of Fig. [V.2.4, we perform 150 iterations of our gradient
sampling algorithm which results with the component of Fig. [V.2.5.
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Figure 1IV.2.5: Optimized shape of the robust power divider starting
from Fig. IV.2.4(a), details of the numerical computation and spectrum.

Comparing Figs. [V.2.4(c) and IV.2.5(c) shows that the new component is indeed far
more robust than the previous one, exhibiting more than 46 % of transmission on the
whole considered bandwidth whereas the non-robust device achieved less than 37 % of
transmission at A = 1.5 pm.

IV.2.2.c Robust diplexer

Our last example reconsiders the diplexer test-case of Fig. [V.1.1(a). A non-robust com-
ponent is found by starting with an initial shape made of 8 x 8 holes and the result is
depicted in Fig. [V.2.6.

As can be seen on its spectrum (Fig. [V.2.6(c)), more than 80 % of the input power is
well transmitted into the fundamental TE mode of the top left waveguide at A = 1.31 pm
and on the top right waveguide at A = 1.55 pm. But as for the two previous examples we
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Figure IV.2.6: Optimized shape of the diplexer of Fig. [V.1.1(a) starting from 8 x 8
holes, details of the numerical computation and spectrum.

see that a small perturbation of the wavelength dramatically jeopardize the performance
of the component. For instance, considering the top right waveguide (in which we seek to
redirect the light at A = 1.31 pm) an increase of 25 nm in the incident wavelength implies
a decrease of the transmission of about 20 %.
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Figure IV.2.7: Optimized shape of the robust diplexer starting from 8 x 8 holes,
details of the numerical computation and spectrum.

Starting from the same initial shape (8 x 8 holes) we perform 100 iterations of our multi-
objective optimization algorithm. In this experiment we considered four objective func-
tions to impose a 50 nm robustness: A = 1.285 and 1.335 pm for the top right waveguide
while A = 1.525 and 1.575m was used for the top left one. The results are shown
in Fig. [V.2.7. Comparing Figs. [V.2.6(c) and [V.2.7(c), we observe that the new compo-
nent is way more robust, its spectrum exhibiting flat areas around the two wavelengths
of interest.
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IV.3 Geometrical uncertainties in lithography and
etching processes

We now illustrate how the general framework of Section I'V.2.1 may be adapted to impose
the robustness of the optimized designs €2 with respect to uncertainties on their geometry.
After a short presentation of the lithography and etching manufacturing process in Sec-
tion IV.3.1 we present two ways to tackle the uncertainties coming from these production
techniques. In Section [V.3.2 we first describe an a-posteriori method to find a shape
which, once modified by the lithography process allows to recover the original shape that
we wanted to produce. Section [V.3.3.a then propose an a-priori method to take into
account the uncertainties related to the etching fabrication process during the topology
optimization algorithm. An extension of this idea is used in Section IV.3.3.b to deal with
uncertainties caused by lithography.

IV.3.1 Presentation of the main steps in silicon on
insulator /wafer fabrication

The lithography-etching method to produce nanophotonic devices may be summarized
into five main steps, as illustrated in Fig. IV.3.1. The production of such a component
is achieved by etching a silicon wafer by means of some chemicals (reactive ion etching);
see Fig. IV.3.1(e). Since this process does not allow for a precise engraving of the silicon
plate locally, we start by making a stencil of the shape that we want to fabricate using
a resist whose purpose is to prevent chemicals from engraving underneath it.

~

) Silicon on insulator wafer (b) Resist thin film coating (c) e-beam lithography

(d) Development (e) Reactive ion etching (f) Resist stripping

Figure IV.3.1: Main steps of the lithography-etching manufacturing process. Silica
is represented in blue, silicon is in gray, resist in green and exposed resist in orange.
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This stencil is then produced by lithography; using deep UV or an electron beam (e-
beam), the resist is locally insolated by a high intensity field. After a sufficient exposition
of the resist to the energy field, the resist will eventually change its physical states as can be
seen in the orange part of Fig. IV.3.1(c). A development step (Fig. IV.3.1(d)) then makes
it possible to remove the areas of the resist that have not been insolated and to recover
the stencil. The final design is then obtained though reacting ion etching (Fig. IV.3.1(¢c)),
i.e. by applying a chemical product on the plate that will etch the regions not covered by
the stencil. The last step in Fig. IV.3.1(f) is dedicated to the removal of the resist.

In Section IV.3.1.a and Section ['V.3.1.b we propose a mathematical model of the lithogra-
phy and etching steps in the perspective of describing the type of geometrical uncertainties
entailed by their action on the manufactured shape.

IV.3.1.a A mathematical model for lithography

Lithography involves many different physical processes. The model presented here results
from [Fri89] and discussions with engineers from the CEA. Even though more precise
model may be found in the literature (see for instance [Zhol4]), the one proposed here
catches the most important elements of the lithography process.

As it has been mentioned in the introduction, the lithography stage of the manufacturing
process of nanophotonic devices relies on the alteration of the physical state of a resist
caused by exposition to an e-beam. In order to obtain a stencil of the 2d section of a
shape Q, the e-beam travels over the resist and we denote by (x;, z;) the position of the
beam in the 2d plane corresponding to a section of the nanophotonic device. Whenever
(x1,21) € Q, the e-beam is activated and it emits a Gaussian energy flux towards the
position (z;, z;) on the resist. Mathematically, the quantity of energy Ejy, received by
the resist at each position & € D is therefore given by convolution product between 1g,

the characteristic function of Q, and the energy flux G, which we assume to be a Gaussian
kernel with zero mean and standard deviation o:

Ve €D, G,(€) = ——c iz (IV.3.1)

2o

The quantity of energy FEino is defined by
Fino(€) = (15 + G,)(€) = /ﬁ Go(x — €) dx. (IV.3.2)

To change the state of the resist at £ € R?, a sufficient quantity of energy must be supplied
at & Up to a dimensional constant, we shall assume that this quantity is equal to 1/2,
so that the shape of the stencil resulting from the lithography process is

Qtitno = {€ € D, Eno(§) > 1/2}. (IV.3.3)

We will also denote by
L(9) = Lz 2 C(Q) (IV.3.4)

the indicator function associated with the manufactured shape Qlitho of Q after the lithog-
raphy process where C' : (2 — 15%G,. Thereafter we consider that the only possible source
of uncertainties lying in the lithography process is the standard deviation parameter o
which is solely limited to belong in an interval of the form

(6 —m, 5+ m), (IV.3.5)

where m > 0.
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IV.3.1.b Etching

Once a stencil is obtained via lithography, the etching step is used to produce the desired
silicon shape €. In ideal conditions, the resulting shape from etching is exactly that
of Eq. (IV.3.3) following the lithography stage. Unfortunately, in practice, the density
of holes to be etched impacts the uniform distribution of the chemicals. This difficulty
result in what is called under- or over- etching defects; the manufactured 2d section
of the shape Qetch is a little bit dilated or eroded when compared to tho:

Qeten = (Id 4 0n) (Qieno) (IV.3.6)

with § an uncertain scalar value; see [Sig09; Wan11] for the use of a similar model in the
framework of density-based topology optimization and Fig. 1V.3.3 for an illustration.

Remark IV.3.1.1: Depending on the particular etching technology, the manufac-
tured shape Qetch may adopt a more complicated structure than that of Eq. (IV.3.6)
featuring a constant parameter . For instance, in some situations, d could be a function
of the depth y; see the survey [Jan96].

Remark IV.3.1.2: It is sometime argued that if a nanophotonic component is
wavelength-robust then it is naturally robust with respect to a dilation or erosion
caused by the etching process. We propose here an attempt to justify this statement.
The reasoning is as follows: let us consider that the shape Q is modified into F, ()
obtained from the mapping

Fi(x) = (Id+m)(x) = x + mx (IV.3.7)

where m € R and x; € R?. Let E be the solution to the time-harmonic vector wave
equation V x V x E — k?n3E = 0 using an optical index given by a shape 2 and a
wavelength A (we also remind here that the wavenumber is given by k = 27/A). Since
nr. ) = no o Iy, the solution E; of the Maxwell equations associated to a shape
F(Q) and a wavenumber equal to (1 4+ m)k satisfies:

V xV xE, — ((14+m)k)*ndoF,E, =0. (IV.3.8)
Now composing Eq. (IV.3.8) with F-' we obtain
VXxVx(E;oF ) —kni(E;oFY) =0,

and by uniqueness of a solution we get E; o F;' = E. In other words, for a small value
m, the performance of a nanophotonic component at the wavelength A\ is exactly the
same at A/(1 + m) if the shape is modified into (Id 4+ m)(£2) (as long as ng does not
depend on )). Equivalently, we could say that being robust to a small modification of
the shape into (Id + 9)(€2) with 0 € [—m,m] is equivalent to robustness with respect
to the wavelength in the interval [A/(1 —m), A/(1 + m)].

Despite this result, the opening statement of this remark is not true (even as a first
approximation). First of all, Eq. (IV.3.7) is not a dilation of the form (Id + mn)(2)
but a magnification: (Id +m)(Q2) = {x + mx,x € Q}. This notably differs by the
fact that a dilation of €2 extends the outside boundary of the shape and shrinks the
holes inside 2 while a magnification does not modify the size ratios. Moreover, even
though the etching may dilate or erode the shape by a factor m, it does not modify
the height of the silicon plate which is however the case in the previous analysis.
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IV.3.2 Inverse lithography

In this section we consider an “optimal” shape €l found by our numerical Algo-
rithm I1.4.1 that is to be manufactured. We discuss an a posteriori optimization method
which makes it possible to modify {2, into another shape Qopt which, once manufactured,
is “closer” to o than thho. This is in fact, another shape optimization problem: we seek
for a shape € which, after the lithography-etching process, will match with ;. To sim-
plify the presentation we only consider the lithography step meaning that Qetch = thho;
we suppose that no defect is caused by etching. Moreover, we also suppose that the mod-
ification of the shape induced by the lithography process is known, that is to say that
the value of the deviation parameter o in Section IV.3.1.a is fixed equal to ¢ (m = 0
in Eq. (IV.3.5)).

Optimizing a shape in order to take into account the modifications induced by the lithog-
raphy process has already been studied and is known in the literature as the inverse
lithography problem. However, to our knowledge, no one has ever tried to solve this
problem using the shape optimization framework presented in Chapter I (an attempt us-
ing the SIMP methodology presented in Section 111.1.2 may be found in [Zhol4; Jan13]).

The inverse lithography shape optimization problem may be modelized as the maximiza-
tion of the following objective function (another model is given in [De 16] using the signed
distance function)

Titho () = /Q (@) dx /

CLQ)dx = / sign(Qop) L(Q) dx, (IV.3.9)
D\Qope D

where sign(Q)(x) = 1 if x € Q and —1 otherwise. We also recall that L(2) is defined
in Eq. (IV.3.4). Equation (IV.3.9) characterizes the fact that we want to maximize the
value of L(2) inside €, while minimizing the value of L(2) elsewhere. The thresholding
involved in L(Q2) causes Eq. (IV.3.9) to be non differentiable. We propose to modify it
into

Tithoe(Q) = /D sign(Qope ) H. 0 C(R) dx, (IV.3.10)

where H.(z) is a smooth, non decreasing function equal to 0 if z < 1/2 — ¢ and 1 if
x>1/2+¢. Th. I1.1.2.1 allows to find the shape derivative of Eq. (IV.3.10) as

T e(2)(6) = | 6-n /D sign(Qope) (X)G (x — $)H! 0 C(Q)(x) dx ds.  (IV.3.11)

In Fig. IV.3.2 we present some optimization results associated to three different target
shapes (o representing respectively an “L” shape, a power divider and a diplexer. As
can be seen on Fig. [V.3.2 (middle), the optimized shape resulting from the above process
(in red) exhibits large oscillations where 0 is sharp (high local curvature ). This is
clearly visible on the corners of the “L” shape where large oscillations of €2, are observed.
Interestingly, using the shape derivative J'(€p) we could modify the objective function
of Eq. (IV.3.10) in order to specify where it is important to be close to the shape and
whether it is less damaging to be inside or outside of {,;:; depending on the sign of Vo,
in the shape derivative we know if the shape should be locally dilated or eroded. We did
not pursue our research in this direction and therefore this addition has not been tested
numerically.
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Figure IV.3.2: Optimization of the shape used as an input for the lithography process
in order to obtain after fabrication a shape which is as close as possible to a target
shape op¢. In each run, 400 iterations of our shape optimization algorithm was
performed to solve Eq. (IV.3.10) for a total duration of approximately 20 seconds.
The standard deviation in the Gaussian kernel used in (a) and (b) equals ¢ = 100 nm
and ¢ = 50nm in (c).

IV.3.3 Geometrically robust shape optimization

We now illustrate how the general framework of Section V.2 may be adapted to impose
the robustness of the optimized designs 2 with respect to uncertainties on their geometry.
Uncertainties related to the etching fabrication process are considered in Section ['V.3.3.a,
and an extension of these ideas is used in Section [V.3.3.b to deal with uncertainties
caused by lithography. Note that using a worst-case approach for robustness to geometric
uncertainties was also considered in [Zhol4] for the optimization of micro-mechanical
devices.
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IV.3.3.a Robustness with respect to uncertainties caused by the etching pro-
cess: an approach using dilation and erosion

As mentioned in Section ['V.3.1.b, under- or over-etching of the design {2 is likely to occur
in the course of the etching fabrication process. In other terms, the fabricated shape {24
can be approximated as a uniform dilation or erosion of €2,

Qs := (Id + 6ng) (), (IV.3.12)

where 4 is a real-valued parameter with small amplitude |6 < m.

In this context, the robust optimization problem Fq. (IV.2.3) of interest here brings into
play the following perturbed functional J5(€2) whose expression reads:

J5(2) = I () = T ((1d + dng)(©2)),

where J () is given by Eq. (II1.1.1). In particular, Eq. (IV.2.3) involves the optimized
shape €2 via a modified version €25 as for instance in the contribution [Chell]. In our
way towards converting Eq. (IV.2.3) into a linear program of the form FEq. (IV.1.8), the
shape derivative of the individual functions [J5(2) is needed; the latter is the purpose of
the next theorem.

Theorem IV.3.3.1 — Shape derivative considering dilated shapes.

Let Q, and let 6 > 0 be small enough so that (Id 4+ dng) is a diffeomorphism. The
functional J5(12) is shape differentiable at 2 and its shape derivative reads:

Ji(Q)(0) = /an ga, © (Id + éng) H(6,nq) ds, (IV.3.13)

where

H(0,ng) = |det(Id + 6Vng)| (((Id + 6Vng) 'ng - ng)8 - ng) .

Proof: Let § > 0 be sufficiently small for (Id+dng) to be a diffeomorphism from R? into
itself - where, as in Remark [1.3.2.1, ng stands for a smooth extension of the unit normal
vector on € to R3. Our purpose is to calculate the shape derivative of the functional

Ts(Q) = J((Id + dng, ) o (Id + 6)(£2)),
where we used the shortcut Qp = (Id + 0)(€2). A straightforward calculation yields:

T5(Q9) = J((1d+ 0 + éng, o (Id + 6))(2)),
((Id + éng + 0 + 8 (ng, o (Id + 8) — ng))(Q)),

((Id + &1 (8) + 6€2(0)) o (Id + dnq)(©2)),

((Id + &1(0) + 0€2(0))(25)),

J
J
J
where we have defined

£1(0) =00 (Id+dng) ™", and &(8) := (ng, o (Id + 0) — ng) o (Id + dng) ",

considering that 6 > 0 is small enough so that (Id 4 dng) is a diffeomorphism. Using the
following formula for the transformation of the normal vector where com(M) corresponds
to the comatrix of M,

1

Id+60) = I 0 1V.3.14
ng, o (Id + 0) |com(I+V9)nQ|Com( + VO)ng, (IV.3.14)
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whence the Lagrangian derivative of the normal vector field 2 — ng is calculated, &
expands on 0f) as (see [Dapl3, Chapter 2]):

£2(0) o (Id + éng) = ((VGTHQ) : ng) ng — VO 'ng +0(0).
Hence, using the Def. I1.1.1.1 of the shape derivative of 2 — J(2) at Qs, it follows that
To(Q) = T5(Q) + T()(E4(6) + 5:(6)) + of6), (IV3.15)

and we are now left with the calculation of the last quantity in the right-hand side of
Fq. (IV.3.15); to this end, using Th. 111.2.1.1 yields:

T'(52%)(64(0) +6(0) = [ g0, (€1(0) + 36:(6)) - ma, d,

where gg : 02 — R is given by Eq. (I11.2.2). Changing variables in the integral in the
above right-hand side, we finally obtain:

T'(25)(&:1(6) +06:(0)) = [ Ca (g0, (61(8) +62(8)) - mn,) o (1d + omo) di,
- /a g, © (Id -+ ng) H(6,n0) ds + o(6). (IV.3.16)
where Cq = |com(I + §Vng)ng| and
H(0,ng) := (0+0((V6ng no)ng — VO 'ng)) - Ca.

where we have used again Fq. (IV.3.14). The derivative Eq. (IV.3.16) may now be given
the convenient structure Eq. (I11.2.1) owing to a little calculation. Indeed, let 71, T
be a local orthonormal basis of the tangent plane of 02 around a fixed, arbitrary point
Xp € 09, so that (11(x), T2(x), ng(x)) is an orthonormal basis of R? for any point x € 92
close to x¢. Then the Jacobian matrix of ng reads in this frame:

K1 0 0
Vnq = 0 ke O |,
0O 0 O

where k; is the principal curvature in direction ;. Hence,

2
((VOTHQ) . nQ) ng—Veé'ng = —> VO0'ng- 7,
i=1
2 2
= =Y V(0 -ng) 7+ (Vni0) 7, (IV.3.17)
i=1 i=1

2
= —Voa(0 -ng)+> k(0 7)),
i—1

where Voo f := Vf — (V[ -ng)ng is the tangential gradient of a smooth enough function
f 00 — R. It follows after a little more algebra that

H(0,nq) = |det(Id + 6Vng)| (((Id + 6Vng) 'ng - no)0 - ng) ,

which is just the factor H(0,ng) in Eq. (IV.3.13); this completes the proof. O
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With this result at hand, the abstract framework of Section V.2 can be readily used to
tackle the robust optimization problem Eq. (IV.2.2), when small perturbations taking the
form of a uniform dilation or erosion are expected on shapes.

As it is clear from the statement (and the proof) of Th. IV.3.3.1, these considerations are
valid provided the maximum amplitude m of the expected dilations or erosions is small
enough so that (Id 4 dng) is a diffeomorphism, i.e. {2 and €25 share the same topology for
all [0|< m. This restriction may impose unrealistically small values on m; so as to deal
with more realistic situations, we rely on a heuristic adjustment of the above procedure
when (Id + dng) is not a diffeomorphism. The starting point is the observation that
(Id+dng) may fail to be a diffeomorphism because of the existence of points x € 952 such
that the segment with endpoints x and x + dng(x) crosses the skeleton (or sometimes
also called medial axis) of the shape €, which is defined by

Sk(Q) := {X e R3 Iy, y, €00, yvi #yo and d(x,00) = |x —yi|=|x — yQ\}.

The skeleton Sk({2) may alternatively be seen as the set of points x € R® where the
squared distance function d3 is not differentiable; see for instance [Delll, Section 6.3]
about these points, and Fig. [V.3.3 for an illustration.

Figure IV.3.3: Two examples of shapes (in grey) with their skeleton. The contours
of the dilated and eroded versions of both shapes are represented in dashed lines,
and the interior (resp. exterior) part of the skeleton Sk(€2)N€ (resp. Sk(Q)N(D\Q))
appears in blue (resp. red).

When this happens, we simply replace €25 by the modified version
Qg = (Id + s(x)ng) (),

where for x € 09, |s(x)|< § is calculated so that so that the segment joining x to
X + $(x)ng(x) does not intersect Sk(€2) - i.e. the considered dilation or erosion of 2 stops
when Sk(€?) is encountered. To achieve this purpose, we proceed as in [Micl4, Section
3.6.2], relying on the knowledge of the signed distance function dg: for every point x,
s(x) is the first value s < 0 (resp. s > 0) such that the function s — dgo(x + sVdg(x)) is
no longer monotone in the case of an erosion (resp. dilation).

IV.3.3.b Robust shape optimization with respect to defects caused by the
lithography process: a description using Gaussian kernels
In Section IV.3.1.a we saw that when manufacturing a “blueprint”, (y-invariant) shape

Q={(r,y,2) €R® (z,2) € Q, y € (~h/2,h/2)}
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using the lithography process, the resulting shape is a smeared version 25 C R? given by:
1
Qs = {(x,y,z) € R3, (15 * Gs)(x, 2) > 3 Y € (—h/2,h/2)}, (IV.3.18)

where G5(€) is the Gaussian kernel with mean 0 and standard deviation ¢ defined
in Eq. (IV.3.1).

a) Original shape Q ) Perturbed shape Qs ) Local approzimation 95
d) Original shape Q ) Perturbed shape Qs ) Local approzimation Q5

Figure IV.3.4: Comparison between a shape (2, its perturbed version (25 given by
Eq. (IV.3.18), and the approximation €25 defined by Eq. (IV.3.19).

Let us recall that, intuitively, perturbations of the form Eq. (IV.3.18) imply that, if for
instance the boundary 02 is flat, 025 coincides with 0€2; however, if it has positive
or negative curvature, the sharp feature of 0f) is smeared; see Fig. [V.3.4 for a two-
dimensional illustration. In general, {25 depends on global features of €2, but it is mostly
influenced by the curvature of 9€, in a rather non explicit fashion.

— parabola = o0 — parabola = D)
— convolution = 1/2 — convolution = 1/2 0.8

Q
o
Z
o
g
g
g 06 =
g £
= :
N: 0.4 gO’T‘
— parabola = ) 0.2 g?
— convolution = 1/2 ]
0 F
-10 0 10 -10 0 10 -10 0 10 =
zr (nm) zr (nm) zr (nm)

Figure IV.3.5: Schematic representation of the mapping pg s involved in the defini-
tion Eq. (IV.3.19) of the approximate perturbation 5. Curvature x = 0 (left), > 0
(middle) and < 0 (right).

The robust optimization problem Eq. (IV.2.3) with respect to uncertainties caused by
lithography then involves the perturbed functional J5(£2) := J(€s). The study of J5(2),
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and notably its shape derivative, is quite intricate because of the dependence of €25 on
global features of 2. To alleviate this difficulty we trade €25 for an approximate counterpart
Qs of the form:

Qs = (Id + pasna)(£2), (IV.3.19)

for a scalar field pg s : 92 — R, which is defined below.

For an arbitrary, given point xo = (%o, Yo, 20) € 9§2 with projection X, := (z, 29) onto the
2d section €2, we consider the local, second-order approximation of the section €2 near X,
by means of the half-space Pq «, defined by (see Fig. [V.3.5):

Pax, = {fio +2€R? 2z, < KZ()/EO)Z?_} :

In the latter formula, we have denoted by z, := 2z - ng(Xo) and 2, = 2 - T,

normal and tangential components of a vector z € R? in the local frame (75(Xo),
at Xo obtained by gathering the tangent 74(Xo) and the normal vector ng(Xo) to

Finally, x(X) is the mean curvature of € at Xq.

For X = (z,2) € R? close to X, taking advantage of the smallness of §, we then have:

(16 9) (2.2) = [ 15(3)6s(% = §) Y ~ Foxy ().

where

Fopx (%) = /

RQ

1pg,, (¥)Gs(X —¥) dy

is the convolution between the characteristic function of the local second-order approxi-
mation of 0N at Xy and the Gaussian kernel Eq. (IV.3.1). We then define pq 5(x) as the
unique value s € R such that

£(5) 1= Fosa (R0 + 515(%0)) = 3.

which makes sense since

K(x0)22—s
£(s) = /R [ T Gslmma(%) + tng (%)) dt d,

1 _ a2 s — K(Xg)r?
— e tmerte (2T
2\Kkr5/£€ ' erc( NoY; v

(where erfe(z) = 2//7 [2° exp(—t?) dt refers to the so-called complementary error func-
tion) is a smooth, decreasing function with

lim f(s)=1and Sginoof(s) = 0.

§——00

Notice that pgs(xg) only depends on Q via its curvature at X, however the dependence
is not explicit. Nevertheless, po s is easy to calculate numerically. As is exemplified
on [ig. [V.3.4 this approximation performs reasonably well: the approximate perturbation
Qs is close to €25, except that it fails to capture the topological changes between {25 and
Q.
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Returning to our robust optimization problem, the implementation of Eq. (IV.2.3) relies
on the shape derivative of the perturbated functional

J5() := T ((1d + po,sma)(Q)). (IV.3.20)

The rigorous calculation and the practical use of this shape derivative are not simple
since pqs brings into play the curvature of the interface 92. To simplify this calculation,
we neglect the dependence of pgs on €2, so that the shape derivative Jj(2) is given
by Eq. (IV.3.13) where ¢ is replaced by pas. Although quite rough, this approximation
gives pretty good results as presented in Section [V.3.4.d and it has the advantage of
being simple and fast to implement.

IV.3.4 Numerical examples

IV.3.4.a Geometrically robust power divider

In this section we consider a variant of the power divider test-case tackled in Sec-
tion I11.3.1.b in which robustness of the optimized design is desired with respect to uncer-
tainties entailed by the etching manufacturing process, as discussed in Section [V.3.3.a.

The shape * resulting from the optimization study in Section [11.3.1.b (that is, without
taking robustness issues into account) is not robust with respect to uncertainties related
to etching. Indeed, let us consider Fig. [V.3.6(b) where the variation of the performance
criterion J is represented when a dilation or an erosion of at most m = + 30nm is
performed on 2*: in particular, if 2* is eroded by 30 nm, the performance of the shape
drops from 49 % down to only 20 %.

To remedy this, starting from * as initial shape, we solve the following robust problem
which involves the dilated and eroded versions of the optimized shape:

max min {T-m (), To(2), T (D)}, (IV.3.21)
in which we have defined
j(;(Q) = j(Q(g), Q(g = (Id + 5HQ)(Q),

where J(2) is again given by Eq. (III1.1.1). After 150 iterations of our optimization algo-
rithm, we end up with the shape displayed in Fig. [V.3.6. The comparison of Fig. [V.3.6(b)
and Fig. IV.3.6(e) suggests that the new power divider is much more robust to manufac-
turing uncertainties caused by etching. Moreover, the nominal performance of the device
is not significantly degraded in the process, since it only suffers from a reduction by 1 %
when compared to 2*.

IV.3.4.b Geometrically robust mirror

This second example is taken from our paper [Leb19c¢]: we consider the optimization of a
mirror as in Section [11.3.1.a. Note that materials and wavelength used here are different
of the ones considered in the other experiments presented previously. Precisely,

e the operating wavelength lies within the mid-infrared region with A = 6.06 pm,

e the core is made of an Sigy o, Geyg %, alloy whose optical index is taken equal to 3.54,

119/182




120,182

CHAPTER IV. MULTI-OBJECTIVE PROBLEMS AND ROBUSTNESS

05 05
wn
€04 2 0.45
> >
;03 o 04
g 0.2 ‘i 0.35
3 0.1 S 03
0.25
-20 0 20 10 20 30 40
Dilation parameter § (nm) Number of iterations
) Non robust shape Q* (b) Sensitivity to dilation (c) Convergence graph
05 05
/’_—\ M
%04 5
= £ 045 Wrwienen]
; 03 / 'W
g € o0all
£ 02 £ r
2 L —objective § = 0 nm
é 0.1 é 0.35 —objective § = -20 nm
objective § = +20 nm
0 03
-20 0 20 50 100 150
Dilation parameter § (nm) Number of iterations
) Robust optimized shape (e) Sensitivity to dilation (f) Convergence history
1.8 1
1 =
@
B =
e}
= g
N e
_1 'cm
1.8 -1
-1.8 1.8 -1.8 1.8

x (pm) X (pm)
(g) Electric field of the eroded by 30nm (left), optimized (middle) and dilated by 30 nm (right)
shape

Figure IV.3.6: Results of the robust shape optimization of a power divider with re-
spect to uncertainties linked to etching in Section [V.3.4.a; the upper row reproduces
the features of the non robust optimized shape 2* of Section I11.3.1.b.

e a SiN substrate is used with an optical index of 1.7,
e the upper cladding is still air with n,;, =1,

e and finally waveguides with a 1.4pmx1.4pm cross-section are used, allowing the
single mode operation of the fundamental TM mode.

The component design obtained after resolution of the mirror objective defined in Sec-
tion II1.3.1.a without taking uncertainties into account and using 400 iterations of the
reference optimization algorithm has a reflectivity ~ 96 % (Fig. IV.3.7(a)).

It is then used as an initial condition for our robust design process as in the case of the
previous power divider considering the objective function Eq. (IV.3.21) using the value
of the figure of merit J evaluated at eroded and dilated versions of the shape. During
the first iterations, as can be seen on the convergence curve presented on Fig. IV.3.7(b),
the reflectivity of the + 50 nm eroded and dilated shapes are significantly lower than that
of the nominal shape. However, after a few dozen iterations, all three objectives reach
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approximately the same value, and then continue to improve concurrently to reach an
enhanced final solution, which is robust to fabrication uncertainties (Fig. IV.3.7(c)).

The reflectivity of several mirrors is plotted against the distance of erosion or dilation
on Fig. IV.3.8. The reflectivity of the non robust design (black curve) is dramatically
lowered as soon as the erosion or dilation exceeds a magnitude of & 50nm caused by
etching. On the contrary, at the expense of a slight degradation of the maximum perfor-
mance, the + 25nm (red curve) and £ 50nm (green curve) robust designs retain a flat
response on their respective variation interval.

1

n
g
= =
g g g
g = &
7 Soea Z
_5; i 0.6 — 6=0nm Ef
8 — 0 =—50 nm
‘ 0 = 450 nm
0 0 .S : 0
100 200 300 68 -4 4 6.8
x (pm) Number of iterations x (pm)
(a) Non-robust mirror used for (b) Convergence history (c) Robust design to + 50nm
initialization fabrication uncertainty

Figure 1V.3.7: Optimization of a geometrically robust mirror to £ 50 nm of ero-
sion/dilation starting from an initial non-robust optimized design.

Robust + 50 nm

Reflexion (aB)

Robust + 100 nm

[
1
l
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1
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-100 -50 0 50 100

Erosion/Dilation (nm)

Figure IV.3.8: Robustness to fabrication uncertainty at 6.06 pm of several optimized
mirror. The black curve represents the non robust design and the red, green and blue
curves respectively represent the = 25nm, + 50 nm and + 100 nm robust designs.

The loss is more important for the + 100 nm (blue curve) robust design, which has been ob-
tained by optimizing simultaneously five objective functions consisting on equally spaced
eroded and dilated shapes. Let us note however that a + 100 nm process uncertainty is
excessively pessimistic in practice.

IV.3.4.c Geometrically robust mode converter

In quite the same spirit as in Section [V.2.2, we now revisit the mode converters test
cases of Section [11.3.1.c. When optimizing a 1.5 pmx 1.5 pm TEj to TEs mode converter
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(Fig. 1V.3.9(a)) we see on Fig. 1V.3.9(d) that the performance of the resulting shape
proves to be very sensitive to small perturbations in the form of a uniform dilation or

erosion.

Starting from this non-robust optimized shape as an initial shape, we now solve the robust
counterpart optimization problem of a mode converter involving the worst-case between
the values taken by the objective function J on the optimized shape 2 and its dilated
and eroded perturbations by 20nm. After 200 iterations of our shape and topology
optimization algorithm, the results summarized in Fig. [V.3.9 are obtained. The new
optimized shape is significantly more robust to the effect of dilation and erosion; visually,
its main difference with that obtained without considering robustness effects lies in that
the central hole has widened to make up for the effects of dilation.
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1 1
€os Eogp—
I I
0.6 0.6
[} [}
= =
04 04
= =
502 502
0 0
-20 0 20 -20 0 20
Dilation parameter ¢ (nm) Dilation parameter ¢ (nm)
(d) Sensitivity to dilation of  (e) Sensitivity to dilation of
the non-robust shape the robust shape
1.75 1.75 1.75 1
075 0.75 = 0.75 g
= I =
g 1 e
~ | 2
-0.75 -0.75 - -0.75 =
-1.75 -1.75 -1.75 -1
-1.75 -0.75 0.75 1.75 -1.75 -0.75 1.75 -1.75 -0.75 0.75 1.75

x (pm) x (pm) x (pm)

(f) Electric field at y = 0 of (g) Electric field aty = 0 of the (h) Electric field at y = 0 of the
the robust shape eroded robust shape by 20nm  dilated robust shape by 20 nm

Figure IV.3.9: Optimization of a robust TEy to TE; mode converter as defined
in Section I11.3.1.c starting from an optimized non-robust 1.5 pmx1.5 pm wide TE

to TE5 mode converter.

In the same way we move on to the optimization of a robust TEy to TE; mode converter.
Compared to Fig. 1V.3.9 which exhibits a “simple” topology with only one hole in the
center of the design, we consider here our algorithm for geometrical robustness on a shape
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composed of multiple holes obtained after optimizing a non robust mode converter starting
from an initial guess with 5x5 holes; see Fig. [V.3.10(a). As one would expect the resulting
design is very sensitive to small dilations or erosions of the shape due to the presence of
very small patterns as we can see on Fig. [V.3.10(d). The gradient sampling algorithm
is used considering the normal, dilated by 40nm and eroded by 40 nm shapes. On the
convergence history of Fig. [V.3.10(c) we can see that the three objectives are optimized
simultaneously. The final design, resulting from about 500 iterations of our algorithm is
depicted on Fig. IV.3.10(b), in which several small holes has been removed from the non
robust design and which is far less sensitive to dilation or erosion; see Fig. [V.3.10(e).

1.5 1.5 1
1 1 P
=z 08¢ T
— — S st
£ g Z 0.6
= = S 7
N N Zo04)
= / — 6 =0nm
-1 1 602’/ —§:740nm
15 15 0 V4 0 = +40 nm
15 -1 115 15 -1 1 15 100 200 300 400
x (pm) x (pm) Number of iterations
(a) Non-robust shape (b) Robust shape (c) Convergence history
1 1

I

o0
I
o0

~  —

<

>
o
=

Objective value
(=]
kS
Objective value
(==}
S

I

o
e
o

0 0
-40 -20 0 20 40 -40 -20 0 20 40

Dilation parameter (nm) Dilation parameter (nm)

(d) Sensitivity to dilation and
eroston of the non-robust shape

(e) Sensitivity to dilation and
eroston of the robust shape

15 - 15 15 —
1 = ~oy 1 1 - ——;—aL——

(O, fu ! [oUisme’ | fz
g O o | RS L v =
g ?08\_ D! ? - ¢ o E
= ! - ! ! (S- » g
N o QO 00' Qe o o
» i‘?_%;fi_f: . SIRCES LY :
-1.5 A -1. -1. -( 1

1.5 -1 1 15 1.5 -1 15 15 -1 1 15

x (pm) x (pm) x (pm)

(f) Electric field at y = 0 of the (g) Electric field at y = 0 of the (h) Electric field aty = 0 of the

robust shape eroded robust shape by 40nm  dilated robust shape by 40 nm

Figure IV.3.10: Optimization of a robust TEy to TE; mode converter as defined
in Section [11.3.1.c starting from a non-robust optimized mode converter.

IV.3.4.d Robust components with respect to uncertainties caused by lithog-
raphy

In this last subsection we finally turn to numerically appraising the procedure proposed
in Section [V.3.3.b for imposing robustness of shapes with respect to the lithography
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manufacturing process. The physical setting is that of the mode converter example, as
discussed in Section [11.3.1.c.

We consider the robust optimization program with respect to uncertainties caused by
lithography as in Section [V.3.3.b. We recall that the approximate perturbation €2, of €2
is defined by Eq. (IV.3.19), and with a value o0 = 30nm for the parameter representing
the standard deviation in the Gaussian kernel FEq. (IV.3.1).

Starting from the initial shape in Fig. 111.3.8(a) and performing 120 iterations of our
optimization algorithm yields the optimized design represented on Fig. [V.3.11.

1 0.8
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o) —Classic shape — o0=0nm
—Robust shape — 0=30nm
0.4 0 -
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x (pm) Standard deviation o (nm) Number of iterations

(a) Robust optimized shape (b) Sensitivity to uncertain-  (c) Convergence history
with respect to lithography ties caused by lithography for
uncertainties the robust and mnon-robust

(Fig. 1V.3.12(a)) shapes.

Figure IV.3.11: Lithography robust optimization of a 1.5 x 1.5 pm mode converter.
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(see Section 1V.5./.d)

Figure IV.3.12: Optimized shapes for the mode converter example without taking
robustness effects into account, and considering robustness with respect to etching
and lithography uncertainties.

For an easy to read visual comparison, three designs obtained for the mode converter test-
case (non robust, robust with respect to etching uncertainties, and robust with respect to
lithography uncertainties) are reproduced in Fig. 1V.3.12.

We also performed another optimization, using this time an initial design perforated by
8 x 8 holes. The results obtained in the case of the non robust optimization problem and
for its robust counterpart are summarized in Fig. IV.3.13. As expected, for small values
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of o the performances are better than the one in Fig. [V.3.11 but the shapes are also more

sensitive to values of o

1

larger than ~ 40 nm.
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Chapter

Boundary shape optimization

Summary — This chapter is quite different from the two previous ones in the sense
that the numerical examples will not be applied to nanophotonic but rather mechanical
problems whose behaviors are described using the linear elasticity equation. From a math-
ematical point of view this chapter is also different; although based on the geometric shape
optimization method presented in Chapter 11, it involve a more precise functional analysis
of the regularity of PDEs solutions than the one used to derive the shape derivative in
the case of the time-harmonic vector wave equation.

Our research on boundary shape optimization originally comes from the study of active
components in nanophotonics. More precisely, we started our investigations with the
optimization of the shape of electric contacts placed around a component and whose
power supply allows the establishment of a current into the component. The electric
current then causes an overheating through Joule effect resulting in the modification of
the optical indices and therefore a change in the overall behavior of the device. During our
mathematical research however, we noticed that given the power that can be injected into
the electric contacts, the low sensitivity of the optical indices to temperature variation
as well as the small size of the components that can be simulated, it is not possible to
obtain sufficiently interesting results. Despite this, we also noticed that our mathematical
study may largely be extended to other physical fields for which there are more concrete
applications such as linear elasticity.

This chapter is presented as follows. In Section V.1 the difficulty behind boundary shape
optimization in which we try to optimize the shape of the interface between two different
boundary conditions is presented in the context of the Laplace PDE. In Sections V.2
and V.3 the cases of inhomogenous Neumann-homogeneous Neumann transition as well
as homogeneous Neumann-homogeneous Dirichlet are studied extensively. In the case of
transitions between Dirichlet and Neumann boundary conditions we find that the shape
derivative involves quantities that are difficult to compute since they comes from the
singular part of the solutions at the interface. We then propose in Section V.4 a regular-
ization procedure to approximate this transition resulting in a problem that consistently
approximates the initial PDE and for which its shape derivative may be efficiently com-
puted. The chapter end with Section V.5 in which we apply the previously derived shape
derivatives to the optimization of mechanical devices.

Most of the material of this chapter is coming from our preprint

[Dap19] C. Dapogny, N. Lebbe, and E. Oudet. “Optimization of the shape of regions
supporting boundary conditions”. working paper or preprint. 2019. URL: https:
//hal.archives-ouvertes.fr/hal-02064477v1.
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CHAPTER V. BOUNDARY SHAPE OPTIMIZATION

V.1 General problem

V.1.1 Introduction and motivations

In the previous chapters, we studied the optimization of a shape functional J(€2) which
depends on the shape €2 via a state uq arising as the solution to a boundary value problem
for a certain partial differential equation. In several applications, it turns out that only
one part of the boundary 02 of the shape is subject to optimization, which is associated
to one single type of boundary conditions for the state ug in the underlying physical
partial differential equation while the remaining regions are not meant to be modified.
For example, in structural design, where ugq is the displacement of the structure and
is the solution to the linearized elasticity system, it is customary to optimize only the
traction-free part of J€2 (i.e. that bearing homogeneous Neumann boundary conditions).
Likewise, in fluid applications (where ug is the velocity of the fluid, solution to the Stokes
or Navier-Stokes equations), one is often interested in optimizing only the region of 92
supporting no-slip (that is, homogeneous Dirichlet) boundary conditions.

A little surprisingly, the dependence of a given performance criterion 7 (€2) with respect to
the relative locations of regions accounting for different types of boundary conditions has
been relatively seldom investigated in shape and topology optimization. Yet, situations
where it is desirable to optimize not only the overall shape of 2 but also the repartition of
the zones on 02 bearing different types of boundary conditions are multiple in concrete
applications. Let us mention a few of them:

e When the objective criterion involves thermal effects inside the optimized shape (2,
ug is the temperature, solution to the stationary heat equation. The regions of 0f2
associated to Dirichlet boundary conditions are those where a known temperature
profile is imposed, while Neumann boundary conditions account for heat injection.
It may be desirable to investigate the regions where heat should enter the medium
Q2 (or those which should be kept at fixed temperature) in order to minimize, for
instance, the mean temperature inside €2, or its variance; see for instance [Bar82]
about such physical applications.

e In the context of linearly elastic structures, (homogeneous) Dirichlet boundary con-
ditions account for the regions of 92 where the structure is fixed, while inhomoge-
neous (resp. homogeneous) Neumann boundary conditions correspond to regions of
082 where external loads are applied (resp. to traction-free regions). It may be of
great interest to optimize the design of fixations, or the places where loads should
be applied. One interesting application of this idea concerns the optimization of a
clamping-locator fixture system; see for instance [Mall] in the framework of density-
based topology optimization method. More recently, in [Xial6; Xial4] the authors
present an adapted level set method for the joint optimization of the shape of an
elastic structure € and of the region of its boundary 02 where it should be fixed.

e In acoustic applications, ug, is the solution to the time-harmonic Helmholtz equation.
In this situation, the contribution [Des18| deals with the optimal repartition of an
absorbing material (accounted for by Robin-like boundary conditions) on the walls
of a room in order to minimize the sound pressure.

From the mathematical point of view, the above problems are of unequal difficulty: the
calculation of the shape derivative J'(€2) of the optimized criterion 7 (£2) (or that of the

128/182



CHAPTER V. BOUNDARY SHAPE OPTIMIZATION

constraint functions) in the framework of Hadamard’s method depends very much on the
regularity of the physical state ug of the problem in the neighborhood of the optimized
transition region between zones bearing different types of boundary conditions.

In some of the above situations, ug is “smooth enough” near these transitions, and the
calculation of J'(€2) is achieved using Céa’s method presented in Section [1.2.1. On
the contrary, the situation become much more difficult to analyze when uq happens
to be “weakly singular” near these transitions; indeed, Céa’s method fail to give the
correct result when ugq does not enjoy sufficient regularity (remember that the Eulerian
derivative of ug is not defined if ug is not sufficiently regular as it was the case with the
eletric field in Section I11.2.1). Moreover, the calculation of the shape derivative of J(£2)
requires a precise knowledge of this singular behavior of ug. The resulting formula is also
quite difficult to handle in algorithmic practice, since it brings into play quantities which
somehow measure this singular behavior, that are difficult to evaluate from the numerical
viewpoint; see Fig. V.1.1.

Co )

r

\ / .

a) Boundary conditions (b) Simulation of ug (c) Plot of |Vugql|?

Figure V.1.1: Simulation of —Aug = 1 using an arbitrary geometry and different
boundary conditions. We clearly see in (c) that there is less regularity near the inter-
faces between the homogeneous Neumann boundary I' and homogeneous Dirichlet
boundary I'p than between I' and the inhomogeneous Neumann boundary I'y. Sim-
ulation results in arbitrary units. The mesh used here is extremely fine with more
than 25000 triangles to show that the non-regularity can be observed even with a
high precision mesh.

To the best of our knowledge, the first theoretical calculation of shape derivatives in
a context where regions bearing different types of boundary conditions are optimized —
dealing with the difficulty of a “weakly singular” state ug — dates back to [Fre01].

Our purpose in this chapter is to study such shape optimization problems in which the
regions of the boundary of the optimized shape {2 bearing different types of boundary
conditions are subject to optimization. Most of the theoretical analysis unfolds in a
model two-dimensional situation where a functional 7 (Q2) of the shape €2 is minimized,;
J(£2) depends on {2 via a state uq which is the solution to a Laplace equation with
mixed boundary conditions: the boundary 0f is divided into three regions I'p, I'y and
I', and ug satisfies homogeneous Dirichlet boundary conditions on I'p, inhomogeneous
Neumann boundary conditions on I'y, and homogeneous Neumann boundary conditions
on I'; see Section V.1.2 below.
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At first, we rigorously calculate the derivative J'(£2) of J(€2) with respect to variations of
the shape  in both situations where the transitions Xy =T N Ty and ¥p =T NTp are
also subject to optimization. In the former case, the shape derivative turns out to have a
classical structure, and it lends itself to a fairly simple treatment in numerical algorithms.
On the contrary, in the latter context, the state uq is weakly singular near Y, which
makes the formula for J'(€2) uneasy to handle in practice. To circumvent this drawback,
our second contribution is to propose an approximation method for the considered state
problem, and thereby for the resulting shape optimization problem: the considered “ex-
act” Laplace equation with mixed boundary conditions is replaced with an approximate
counterpart, parametrized by a “small” parameter £, where Robin boundary conditions
with e-varying coefficients are imposed on the whole boundary 9€2. The “sharp” transi-
tion X p between regions equipped with homogeneous Dirichlet and Neumann boundary
conditions is thus “smeared” into a zone with thickness e (this regularization procedure
is the same kind as the optical index smoothing method of Section 111.2.2.a). We then
turn to prove the consistency of this approach: namely, the approximate objective func-
tion J.(€2) and its shape derivative J!(£2) converge to their exact counterparts J(2) and
J'(£2) when the smoothing parameter ¢ vanishes.

V.1.2 A model presenting a singularity at the Dirichlet-
Neumann interface

In this section, we present the model problem under scrutiny in most of the chapter,
which concentrates the main difficulties we plan to address in a simplified setting, and
lends itself to a rather complete mathematical analysis.

V.1.2.a Presentation of the model physical problem and notations

Let © C R? be a smooth bounded domain (d = 2 or 3 in applications), whose boundary
00 is divided into three disjoint, complementary open regions I'p # (), 'y and T:

ON=TpulyUT. (V.1.1)
We denote by ug the unique solution in the space
HE (Q) = {u € H'(Q), u=0on FD}

to the following mixed boundary value problem:

—Aug = f inQ,
uo = 0 onl'p,
S = 0 onl,

where the source term f and boundary flux g are supposed to be regular enough, say
f € L3(RY), g € HY(RY). Note that g may vanish on some subset of I'y, so that the
inclusion I' C {X € 09, aa“—r? = 0} may be strict. See Fig. V.1.1 for an example of solution
uQ.

In this context, we denote by ¥p = TpNT C 9Q (resp. ¥y = TyNT C 99Q) the boundary
between the region I'p C 9 bearing homogeneous Dirichlet boundary conditions (resp.
the region I'y C 0 bearing inhomogeneous Neumann boundary conditions) and that
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I' endowed with homogeneous Neumann boundary conditions; for simplicity, we assume
that Tp N Ty = (0. The sets ¥p and Xy are both assumed to be smooth, codimension
1 submanifolds of 9€): in particular, they amount to collections of isolated points in the
case d = 2, and to sets of smooth closed curves drawn on 02 if d = 3. We denote by
ny, : ¥p — R? (resp. ny, : Yy — RY) the unit normal vector to Xp (resp. Xy)
pointing outward I'p (resp. I'y), inside the tangent plane to 0€2; see Fig. V.1.2(a) for an
illustration of these definitions.

S0

et ny,

(a) Three dimensional setting (b) Two dimensional setting

Figure V.1.2: Sketch of the considered setting in Section V.1.2.a and the simplified
situation where Assumption Eq. (V.1.3) is fulfilled.

On several occurrences, the rigorous mathematical analysis of this model will be greatly
simplified under further simplifying assumptions; in particular, in some duly specified
situations, we shall proceed under the following hypotheses, in the situation where d = 2:

The region I'p N T consists of only two points T'p N T = {sg, 51},
and (V.1.3)

the domain Q C R? is locally flat around sg, s1;

see Fig. V.1.2(b). In this last case, letting n = (n, ns), we shall denote by 7 := (ng, —n;)
the unit tangent vector to 02, oriented so that (7,n) is a direct orthonormal frame of
the plane.

V.1.2.b The shape optimization problem

In the setting of Section V.1.2.a, we consider the following shape optimization problem:

Jnf T(2), (V.1.4)

(note here that in this chapter we consider minimization instead of maximization of the
objective functional) featuring an objective criterion [ (£2) of the form

7(Q) = [ j(uo) dx (V.15)

where 7 : R — R is a smooth function satisfying appropriate growth conditions: there
exists a constant C' > 0 such that:

VteR, [j(H)I< C(L+1), |F®)|< CA+[H), and |"()] < C.

In Eq. (V.1.4), Uyq is a set of smooth admissible shapes; in the following, two distinct
shape optimization problems of this form are considered, implying different definitions of
Z/{adi

131/182




132/182

CHAPTER V. BOUNDARY SHAPE OPTIMIZATION

e On the one hand, the transition ¥p between homogeneous Dirichlet and homoge-
neous Neumann boundary conditions is subject to optimization, and the region I'y
bearing inhomogeneous Neumann boundary conditions is fixed. Then, U,q corre-
sponds to the set:

Upn = {Q C R? is bounded and of class C% I'n C 89} )

e On the other hand, when the region ¥y between I' and I'y is optimized (while the
region I'p C 0N is fixed), Uyq reads:

UnN = {Q c R? is bounded and of class C2, T'p C 89}.

Notice that problem Fq. (V.1.4) is not guaranteed to have a solution; nevertheless, we
assume in the following that it is the case or that, at least, local minima exist. Moreover,
observe that the objective function J(£2) featured in Eq. (V.1.5) and the solution ug
to Eq. (V.1.2) depend on the particular subdivision Eq. (V.1.1) of the boundary 952 into
I'p, I'y and I'; with some little abuse and so as to keep notations simple insofar as possible,
this dependence is not made explicit in the formulation of our shape optimization problem.

In practice, so that variations of an admissible shape stay admissible, the considered
deformations @ are confined to a subset 0,4 C W1*°(R4 R?) of admissible deformations.
In the present chapter, ©,q4 stands for one of the sets ©Opy or Ony defined by:

Opx = {6 € CA(R",R) N W(R", RY), @ =0 on 'y}, (V.1.6)

and
Oxy = {6 € CA(RY,R) N W (R, R?), @ =00nI'p}, (V.1.7)

both being equipped with the natural norm, when the considered set of admissible shapes
is Upn or Unn, respectively.

V.1.2.c A brief account of the regularity of ug

As is well-known in the field of elliptic boundary value problems (see e.g. [Brel0, Section
9.6] for a comprehensive introduction), when the featured data f, g (and Q itself) are
smooth enough, the solution ug to Eq. (V.1.2) is more regular than a mere element in
H(Q), as predicted by the classical Lax-Milgram variational theory. For instance, in the
case where Eq. (V.1.2) only brings into play homogeneous Dirichlet boundary conditions
(i.e. I"and I'y are empty), a classical theorem states that, provided f belongs to H™((2)
for some m > 0 (and € is smooth), ug belongs to H™2(Q).

In the situations at stake in the present chapter, such as Fq. (V.1.2), things are a little
more subtle. The assumptions that f € L*(R?) and g € H'(RY) still guarantee that uq
has H? regularity in some open neighborhood of an arbitrary point x, which is either
interior to €2, or which belongs to 02 but is interior to one of the regions I'p, I' or I'y. On
the contrary, ug has limited regularity around those points xy € ¥p or xg € Xy marking
the transition between regions subjected to different types of boundary conditions. A
whole mathematical theory exists in the literature, which is devoted to the precise study
of the “weakly singular” behavior of ug in these regions; we refer for instance to the
monographs [Dau06; Grill; Koz97].
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In this section, we first recall briefly some classical material about functional spaces in Sec-
tion V.1.2.d, before summarizing in Section V.1.2.e the needed results about the regularity
of the solution ug to FEq. (V.1.2) for our purposes.

V.1.2.d Some functional spaces

Let © be a smooth bounded domain in R%. For s > 0 and 1 < p < o0, let us introduce:

e The usual Sobolev space W*P(Q) (see [Di 12, Section 2]) is defined by, when s = m
is an integer:

WP (Q) = {u € LP(Q), 0°u € LP(Q) for a € N, |a|< m} ;

and when s = m + o with m € N and o € (0,1),

le] _ Aa p
me%:%fﬂmﬁm,éljaﬁi_au@”dwﬁ<aﬁdeM:m

y|d+re

(V.1.8)

Both sets are equipped with the natural norms. Let us recall that the exact same
definitions hold when the bounded domain €2 is replaced by the whole space R

e The subspace W*?() of W*P(Q) is that composed of functions whose extension
by 0 outside  belongs to W*P(R?).

e The space WP (Q) is the closure of the set C2°(Q) of C* functions with compact
support in Q in W*P(Q2).

As is customary, in the case p = 2 we use the notations H°(Q), H*(Q) and HZ(Q) for
WeP(Q), W#P(Q) and W5 (Q) respectively.

In spite of their tight relation, the two spaces W*?(€) and W*(2) may not coincide
depending on the values of s and p. On the one hand, for any s > 0 and 1 < p < o0,
WP (Q) € W#P(Q2), but the converse inclusion may fail. In fact, the following character-
ization holds (see [Grill, Lemma 1.3.2.6 and Corollary 1.4.4.10]):

N 1
WeP(Q) = {u € Wy (), p—oﬁau € LP(Q), |o|= m} : (V.1.9)
where we have decomposed s = m+o, with m € Nand ¢ € (0,1), and p(x) := d(x,09Q) is
the (unsigned) distance from x to the boundary of Q2. The space W#P(Q) is then endowed
with the norm

1
1 .. b
HUHVT/s,p(Q) = (HUH};me(Q) + Z /Qppam ul? dX) , (V.1.10)

|a|=m

which is equivalent to the natural norm u + |||y« »gae). Let us also note that:

—~ 1
W*P(Q) = WyP(Q) when (s — p) is not an integer.

We eventually mention that the above definitions and results hold in the more general
context where € is replaced by a smooth submanifold of R?, e.g. (aregion of) the boundary
of a bounded smooth domain of Rd.N For instance, in the setting of Section V.1.2.a, we
may consider the spaces W*P(I'p), W*P(I'y), etc.
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V.1.2.e Local structure of ug near the transition Xp

The classical variational theory for Fq. (V.1.2) (based on the Lax-Milgram theorem)
features a solution ug which naturally belongs to H*(£2). Moreover, assuming that the
boundary 92 is at least of class C?, and that f € L?*(RY), g € H'(R?), the classical
elliptic regularity theory ensures that uq actually has H? regularity except perhaps near
the transitions zones ¥p and Y y; see [BrelO, Section 9.6]. On the contrary, ug fails to
enjoy H? regularity in the vicinity of ¥p or Xy, where the boundary conditions it fulfills
change types.

The precise behavior of ug near Xp will be of utmost interest for our purpose; it is
exemplified by the following theorem, which takes place under Assumption FEq. (V.1.3)
(see [Grill, Chapter 4 and notably Theorem 4.4.3.7]):

Theorem V.1.2.1 — Singular decomposition of ug.

For any point xq €  or xg € I\ (X¥pUXy), there exists an open neighborhood W of
%o in R? such that ug belongs to H*(2 N W). Furthermore, for either i = 0 or i = 1,
there exists an open neighborhood V' of s; with the following property: introducing
the polar coordinates (r,v) at s;, assuming without loss of generality that s; = 0,
ANV ={xeV, st. x>0}, and Tp NV ={x €V, st. x5 =0, 27 < 0}, there exist
a function u’ € H*(V'), and a constant ¢’ € R such that:

ug = u’ +c'S* on V, where S'(r,v) = r cos(v/2). (V.1.11)

The function S? is sometimes said to be weakly singular, in the sense that it belongs to
H'(V), but not to H*(V). More precisely, invoking [Grill, Theorem 1.4.5.3] to estimate
the Sobolev regularity of functions of the form r®p(v), one proves that, for every 0 < s <
3 ug € H*(V), with:

luallmsqy < Collf o (V.112)

In the language of Section V.1.2.d, it follows in particular that ug € H %(F UT'y), while
2ua ¢ (H2(IUTy))".

Remark V.1.2.1: Higher-order versions of the expansion Fq. (V.1.11) are available.
Actually, for any integer m > 2, if f € H™ %(R?), the following decomposition holds
in a neighborhood V' of s; (see [Grill, Theorem 5.1.3.5]):

m—1
ug = up,, + Y Si, where v, € H™(V) and Si(r,v) = b2 cos((k — 1/2)v).
k=1

Remark V.1.2.2: Still in the two-dimensional context, when the boundary 0f) is
not flat in the vicinity of Xp, an expansion of the form Eq. (V.1.11) still holds: the
weakly singular function S° shows the same dependence r2 with respect to r, but
its dependence with respect to v is no longer explicit. Nevertheless, there still holds
that ug € H*(V) with an estimate of the form Eq. (V.1.12), where V is an open
neighborhood of ¥p in Q and 0 < s < % is arbitrary; see [Grill, Chapter 5].

In Sections V.2 and V.3, we rigorously calculate the shape derivative of the objective
function Eq. (V.1.4); we start in Section V.2 with the case where the transition region Xy
is optimized and X is fixed (i.e. the sets of admissible shapes and admissible deformations
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are Unxn and Ony respectively), before turning in Section V.3 to the more difficult case
where Y p is optimized and Xy is not — i.e. Uy = Upn and O,4 = Opy — under the
simplifying assumption Eq. (V.1.3).

V.1.2.f Some facts from tangential calculus

In this section, we briefly review some facts from tangential calculus which come in handy
in several parts of this article; see [Hen06, Section 5.4.3] for a more exhaustive presenta-
tion.

Let © be a smooth bounded domain in R?. There exists a tubular neighborhood U of its
boundary 0f) such that the projection mapping pyo : U — I given by

poa(y) = the unique x € I' s.t. |x — y|=d(y,I)

is well-defined and smooth; see [Amb94, Theorem 3.1]. This allows to define smooth
extensions of the normal vector field n and of any tangential vector field T : 9Q — R? to
U via the formulas:

n(y) = n(psa(y)), and 7(y) = 7(poa(y)),

respectively. From these notions, we define the mean curvature s of 92 by k =V - n.

In this context, the tangential gradient Vo f of a smooth enough function f : 9 — R
is defined by Vaof = Vf — (Vf - n)n, where f is any smooth extension of f to an open
neighborhood of 0.

In the same spirit, the tangential divergence V-V of a smooth vector field V : 90 —
R? is defined by VooV := V-V — (VVn)-n, where V is any extension of V to an open
neighborhood of 0f2.

Let us finally recall the following integration by parts formulas on the boundary of smooth
domains; see [Hen06, Proposition 5.4.9], for the first point, and [Dap13, Section 5.5.4], for
the second one.

Theorem V.1.2.2 — Integration by parts using tangential operators.
Let Q C R? be a smooth bounded domain with boundary 9€;

1. Let u e HY(0R2) and V € H'(9Q)?; then:

/ Voaa - Vuds :/ (=V - Vaou + kuV -n)ds
a0 a0

2. Let G be a subset of 02 with smooth boundary >, and denote by ny its unit
normal vector pointing outward G (ny is a tangent vector field to 09). Let
u € HY(0Q) and V € H(0Q)4; then:
t/Vm'Vudwz/uV-mﬂM+/X—VmuWﬁHwV~Md&
G b G

where d¢ denotes integration over the codimension 2 submanifold 3 of R%.
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V.2 Transition between [' and 'y

V.2.1 Main result

Our main result in this section is the following.

Theorem V.2.1.1 — Shape derivative for Neumann-Neumann interfaces.

The functional J(2) defined by Eq. (V.1.5) is shape differentiable over the admissible
set Unn; its shape derivative reads (volumetric form) for all 8 € Oxy:

T@(0) = [ (i(un) = fpa)6-nds— [ j'(ua)Vuq -6 dx
+L«v-my—v0—v0®vm-vmdx

+/prQ-0dx—/ (Voo - 0)g + Vg - 0)pads, (V.2.1)
Q 'y

where Vsq- stands for the tangential divergence on 92 (see Section V.1.2.f), and the
adjoint state pq is the unique solution in Hf (£2) to the system:

_ApQ = _]/(UQ> n Qa
po = 0 on I'p, (V.2.2)
%2 = 0 on TyUT.

The above shape derivative has the alternative, surfacic form:

‘7%Qxe)::ﬁ#r j(ug)@ -nds + Vug~vp90'n(b——/‘ fpad -nds

Ul y I

- (8g + /4:9) pof -nds — / gpal - ng, dl. (V.2.3)
Iy \On N

Remark V.2.1.1: One comment is in order about the precise meaning of Eq. (V.2.3),
and notably that of the term

/ Vug - Vpa 0 -nds (V.2.4)
T'ul'ny

featured in there. The function ug belongs to the space
E(A, L2(Q)) = {u € H(Q), Aue L*(Q)}, (V.2.5)

and as such, it has a normal trace 22 € H=/2(9Q), which is defined by the following
Green’s formula valid for all w € H*(Q):

/ 89 0 ds = / Augw dx + / Vug - Vw dx; (V.2.6)
o0 On Q Q

see [Grill, Theorem 1.5.3.10], for more details about this point. Also, since ug €
H'Y2(9Q), the tangential derivative 242 naturally belongs to the dual space H=/2(9Q).
On the other hand, the function pq enjoys H? regularity on account of elliptic regularity
(see Section V.1.2.c), except perhaps near Xp where it has a weak singularity of the
form Eq. (V.1.11). Since deformations @ € ©Oyy are smooth and vanish identically on
I'p, the product (Vpg)@ - n has a trace in H'/2(052), and so the integral Eq. (V.2.4) is
well-defined as a duality product.
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V.2.2 The proof

Again, the proof will be an application of the method described in Section I1.2.2 with
a particular attention devoted to the regularity of ug and pq. Since variations of this
argument are used in the following, we present a sketch of it for the reader’s convenience.
The proof is decomposed into four steps.

Proof of the shape differentiability of 7({2) and derivation of Eq. (V.2.1)

This step amounts to the analysis of the differentiability of the mapping 6 — J () from
Onn into R, which features the solution ug, to the version of Eq. (V.1.2) posed on .
The main idea consists in recasting the latter problem as a boundary-value problem on €2
for the transported function ug := ugq, o (Id + 6) € H'(Q2); thence, the implicit function
theorem allows to calculate the derivative of the mapping 6 — 7g.

For 6 € Ony with norm [|0]|e,, < 1, the function ug, is the unique solution in H} ()
to the following variational problem:

Yo € Hi (Qp), /Qg Vug, - Vv dx = /Qe fv dX+/(FN)9 gu ds.

Using test functions of the form v o (Id 4 6)~', v € H} (), a change of variables yields
the following variational formulation for wg € H} (Q):

Yo € HL (Q), /QA(H)VzTg Vo dx = /Q (det(I+ V)| o (Id + O)v dx

+ |com(I + V@)n|g o (Id + 0)v ds,
INY
where A(0) is the d x d matrix A(0) = |det(I+ VO)|(I+ VO)~1(1+ VO)~ " and com(M)

stands for the cofactor matrix of a d x d matrix M. Now introducing the mapping
F : O, x Hp () — (Hp,(Q))* defined by:

Yo € Hi (Q), F(0,u)(v) = /

A(0)Vu - Vo dx — / et (I + V)| f o (Id + B)v dx
Q Q

- |com(I + V@)n|g o (Id + 0)v ds,
N

it follows that for “small” @ € Ony, Wy is the unique solution of the equation F(0,7g) = 0.
Then, the implicit function theorem together with classical calculations (again, see the
proof in Section 11.2.2) imply that the mapping 6 — g is Fréchet differentiable from a
neighborhood of 0 in Oxy into Hf (€2), and that its derivative 8 — 1 (0) at @ = 0 — the
so-called Lagrangian derivative of the mapping €2 +— ug — is the unique solution to the
following variational problem:

weHgmLAV@wyvmm:—L«Vﬂﬂ—ve—wfwmrvmm
+/ V-(f@)vdx+/ (Voq-8)g+ Vg -0 vds. (V.2.7)
Q I'n

On the other hand, performing the same change of variables in the definition of J(2)
yields:

() = | |det(1+V0)| j(75) dx.
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and so the mapping 8 — J(€y) from Ony into R is Fréchet differentiable at @ = 0 with
derivative:

T'(@)(0) = [ (V-0 j(un) + ' (u0)iia()) dx. (V.28)

The material derivative ug(€) can now be eliminated from FEq. (V.2.8) thanks to the
introduction of the adjoint state pq, solution to Eq. (V.2.2). Indeed, the variational
formulation of pq reads:

Vv € Hyp (), /QVpQ -Vodx = —/Qj'(uQ)v dx. (V.2.9)

Hence, combining Eqs. (V.2.7) to (V.2.9) yields:
T'(@0) = [ V- (j(ua)0) dx— [ j'(ua)Vuo -0 dx
. _— _ T . _— .
+/Q((v O — VO — VO )Vuq - Vpo dx /Qv (fOpe) dx
—l—/QprQ'9dX—/FN((VaQ~9)g—I—Vg~9)pQ ds, (V.2.10)

This results in the desired expression Fq. (V.3.1). Note that at this point, we have not
used the fact that either ug or pg is more regular than H'(Q).

Derivation of the surface expression Eq. (V.2.3)

This expression is classically achieved from Eq. (V.2.1) using integration by parts; doing
so requires a more careful attention to the regularity of ug and pq. Let us notice that
the function ug may not be much more regular than just ! in the neighborhood of the
transition Y. Actually, it belongs to the space E(A, L*(f2)), defined by Eq. (V.2.5). The
key point is that pq is locally H? in the neighborhood of ¥y, on account of the material
in Section V.1.2.c (note that %%? =0on I'UTy). Relying on the identity Fqs. (I1.2.19)
and (11.2.20) which holds for all smooth functions v, w € C(R?),

/ (V-0)— V60— VO Vv Vuwdx = / (AvVw + AwVo) - 6 dx
Q Q
+ ((w Vu)8-n— Lvw.0- Yy, 0) ds, (V.2.11)

IUly on On
and using the density of C°(R?) in E(A, L*(Q)) and H*(Q) (see [Grill, Lemma 1.5.3.9]),
we obtain:
/Q (V-0)I-VO — VO )Vug - Vpg dx = /Q (AuqVpa + ApoVug) - 0 dx

Wag .- oy, . 0) ds. (V.2.12)

+ ((VUQ -Vpa) 0 -n — n n

T'ul'y

Let us now work on the last integral in the right-hand side of Eq. (V.2.1); we obtain:

(Voo 0)g+Vg-0 = Voo (90)+ 226 n,
= Vag'(g(e—(e'n)n))+(%ﬁ%—/{g)@-n.

Hence, an integration by parts on the region I'y using Th. V.1.2.2 yields:

_ 99
/FN ((Vag@)g + Vg - O)PQ ds = /EN gpq 0 - ny,dl + /FN <81’1 + :‘ig) paB - nds.
(V.2.13)
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Combining Fqs. (V.2.12) and (V.2.13) with the volumetric formula Eq. (V.2.1) and using
the facts that —Aug = f and —Apg = —j'(ug) in Q, we finally obtain the desired surface
formula Eq. (V.2.3). O

V.3 Transition between [' and ['p

V.3.1 Main result

In this section, we investigate the shape differentiability of the functional J(€2) defined
in Eq. (V.1.5) in the particular case where the boundary ¥ between the regions I'p and
I' of 092 bearing homogeneous Dirichlet and homogeneous Neumann boundary conditions
is also subject to optimization; in other terms, we suppose:

Uaa = Upn, and O,4 = Opn.

The main difficulty of the present situation lies in the weakly singular behavior of the
solution ug to Eq. (V.1.2) near ¥p. In particular, the use of the formal Céa’s method,
which implicitly relies on the smoothness of uq since it have recourse to its Fulerian
derivative (which is defined via Eq. (I1.1.14)), gives rise to an erroneous shape derivative
in the present context.

The conclusion of Th. V.3.1.1 was already observed in [Azel4; FreO1], but our proof is
slightly different: we rely on a direct calculation based on integration by parts.

Theorem V.3.1.1 — Shape derivative for Dirichlet-Neumann interfaces.

The functional J(2) is shape differentiable at any admissible shape €2 € Upy, and its
shape derivative reads (volumetric form) for all 6 € ©py:

T@)(0) = [ (i(ua) = fpa)8-nds— | j'(ua)Vuq -6 dx
+/Q((v-9)1—ve—v9T)qu-va dx+/QprQ-9dx, (V.3.1)

where the adjoint state pq is the unique solution in Hf\_ (£2) to the system:

—Ape = —j'(ug) in Q,
po = 0 on I'p, (V.3.2)
%o = on IyUT.

Moreover, under the assumption Eq. (V.1.3), let us write the local structure of ug and
pq in an open neighborhood V? of s;, i = 0,1 as follows:

uq = u + u, and po = p + pj; (V.3.3)

in the above formula, u’,pi € H*(V?) and the weakly singular functions v} and p’ €
H'(V?) have the following expressions in local polar coordinates centered at s;:

ul(r,v) = cfﬂ“% cos(v/2), and p’(r,v) = cﬁ,r% cos(v/2), if ny,(s;) = e, (V.3.4)
or

ul(r,v) = cr sin(v/2), and pi(r,v) = c;r% sin(v/2), if ny,(s;) = —e1, (V.3.5)
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where (e, eq) is the canonical basis of the plane. Then Eq. (V.3.1) rewrites (surface
integral form):

. Opq Oug
/ . _ ) . .
T@O)= [ (ilua)~ fpa)6-mds— [ L2 nds
dug Ipg s Py ‘
o5 0 nds+ o ) 60 ns,)(s). (V.3.6)

i=0,1

Remark V.3.1.1: In the surface formula Eq. (V.3.6), the integrals

Opq Ougq OJug Opo
— ——0~nds+/779~nds
rp, On on r Or Ot
are not well-defined individually, since they may blow up around the points s;, as is
quite clear from the look of the structure Eqs. (V.3.4) and (V.3.5) of the singular parts
of ug and po. However, these integrals turn out to have compensating singularities at
s;, so that their sum is well-defined as a Cauchy principal value; see the proof below.

V.3.2 The proof

The calculation of the volumetric formula Eq. (V.3.1) unfolds almost as in the case
of Th. V.2.1.1, and we focus on the derivation of the surface formula Eq. (V.3.6), as-
suming that Eq. (V.1.3) holds. Again, the main idea of the calculation is to perform
integration by parts from Fq. (V.3.1), taking advantage of the smoothness of ug and pgq
far from the singularities at s;, ¢ = 0,1, and of the local structure Fq. (V.3.3) of these
functions in the vicinity of s;.

Let 6 € Opy be fixed; for small § > 0, let B*(d) := B(s;,d) be the ball centered at s; with
radius ¢, and let Q5 := Q\ (B°(0) U (B1(d)). Since ug and po belong to H'(2), it holds
from Eq. (V.3.1):

T(Q)(0) = [ (ua) — fpa)6-nds +lmm T,
where:

]y:—AjﬁMme&k+ «vwm—ve—vWﬁmmvmdm%;ﬂ@memg
5 5

Qs

Using the smoothness of ug and pg on €5, the fact that 8 vanishes on I'y, the definitions

of ug, po and an integration by parts on the second term in the above right-hand side
based on the identity FEq. (V.2.11), we obtain:

) )
Q:/' Vg - Vpo8-n— 292vp, -0 - L29u,.0) ds. (V.3.7)
a0 on on

To proceed further, we decompose the boundary 0§25 as the disjoint reunion:
0 =TpsUTs Uy U5 U,

where Tps = TpNQs, T's =T NQs, and ;5 = OB(§) N Q is the half-circle with center
s; and radius 0. We also denote by s; s the intersection point between OB (6) and T'; see
Fig. V.3.1 about these notations.
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FD’(; S0 50,6

Figure V.3.1: The local situation around the point sq in the proof of Th. V.3.1.1.

Since @ = 0 on I'y, it follows that:

dugq Opg Oug Ipg
= [ 2%y g —1/ A /ﬂ K(ug,po)ds,  (V.3.8
° I's or Ot s T'p,s On On mas i:Z[):J Vi, 8 (UQ pQ) ’ ( )

where we have introduced the shorthand:

K(U,w):Vv~Vw9-n—@Vw-0—a—wVU~9.

on on
Let us now evaluate the contributions of I5 on 7, 5 for ¢ = 0, 1 in the expression Eq. (V.3.8).
Without loss of generality, we only deal with ¢ = 0, and we assume that sy = 0; according
to Eq. (V.1.3), 9 is horizontal in the neighborhood of sy and we also assume that I'p
(resp. T') lies on the left-hand side (resp. the right-hand side) of sg; see again Fig. V.3.1.
Introducing the polar coordinates (r,v) with origin at sy = 0, taking into account our
conventions for 7 and n, we have:

n=—cosve —sinvey, T=—sinve;+ cosv ey,
and as far as derivatives are concerned 2 = —2 and Z = 1.2  Recalling the local
on or or r ov

expressions Eq. (V.3.3) of ug and pg around sy, we can see that the only possibly non
vanishing contribution of [, K (uq,pq) ds in the limit § — 0 is given by the most singular
part of its integrand:

; — Tim 70 70 . 0,0
lim K (ugq, pq) ds—(151_1>1(1)15, where [§ .—/7 K(us,ps) ds.

0=0Jyg s 0,6

Let us then calculate the last integral. We have, on vy 4:

0 0 0 0

or Ot on On

1 oulop?  oul op® Af
= | 8L £2510-n=—-20-n. (V.3.9
<r2 v Ov * or Or S n. )
Likewise,
0 o 0 Oug Op; Oug Op;
_aianS.H__an 87’0.7-_ on ane.n’

0,0 A0
=~ Peos(v/2)sin(v/2)0 - 7 — —-P cos’(v/2)0 - m, (V.3.10)
r T
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and

Moo 0 5 OUo g
8nVuS-9——aans-0

A A2
= —% cos(v/2)sin(v/2)0 - T — % cos’(v/2)0 -mn. (V.3.11)
r r

Gathering Eqs. (V.3.9) to (V.3.11), we now obtain:

0.0
K(?,p?) = Cuip ((1 —2cos?(1/2))0 - n — 2 cos(v/2) sin(v/2)0 - T) ,
_ G (—(sinv)@ - 7 — (cosv)@ - n) = 02020
4 VTR

where 0, is the horizontal component of 8 = #,e; + 6,e,. Therefore:

. S 0.0
19 = (/0 qupel(dcos v,0sinv) du) LREN %91(0).

Combining all these results, we obtain the surface form FEq. (V.3.6) of the shape derivative

J'(£2)(0). O

Remark V.3.2.1: The result extends to the case where the boundary 0f) is not flat
(but is still smooth) in the neighborhood of ¥p = {sg, s1}. More precisely, let V' be a
small enough neighborhood of either of the s;, and let us introduce a local description of
2 as a graph, assuming for simplicity that s; = 0 and n(s;) = —ey: U is a neighborhood
of 0 in R? and ¢ (z1,72) = (21, ¢(2)) is a smooth diffeomorphism from U onto V' such
that:

QnNnv = {x = (71,73) € R?, 25 > gp(a:l)} NU.

Then, it follows from [Grill, Section 5.2], that ug reads in this case:
ug = 'S o™t +ul on Bs(s;),
where u’ € H?(V'). The proof extends to this latter context then.

Remark V.3.2.2: Interestingly, if ug and pqo are assumed to be actually smooth
(say H?) in the neighborhood of the transition points sy and s;, the shape deriva-
tive Eq. (V.3.6) no longer involves any term related to the geometry of the repartition
of 'p and I'. In other terms, all the information about the sensitivity of J(€2) with
respect to the repartition of I'p and T is encoded in the (weak) singularities of ug and

pa.

V.4 An approximate model to deal with the
Dirichlet-Neumann transition

V.4.1 Regularization

We have calculated in Sections V.2 and V.3 the shape derivative of the functional J(€2)
given by Eq. (V.1.5), in the situation where either the transition ¥y or ¥p is subject
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to optimization. The resulting expression in the former case (see Th. V.2.1.1) may be
readily used in a typical gradient-based shape optimization algorithm; see Section V.5.

On the other hand, in the case where Xp is optimized, the expression supplied
by Th. V.3.1.1 is unfortunately awkward from both the theoretical and practical per-
spectives. Indeed,

e The calculation of the surface form Eq. (V.3.6) of J'(€2)(0) was enabled by the
precise knowledge of the local behavior Eq. (V.3.3) of ug and pq near the singularities
so and s;. In more involved situations, for instance in three space dimensions, or in
more challenging physical contexts (such as those of the linearized elasticity system,

or the Stokes equations), such precise information may not be available, or may be
difficult to handle.

e The numerical evaluation of the shape derivative J'(€2)(0) requires the calculation
of the coefficients ¢, and ¢, featured in Eq. (V.3.3); this is doable, but it demands
adapted numerical techniques, for instance an enrichment of the finite element ba-
sis with the singular functions, or adapted p/hp finite mesh refinement methods;
see [Bab90; ElI05; Li00] and the references therein. In our numerical setting, pre-
sented in Section V.5, such techniques are bound to be all the more difficult to carry
out that the boundary > p is not explicitly discretized in the computational mesh.

e Eventually, it is possible in principle to rely only on the volumetric form Fq. (V.3.1)
of the shape derivative for algorithmic purposes, as is suggested for instance
in [Hip15; Gial7] and the references therein; nevertheless, for many practical pur-
poses, it is interesting to have a surface expression for this shape derivative - for
instance when it comes to using advanced optimization algorithms such as that
introduced in [Dunl5].

We thenceforth focus our efforts on the instance of the problem Eq. (V.1.4) where this
transition zone Y.p is also subject to optimization (while ¥y is not). To overcome the
aforementioned difficulties, we introduce an approximation method which allows for the
optimization of the boundary >p between regions bearing homogeneous Dirichlet and
Neumann boundary conditions, without requiring the knowledge of the weakly singular
behavior of ug (and that of the adjoint state pg) in the neighborhood of ¥p. As we shall
see in Section V.5, this method lends itself to an easy generalization to more difficult
situations: transitions between other types of boundary conditions involving a singular
state, other physical contexts than that of the Laplace equation, etc.

Throughout this section, unless stated otherwise, we consider the shape optimization prob-
lem Eq. (V.1.4) in the physical setting of Section V.1.2, in the particular case where the
transition Xp between the regions I'p and I' of 9€2 is subject to optimization: U,q = Upn
and ©,4 = Opn. After introducing a few notations and background material regarding the
notion of geodesic distance function in Section V.4.1.a, in Section V.4.1.b, we present an
approximate version of the physical problem Fq. (V.1.2), relying on a “small” parameter
e > 0, with the noticeable feature that its unique solution wuq . is smooth. This leads to
the introduction of an approximate shape optimization problem of a smoothed functional
J-(Q) in Section V.4.2.a; we calculate the shape derivative J!(£2)(0) by classical means,
and the numerical evaluation of the resulting expression poses no particular difficulty.
Finally, in Section V.4.2.b, we prove in the model context where Fq. (V.1.3) holds that
the approximate shape optimization problem converges to its exact counterpart, in the
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sense that ug. — uq as € — 0, and the values of J.(Q2) and J/(€2)(6) converge to their
exact counterparts J(€2) and J'(2)(8).

V.4.1.a About the signed distance function to a subset on a submanifold

This section is a concise summary of the result about the signed distance function on a
submanifold presented in our paper [Dap19, Section 4.1].

Let M be an oriented, closed and smooth submanifold of R? with codimension 1. M
is equipped with a Riemannian structure by endowing its tangent bundle with the inner
product induced by that of R¢ and we denote by n its unit normal vector. In the context
of Section V.1.2, M stands for the boundary 02 of the considered shape 2.

The length ¢(7) of a piecewise differentiable curve v : I — M defined on an interval
I CRis

() = [ ).
The geodesic distance d™(x,y) between two points x,y € M is then:
d*(x,y) = inf £(7),

where the infimum is taken over all piecewise differentiable curves v : (a,b) — M such
that y(a) = x and v(b) = y. Likewise, we denote by

M _ M
d (Xv K) - ;glf{d (X7Y)
the distance between x € M and a subset X C M.

We now turn to the notion of signed distance function on the submanifold M: let G C M
be an open subset which we assume to be smooth for simplicity; its boundary ¥ := 0G is
a closed, smooth submanifold of R? with codimension 2, and we denote by ny; : ¥ — S!
the unit normal vector to X pointing outward G. In particular, ny is a vector field along
> which is tangential to M.

Definition V.4.1.1 — Signed distance function on a submanifold.

The signed distance function dg to G is defined by:

—dM(x,Y) if x € G,
Vx € M, dg(x) = 0 ifx e,
dM(x,¥) ifxe M\G.

For y € M, we denote by ps(y) the projection of y onto ¥, that is, the unique point
x € ¥ such that dM(x,y) = dM(x,Y), when this makes sense (i.e. when there is indeed
such a unique point).

We eventually consider the differentiation of the signed distance function dg with respect
to variations of the manifold M (and thus of X). The following result is new to the best
of our knowledge (note here that for simplicity we only give the result concerning the
Eulerian derivative of the signed geodesic distance function and we refer to our paper for
details concerning the Lagrangian derivative):
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Theorem V.4.1.1 — Eulerian derivative of the geodesic signed distance func-
tion.

When it is defined, the Eulerian derivative di;(0)(y) of the geodesic signed distance
function dg at y is defined by the formula:

1(0)(y) = ~6(p) ms(p) + [ T ((6),0'(1) (8 - m)(o(t)

where p = pyy, o(t) is the geodesic curve joining p to y and HQA is the second
fundamental form of M at p, that is:

Vv € T,M, Hﬁ/tv -v=—Vn(p)v-v,

where n is any extension of the normal vector n : M — R? to an open neighborhood

of M in R,

Remark V.4.1.1: The structure of Th. V.4.1.1 is quite intuitive: the first term
is exactly the one featured in the formula for the Eulerian derivative of the signed
distance function in the Euclidean case, i.e. without taking into account the curvature
of the ambient space (see e.g. [Dap13, Section 4.2]), while the second one expresses the
deformation with respect to @ of the geodesic between p and y out of the (normal)
variation of the manifold M.

V.4.1.b The smoothed setting

In the setting of Section V.1.2 (see also Fig. V.1.2), and following the works [All14b;
Desl18], we trade the solution ug to the “exact” problem Eq. (V.1.2) for that ug. to the
following approximate version, where the homogeneous Dirichlet and Neumann boundary
conditions on I'p and I' respectively are replaced by a Robin boundary condition on
FD ul:

—Aug, = f in{,

8Zﬁ’s+h€ugyg = 0 onT'UTp, (V.4.1)
—ag‘r’l’s = g only.

Here, the coefficient h. is defined by:

ho(x) = 1h (dFD<X)> | (V.4.2)

9 9

where h : R — R is a smooth function with the properties:
0<h<1, h=1lon (—o0,—1], h(0) >0, h=0on [1,00),

and dr,(x) is the (geodesic) signed distance function to I'p on the surface 0; see
Def. V.4.1.1. In other words, h. equals 1/¢ inside T'p, “far” from Xp, 0 on T" “far” from
Yp, and it presents a smooth transition between these two values in a tubular neighbor-
hood of ¥p with (geodesic) width ¢, so that the boundary conditions in Eq. (V.1.2) are
approximately satisfied; see Fig. V.4.1.

Remark V.4.1.2: Note here that the regularization function Eq. (V.4.2) is the same
as the one explained in Remark [11.2.2.2 and different than the one used to smooth
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the optical index in Section [11.2.2.a. We preferred to rely here on the signed distance
function rather a convolution product since it seems to be more coherent in the case
of curved structures.

In particular, h. vanishes on a neighborhood of I"yy in 0€2; notice also that our assumptions
on h imply that there exists a real value o > 0 which is independent of € such that:

Vx € I'p, a < ceh.(x). (V.4.3)

.............................................

\

I'p

Figure V.4.1: Graph of the function h. defined by Eq. (V.4.2).

The variational formulation associated to Eq. (V.4.1) reads: uq, is the unique function
in H'(2) such that

Yo € H(Q), /QV'U/Q,E -Voudx + . heug v ds = /va dx +/F guds.  (V.4.4)
N

I'pU
It follows from the standard Lax-Milgram theory that this problem is well-posed. In ad-
dition, for a fixed value of € > 0, due to the smoothness of 2 and h. (see Section V.4.1.a
about the smoothness of dr,), the solution uq. to Eq. (V.4.1) actually enjoys H? regu-
larity on a neighborhood of ¥, as a consequence of the standard regularity theory for
elliptic equations; see e.g. [Brel0, Chapter 9].

Remark V.4.1.3: This approximation method can be straightforwardly adapted to
different contexts, such as that of the linearized elasticity system; see Section V.5 for
illustrations, and [Des18] for an adaptation in the context of the acoustic Helmholtz
equation.

V.4.2 Regularized shape derivative

V.4.2.a The approximate shape optimization problem

We propose to replace the exact shape optimization problem Fq. (V.1.4) by its regularized
counterpart:

inf 7.(Q), where J.(Q) := /Q j(ug.) dx, (V.4.5)

Qelpn
and ug . is the solution to Eq. (V.4.1).

When it comes to the shape derivative of J.(€2), the result of interest is the following:
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Theorem V.4.2.1 — Shape derivative of the regularized model.

The functional J.(€2) is shape differentiable at any admissible shape Q2 € Upy, and its
shape derivative reads, for arbitrary 6 € ©Opy (volumetric form):

T(Q)(8) = /8 (i(uas) = fpac) 0-nds - /Q ' (ug.) Vg, - 0 dx

4 /Q ((V-0)1- V8- VOT) Vug,. - Vpg,. dx

+ Voaq - 0 heug Do e ds+/ fVpa,.-0dx
Tul'p Q
1 / dFD 10gx<pED(X))
#3572 ) (<000 2020 g1, 30) s s, ) ) i i)
1 / dFD drp (%) Y] / /
S P ) ([ 120 (k). o) (8- m)(ox(0)) dt ) ugpa. ds()

(V.4.6)

where oy (t) is the unique geodesic passing through x and pys;, (x), and the adjoint state
Pa.- is the unique solution in H'(Q) to the following system:

—Apg. = —jlug.) in Q,
%ac L hpo. = 0 on TpUT, (V.4.7)
% =0 on I'y.

Equivalently, this rewrites (surface form):

J(Q)(0) = /Fur lj(uﬂ,a) — [pae + Vaqua, - Vaapa,

_ auQ,E 8]952,5 auQ,E 1 h/ dFiD
T'ur'p

Oon On P50

(9-nds—|—f2
€ €

) [—e@zD(x)) .
drp(®) 50 / /
+ [ 02 (040, 04(0) (6 - m) (o) dt] ugopo. ds(x). (V.4.8)

Proof of Eq. (V.4.6): The proof is very similar to that of the volumetric for-
mula Eq. (V.2.1) in Th. V.3.1.1, and we only sketch the main ingredients. At first,
using the implicit function theorem, one sees that the solution ug. to Eq. (V.4.1) has
a Lagrangian derivative g .(6), which is the unique solution in H'(f2) to the following
variational problem: for all v € H'(2),

J, Viia:(8)- Vodst [ heldr, i (60)v ds =

/Q (V- (f0)v+ (VO + V0T — (V-0))Vun. - Vo) dx — /FUFD (Vonr - 0) ho(dr. Juev ds
- % fon, <d> <—9<X> | W —0(ps, () 0z, <pzD<x>>> ug.cv ds(x)
_;éFWDH<%?><A®M@H$MVG%¥@»(Oqﬂwa»dQuQde@,(VA%

where we have used Th. V.4.1.1 for the Lagrangian derivative of the geodesic distance.
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On the other hand, using a change of variables yields:
T.() = /Q det(Id + V) [j(uq, . o (Id + 8)) dx,

whence, differentiating with respect to 8 and using the variational formulation for the
adjoint system FEq. (V.4.7):
TAO) = [ V-8j(un.)dx+ [ f(un.)in.(6) dx,

_ / V- 0j(uq.) dx — / Viio.(6) - Vpa. dx / he(dr, )i (0)pa.. ds,
Q Q rur

) (V.4.10)
Combining this with Eq. (V.4.9) eventually yields the desired result.

Proof of Eq. (V.4.8): To simplify the notations, until the end of the proof, we take the
shortcuts u = uq . and p = po .. We decompose the volumetric expression Eq. (V.4.6) as:

J(Q)(6) = 1,(0) + 12(0),

11(0):/8Q (j(u)—fp)O-nds—/Qj’(u)Vu-de

+/Q((v-9)1—v0—v9T)Vu-vpdx+ VaQ-OhQ@upds—i—/Qpr-de,

T'ul'p

and

o) =5 [ 1 ("2) [-e00 - P g, ) s, (s, )

) /Oer () T2, (0L (£), 0%(t)) (8 - m) (o(1)) dt] up ds(x).

Let us first rearrange the expression of /;(€). To this end, using the same type of calcula-
tions as in the proofs of Theorems V.2.1.1 and V.3.1.1, integration by parts together with
the fact that u and p have at least H? regularity near I'p U T yield straightforwardly:

L(6) = /m(j(u)—fp)0-nds—/Qj'(u)Vu-de—F/Qpr-de
+/ Voaa -0 hg upds

T'ul'p
+ Vu-VpH-n—@Vp-O—@Vuﬂ ds
o on on (V.4.11)
+ /Q (=V(Vu - Vp) + AuVp + ApVu + V*pVu + V2uVp) - 0 dx
= / ((u) = fp) @ -nds + Vo - 0 houp ds
o0 8FUFD 5
+ Vu-VpO-n— ooVp-0— Lvu-0) ds.
Iurp on on
Denoting by D the last integrand in the above right-hand side, we obtain:
D = Vu - VpO -n—2Vp-0—2LVu-0,
- _%%0 ‘n- (%Vmp -0+ %Vaszu : 9) : (V.4.12)
- _%%9 ‘n+ he (uVaap - 0 + pVaqu - 0) .
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On the other hand, integrating by parts on the surface 092 (see again Th. V.1.2.2), we
obtain:

/ Voa -0 hg.upds = / herkup @ -nds — / he(pVaqu - 0 +uVaap - 0) ds
o0 I pur

Iur'p

1 dp
- = B —2 | (Vaadr, - O)upds. (V.4.13
2 Jror, <€>(6QFD Jup ds. )
Finally, combining Eqs. (V.4.11) to (V.4.13) with the definitions of I1(0) and I5(), as
well as Th. V.1.2.2 for the tangential gradient of the geodesic signed distance function,
the desired result follows. O

V.4.2.b Study of the convergence of the approximate model to the exact
problem

In this section, we are interested in evaluating in which capacity the exact shape op-
timization problem FEq. (V.1.4) is correctly approximated by its smoothed counter-
part Eq. (V.4.5). More precisely, we investigate the convergence of the objective function
J-(2) and that of its shape derivative J!(€2) to the exact versions J(€2) and J'(€2) respec-
tively, for a fixed shape Q0 C R2. In order to keep the exposition as simple as possible, we
proceed under the assumption Eq. (V.1.3), however we believe the result holds in greater
generality, and notably in the 2d case where 0€) is not flat in the neighborhood of ¥ p;
see Remark V.1.2.2. Let us mention that a quite similar problem is investigated from
the theoretical viewpoint in [Cos96], with stronger conclusions. Our first result in this
direction is the following:

Theorem V.4.2.2 — Convergence of the regularized model.

Under assumption Eq. (V.1.3), the function ug . converges to ug strongly in H'(Q),
and the following estimate holds:

|ug,e — vallri@) < Cse®|l fllzz @), (V.4.14)

for any 0 < s < i, where the constant Cs depends on s.

Proof: The error 7. := ug . — ug is the unique solution in H*(2) to the system:

—Ar. = 0 in €,
{ % + her, = —%‘—I? — houq on 052, (V.4.15)
which rewrites, under variational form:
0
Vv e HY(Q), / Vr.-Vu dx+/ herevds = —/ T ds —/ heuqu ds. (V.4.16)
Q o9 o0 On I'pur

Note that the above variational problem is well-posed, as follows from the Lax-Milgram
lemma and the following Poincaré-like inequality (which is proved by the standard con-
tradiction argument):

v e HYQ), |v3q < C (/Q Vol? dx + /FD e ds> : (V.A.17)

here and throughout the proof, C' stands for a positive constant which is independent of
e. The estimate FEq. (V.4.14) is then obtained within two steps.
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Step 1: We prove that r. is bounded in H'(f2), uniformly with respect to ¢.
To this end, we estimate the first term in the right-hand side of Fq. (V.4.16) as

0 0
a0 (‘9n on H-1/2(00)
where we have the control
8UQ
|5 < Iz,
Nl g-1/2(00)

as follows from the Green’s formula FEq. (V.2.6) applied to the function ug in E(A, L?(Q))
(see Eq. (V.2.5)). We are thus left with the task of estimating the second term in the
right-hand side of Eq. (V.4.16), that is, the integral:

/ hsuqu ds = / h.uqu ds.
Tpul T

To achieve this goal, recall that, since ug € H*(Q) for % < s < %,

continuity of the trace u — u|aq from H*(Q) into H*~2(9RQ), for s > % (see e.g. [McLOO,
Theorem 3.37]), it comes that ug € H* 2(99Q), and in fact, using Eq. (V.1.2), that
ug € H 2 (I'yUT). Using now the characterization Eq. (V.1.9) of the space He 2 (T'yul),
it follows that for all 0 < o < 1, the function ug/p° belongs to L*(T'), where we have
introduced the weight p(x) := min(|x — sol, |x — s1]).

and owing to the

Using this fact in combination with the Sobolev embedding from H'/2(T') into L4(T)
for any 1 < g < oo (see e.g. [Di 12, Theorem 6.7] or [Manl8, Theorem 32]), we get
successively:

’/ h-uqv ds
r

= |/ P he —um) ds|,

(/ppahgd5> (/ Und3> (/qus>q,

. : (V.4.19)
< (/Fppahgds) g 7o el 5

< C(/Fppahg dS>P luallgo om0l @)

for any p > 2 (the constant C' depends on p), where we have used Hoélder’s inequality
with % + % + % = 1 to pass from the first line to the second one.

IN

To proceed further, let us decompose I as
I =T.UUyuUy, where U; ;== {x €T, [x—si|<e}, and . :={x €T, p(x)>¢e}.

Taking advantage of the structure FEq. (V.4.2) of h., the first integral in the right-hand
side of FEq. (V.4.19) is of the form

[ooneas = [ prhzas+ [ penzdse [penzds
I C’Ul . " pU2 I'e
& [, (E> dt,

<

B gclf)poﬂ 1
80’

< / Rt dt,
ep 0

< Cgblo—1)+1
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Therefore,
7 .
(/ PP P ds> < 07
r

now, choosing p > 2 and ¢ < 1 adequately and using Eqs. (V.1.10), (V.1.12) and (V.4.19),
we have proved that, for all s < 1 , there exists a constant Cj:

’/ heuqu ds
r

Eventually, taking v = r. as a test function in FEq. (V.4.16), we obtain the standard a
priori estimate for r.:
/ |Vr.|? dx +/ her? ds = / &mra ds — / heugqr. ds. (V.4.21)
Q o9 o0 On
Combining Fq. (V.4.21) with the estimates Eqs. (V.4.18) and (V.4.20), the Poincaré
inequality Eq. (V.4.17) and the fact that h. > 1 on I'p (see Eq. (V.4.3)), it follows that
there exists a constant C', which does not depend on ¢, such that:

el < Cllfllare)- (V.4.22)

< CS&TSHf”L2(Rd)||U||H1(Q). <V420)

Step 2: We now turn to the proof of Eq. (V.4.14) so to speak.
Multiplying both sides of Fq. (V.4.21) by € and using Eq. (V.4.3), we obtain:

1rellZer,y) < C'é?/F her? ds,

Ce (/ |Vr.|? dx +/ her? ds>
0 00 (V.4.23)

+ Ce /hgumiE ds|,
r

IN

IN

ﬂrg ds
n
Cell Fl172(ray;

where we have used the estimate Eq. (V.4.20) with v = r. and the bound Eq. (V.4.22)
over r.. Interpolating between Eq. (V.4.22) and Eq. (V.4.23) (see for instance [Lio68,
Proposition 2.3]), for all 0 < s < 3, s = (1 —t)0+ 3¢, there exists a constant C, such that:

IN

1_
[rellmsrp) < Cs ||Ta||L2 (I'p) ||Ta||j{%(r < Cse2™ || fl| 2 may.-

D)

Now, since ug € H*(Q) for 2 < s < 3, it comes that 242 € H2(09) (see [Cos88, Lemma
4.3]), and so

3 HT‘EHH%*S(F ) < O™ 1||f||%2(Rd), (V424)
H*"2(I'p)

for all 1 < s < 2. Returning to Eq. (V.4.21) and using Eqgs. (V.4.17), (V.4.20)
and (V.4.24), we now see that, for any s < % and o < %, there exists a constant C' > 0
(depending on s and o) such that:

Irelline < ([ 19nlds+ [ r2ds)
Q I'p
< C(Ef Fa@a + el flla@allrellme) »
Hence Eq. (V.4.14) holds, and this terminates the proof. O

As a straightforward consequence of Th. V.4.2.2) we obtain that under the assump-
tion Eq. (V.1.3) then for any given admissible shape 2 € Upy, the approximate shape
functional J-(€2) converges to its exact counterpart J(€2). Let us now turn to the con-
vergence of the derivative of J.(€2).
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Theorem V.4.2.3 — Convergence of the regularized shape derivative.

Under Assumption Fq. (V.1.3), for a given admissible shape 2 € Upy, the approximate
shape derivative J!(£2) converges to its exact counterpart J'(2) in the sense that:

sup  |J/(Q2)(0) — T'(2)(8)] = 0.
0€®DN
16]lopy <1

Proof: We rely on the volumetric expressions Eq. (V.3.1) and Eq. (V.4.6) of the shape
derivatives J'(€2)(0) and J!(£2)(0). In our context where Eq. (V.1.3) is satisfied, the
boundary 0f2 is flat in the neighborhood of ¥ = {sq, s1}; hence, for £ > 0 small enough,
the second fundamental form of 02 vanishes where h. > 0, and the normal vectors
ny, (S0), nx,(s1) to Xp coincide with the tangent vectors £7(so) and £7(s;) to 9.
Then, the approximate shape derivative J!(€2) supplied by Th. V.4.2.1 simply boils down
to:

J'(Q)(0) = /{m (j(uqe) — fpae) @ -nds — /Qj’(uQ,E)VuQ,g -0 dx
+ /Q (V-0)L - VO — VO )Vuq. - Vpa. dx

+ Voaa - HhEUngpQ,g ds + /Q prQ,E -0 dx

T'ul'p

N ; 812 /FUFD " (X ; Si) (6(x) — 6(s:)) - nx,, (1) ugepoe ds(x). (V.4.25)

Given the expression Eq. (V.3.1) of the exact shape derivative J'(£2), and in light
of Th. V.4.2.2, it is obviously enough to show that the three integrals

Il (0) = /FUF VF -0 heuﬂ,spQ,s dS,
17 , (X — S

L(0) = = o h < . 0) (O(x) — O(s0)) - T(s0)uq.cpae ds(x),
1 K , (X — 5

BO) = [ ( - 1) (8(x) — O(s1)) - (1) u-po. ds(x),

converge to 0 as € — 0, uniformly with respect to @ when ||0]|e,, < 1.

As far as the integral ;(0) is concerned, Th. V.4.2.2 and the facts that —Au, = —Aug = f
imply that

dug. O
Yoe |, TU2 50 HTY2(9Q), and ug. — ug in HY2(9Q) as € — 0;
on on ’

similar convergence results hold about po . and po. Therefore,

c 0
/ Vr -0 hq . uqpo.ds =0 Vr-0 ﬂpQ ds, (V.4.26)
Turp TUlp On
where the last integral may be decomposed as
0 0 0
/ Vag-eﬂdeSZ/ Vag-eﬂpgds—i-/Vag-gﬂpgdszo,
rurp on I'p on r On

as follows from the boundary conditions satisfied by ug and pg. This convergence is easily
seen to be uniform with respect to 6 € Opy, [|0]|epy < 1.
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Let us now turn to the treatment of I5(@), that of I35(8) being on all points identical. We
assume for notation simplicity that sq = 0, and again, we identify the neighborhood of s
in 00 (which is a horizontal line) with a subset of the real line R. The key remark in the
analysis of I,(8) is that there exists a vector field (x) vanishing identically on T'y such
that (8(x) — 0(0)) - 7(0) = x - B(x), as is easily seen from a Taylor expansion at 0. This
will allow to improve the available convergence rates of ug . and pq. in the integrand of
1,(0). More precisely, using integration by parts on the boundary 0%, I5(0) rewrites:

I,(0) = /Fur Orhex - 9~(x)uQ,€pQ6 ds,
D
= —/ h:0r (X : é(x)quspQ,J ds,

Tul'p
_ A auQ,e apﬂ,a 0 ~
= o hB(x) - | x 5. Pae +x 5y Uae ds — hqu,spQ’saiT (x ) g(x)) ds
— N auQ,e 3pg75
= = hef(x) - (x5 “poe + x5 uac | ds + Re(6),

where R.(0) is a remainder (possibly changing from one line to the next) gathering sev-
eral integrals which are proved to converge to 0 as ¢ — 0, uniformly with respect to 6
when [|0]|e,y < 1 owing to similar calculations to those involved in the above proof of
convergence of 11(0) (see Eq. (V.4.26)). Then, using the boundary conditions satisfied by

UQ e and PQes

_ auQ,e 8]79,5 apg,g 8uQ’€ X ~
@) = /FUFD p(x) or On +p(x) Oor On (P(X) 0<X)> ds + R:(6),
.0

_ a(PUQ,e) Opa,e a(ﬂpa,e) Ouq ¢ X
N /FUFD or on + orT on p(x) (x) | ds + Re(8),

where we have posed p(x) = |x| and the same calculations as in Eq. (V.4.26) have been
used.

At this point, we know from Th. V.4.2.2 that 8?31’5 (resp. %) converges to 6;—1? (resp.

%) in H-1/2(99Q). Hence, the proof of the convergence of I,(@), and thereby that

of Th. V.4.2.3, follows from the following results:
Opuge) eo, O(pug) in H'(Q), and O(ppae) =wo, Olppa)
orT orT orT orT
where 7 stands for any smooth extension to the whole €2 of the tangent vector T to 0€2;
see Section V.1.2.f. We now sketch the proof of this last statement focusing on the case
of uq; the counterpart result as regards pq . being proved in a similar fashion.

in H'(), (V.4.27)

The convergence Fq. (V.4.27) actually follows from exactly the same arguments as that in
the proof of Eq. (V.4.14). At first, using the representation of Th. V.1.2.1 (or more exactly
a higher-order avatar of it, see Remark V.1.2.1), observe that the function pugq belongs
to H5(Q) for all 0 < s < g Letting the notation 7. := uq . — uq, and using test functions
of the form p(x)v € H'(Q) for v € H'(Q) inside the variational formulation Eq. (V.4.16)
of r., we see that pr. satisfies:

Yo € H(Q), /QV(pra)-Vv dx—l—/F - heprev ds =
Ul'p

—/hgpum} ds—/ %pv ds—/ Vp- (vVr. —r.Vo)dx. (V.4.28)
r rp On Q
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Now using test functions of the form 2, v € H'(Q2) in Eq. (V.4.28), then integrating by

parts yields the following variational formulation for ¢, := %:

oh 0
HlQ7_/ e’ _/ hae :/765 /7ha d
Vv e H () qu Vo dx ; q-v ds oo vds+ I16)7_( p(x)ug)v ds

J'p

8 GUQ
+ /FD 5 <p8n> vds + (FL,v) gy ), (V.4.29)

where the remainder F. is a sequence of linear forms in the dual H'(Q)* of H'(Q2) which
converges to 0 in the strong dual topology.

Finally, using the result of Th. V.4.2.2, together with very similar calculations than those
involved in its proof, the desired result Eq. (V.4.27) follows, which concludes the proof.
O

V.5 Numerical applications

V.5.1 Optimization of the repartition of clamps and locators on
the boundary of an elastic structure

We start with the application of the results of Sections V.3 and V.4 to the problem of
optimal repartition of clamps and locators on an elastic structure; see [Baw04, Chapter
9] for a presentation of the physical context and [Kay06; Mall; Sell3] for optimization
studies conducted in this context.

V.5.1.a Description of the physical setting and of the optimization problem

In this example, €2 stands for a three-dimensional rectangular beam with size 4 x 1 x 1,
filled with a linearly elastic material, whose Hooke’s law A is defined by, for any symmetric
matrix e with size 3 x 3:

Ae = 2pe + Mr(e),

where A, ;o are the Lamé parameters of the material; in our context

Ev E
A= = — V.5.1
(1+v)(1-2v) =15 ( )
with £ = 100,v = 0.3. During its construction, €2 receives the vertical load g, =

(0,0,—1) from the manufacturing tool, which is applied on the upper side 'y of its
boundary. So that the structure do not move under this effort, a clamping-locator
system is used: (2 is attached on a subregion I'p of the left-hand side Ap of 992 (locator),
while it receives a prescribed load g = (0, —1,0) on another region I'y of the right-hand
side Ay C 09 (clamping); the latter is exerted by an external mechanical device pressing
against the structure; see Fig. V.5.1 for a sketch of the situation.

In this context, the displacement of Q is the unique solution ur,r, € Hp (Q)? to the
following linear elasticity system:

-V - (Ae(upDﬁpN) =0 in Q,

ur,ry = 0 on ['p,
Ae(uFD,FN)n = gtool on FT, (V52)
Ae(ur,ry)n = g on I'y,
Ae(ur,ry)n = 0 on I,
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Figure V.5.1: Setting of the example of Section V.5.1 about the optimal repartition
of clamps and locators on the boundary of an elastic structure.

where e(u) := 3(Vu+ Vu') is the strain tensor associated to a vector field u : Q — R?.

Our aim is to optimize the positions I'y and I'p of clamps and locators on the surface of
the structure 2, whose shape itself is not subject to optimization, so that the displacement
of 2 under the action of gi,,1 be minimal. We also add constraints on the size of the regions
I'y,I'p and on the perimeter of I'p via fixed penalizations of the objective function. More
precisely, we consider the optimization problem:

inf J(I'p,I'y), where 7(I'p,I'n) =/ ur,, ry | dx
I'pCAp Q
I'nCAN

v [ ds+ oy <wwmé ds, (V.5.3)
D

I'p I'n

where {p, {y and {f, are fixed Lagrange multipliers: {p = 2.107% ¢y = 1073, f, = 1072
In the framework of Hadamard’s method (see Section V.1.2.b), we consider deformations
0 such that:

0-n=0o0n0Q and @ =0 on 9N\ (Ap UAy). (V.5.4)

The numerical resolution of this problem relies on the knowledge of the shape derivatives
of the partial mappings I'p — J(I'p,T'y) and I'y — J(I'p,Ty). In order to accomo-
date the presence of the transition ¥p := I'p N T' C Ap between homogeneous Dirichlet
and Neumann boundary conditions, we follow the lead of Section V.4 and consider the
following approximate counterpart of Eq. (V.5.3):

iIlf u7z—:(FD7FN)7 Where %(FD,F]\O ::/ |111"D’1"N75|2 dX
I'pCAp Q

'nyCAN

v lp [ ds+ ity cmw%/ ds, (V.5.5)
Xp

I'p Iy
where ur,, ry  is the solution in H'(Q2)? to the system:

-V (Ae(uFD,FN,E) = 0 in Q7

Ae(ur,rye) +heurprye = 0 on Ap,
Ae(uFDINﬁ)n = 8tool O FTa (V56)
Ae(ur,rye)n = g on I'y,

Ae(ur,rye)n = 0 on '\ Ap,
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featuring the interpolation profile h. in Eq. (V.4.2). Thence, the calculation of the shape
derivative of I'y +— J.(I'p, 'y) is provided by Section V.2, or more exactly, the straight-
forward adaptation of its proof to the present linearized elasticity context. The shape
derivative of the smoothed mapping I'p — J.(I'p,T'y) is calculated exactly as in the
proof of Th. V.4.2.1 (or by using Céa’s formal method), and we omit the formula for
brevity.

V.5.1.b Numerical application

Let us now consider a concrete example in the previous context. A tetrahedral mesh of {2
composed of 45 000 vertices is used, and the optimization problem Fq. (V.5.5) is solved for
the positions of I'p and I'y while, again, the shape of € itself is unchanged. Relying on the
level set method for representing I'p and 'y, we use a standard gradient algorithm based
on the knowledge of the shape derivatives of I'p — J.(I'p, ') and I'y — J.(I'p,T'n);
the computation takes about 8 hours and the results are presented on Fig. V.5.2.

000000000 OC®OCFS
0 00000OC0DOGOGIOGOIOS
0 000000O0C0O0COCGOS

a) Design of clamps at iteration 1 (b) Design of locators at iteration 1

ree—

c¢) Design of clamps at iteration 20

—

e) Design of clamps at iteration 100

(d) Design of locators at iteration 20

(f) Design of locators at iteration 100

Figure V.5.2: Initial, intermediate and optimized designs of clamps and locators in
the test-case of Section V.5.1.

We notice in particular that the optimized design of the clamps is concentrated under
I'r whereas the locators are symmetrically positioned at both ends of the beam. The
deformed configurations of the initial and optimized shapes are displayed in Fig. V.5.3.

V.5.2 Joint optimization of the shape and the regions support-
ing different types of boundary conditions

We now turn to examples where the shape €2 of a 2d structure is optimized at the same time
as the region I'p of its boundary supporting homogeneous Dirichlet boundary conditions.
For simplicity, the region I'y supporting inhomogeneous Neumann boundary conditions
is fixed, which means that we are exactly in the setting of Sections V.3 and V.4: in all the
examples in this subsection, we consider the following shape and topology optimization
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Convergence graph

1.5

Objective(s)

10 20 30 40 50

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 0.05 0.1 0.15 0.2 0.25 . .
Norm of the displacement Norm of the displacement Number of iterations

(a) Deformed configuration of (b) Deformed configuration of (c) Convergence history
Q with the initial configuration $2 with the optimized configu-
of clamps and locators ration of clamps and locators

Figure V.5.3: Details of the optimization example of clamps and locators of Sec-
tion V.5.1.

problem:

inf  J(Q), where J(Q) = j(ug) -%£V / ds+tp [ ds (V.5.7)
QCD I'p
I'pCApNIQ

is a weighted sum of a case-dependent objective defined from a smooth function j, involv-
ing the elastic displacement wug of the shape, solution to Eq. (V.5.6), and of constraints
on both the volume of shapes, and on the area of the Dirichlet boundary I'p (the latter
constraints being enforced by means of fixed Lagrange multipliers ¢y, {p). Notice that in
the statement Fq. (V.5.7) of the considered shape optimization problem, we have com-
mitted the same abuse of notations as in Section V.1.2.b: ug and J(92) depend on both
the overall shape 2 of the structure and the position I'p of the region supporting homo-
geneous Dirichlet boundary conditions (the latter being constrained to belong to a fixed
region Ap of the computational domain D), while only the first dependence is explicit.

As regards the numerical setting, the computational domain D is equipped with a fixed
mesh. Each shape (2 C D is represented by the level set method, i.e. €2 is described via
a level set function; see Section [1.3.

Since the shape € is not discretized (it is only known via the datum of a level set function),
no computational mesh is available to calculate the elastic displacement ug by means of
a standard finite element method. To alleviate this issue, the “ersatz material trick”
(see e.g. [All01; All04; Ben13]) is used to approximate the considered linearized elasticity
systems posed on €2 with systems posed on D as a whole: uq is approximated by the
solution u to:

-V - (4,e(u)) = 0 in D,
u = 0 onlp, A ifx e,
Aje(uyn = g only, where Ay (x) = { nA otherwise,
Aje(u) = 0 onT,

and 7 is a small parameter so that the void region D\ € is filled with a very soft material
instead of void (typically, we take n = 1073). In this section the Lamé parameters are
still given by Eq. (V.5.1) but using F = 1,v = 0.3.
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As far as the representation of the optimized part I'p of 0f2 is considered, it is constrained
to belong to a planar subset Ap of the boundary 0D in the examples of Sections V.5.2.a
and V.5.2.b. In this case, it is represented by means of a level set function on a subset of
the real line. In Section V.5.2.¢, the set Ap is a whole region of D. Then, I'p is represented
by means of a different level set function ¢ : Ap — R from that ¢ used to represent 2.
Both cases are simple adaptations from the general idea outlined in Section [1.3; see
also [Xial4; Xial6] about this type of representation.

The same process as before is applied to approximate the transition region ¥, between
homogeneous Dirichlet and Neumann boundary condition in the formulation of Prob-
lem Eq. (V.5.7), and we do not repeat the details for brevity.

V.5.2.a Optimization of the shape of a two-dimensional bridge and its sup-
ports

We first consider the joint optimization of the shape of a two-dimensional bridge 2 and
of the location of its fixations. The situation is that depicted in Fig. V.5.4: € is enclosed
inside a two-dimensional computational domain D meshed with 80537 triangles; a unit
vertical load is distributed along the upper deck I'y, a neighborhood of which is imposed
to be part of 2. We optimize € and the set of fixations I'p (which is restrained to a subset
Ap of the lower part of D) with respect to the elastic compliance of the configuration;
more precisely, the optimization problem reads as Fq. (V.5.7) with the expressions:

Jjlu) = g-uds, (=50, {p=10.
NN

A
v

I'n

D=

g = (07'1)J
Ap Ap
\f\\\
2
1
+——>

Figure V.5.4: Setting of the 2d bridge test-case of Section V.5.2.a; the dashed rect-
angle corresponds to the deck of the bridge, which is a non-optimizable area of

Q.

We perform two optimization experiments, corresponding to different initial states as for
) and I'p; the results are reported in Fig. V.5.5 and Fig. V.5.6. In particular, we observe
very different optimized topologies depending on the initial definition of the fixation region
I'p.

V.5.2.b Optimization of the shape of a force inverter and of its fixations

Our second example deals with the optimization of a force inverter mechanism, that is,
a device which convert a pulling force into a pushing one. The details of the test-case
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(a) Iteration 1 (c) Iteration 100

Convergence graph

Objective(s)

0 50 100
Number of iterations

(d) Deformed configuration of the optimized shape (e) Convergence history

Figure V.5.5: Concurrent optimization of the shape and the fixation regions of the
bridge of Section V.5.
segments.

2.a, with an initial configuration for I'p composed of two line

(A X NN XN N ]
( A X XN XN N ]

) Iteration 100

Convergence graph

40

Objective(s)

20
0 50 100

Number of iterations

(d) Deformed configuration of the optimized shape (e) Convergence history

Figure V.5.6: Concurrent optimization of the shape and the fixation regions of the
bridge of Section V.5.2.a, with an initial configuration for I'p composed of 18 line

segments.

are presented on Fig. V.5.7:
I'p of 09, contained in the upper and lower sides of dD.

optimized shapes with respect to the horizontal axis is enforced.

Al

the considered shapes () are contained in a box D meshed

with 78408 triangles; they are subjected to a given load g = (—1,0) applied on a non
optimizable subset I'y of their left-hand side, and they are attached on another subset
In this context, the aim is
to optimize the overall shape 2 and the location of the fixations I'p so that the elastic
displacement of {2 on a non optimizable subset 'y is maximized. The symmetry of the
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\ 4

A

I';
g= ('170)

Ap

v

Figure V.5.7: Setting of the force inverter test-case of Section V.5.2.b. The two
dashed rectangles represent non optimizable areas.

More precisely, in the general formulation of the problem Eq. (V.5.7), we set:

j(u)::lO*ljg u— (LOPds =107 [ wds, 6y =5x107% £p=0
T N

where the little penalization on the compliance was added to make it easier to obtain a
connected structure and u; corresponds to the first component of u.

(a) Iteration 1 (b) Iteration 50 (¢) Iteration 100

Convergence graph
0.015
o
< 0.01
2
2
S 0.005
0
0 50 100
4 Number of iterations
(d) Deformed configuration of the optimized (e) Convergence history

shape

Figure V.5.8: Concurrent optimization of the shape and the fixation regions of the
force inverter of Section V.5.2.b, with an initial configuration for I'p composed of 8
line segments.
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Gt O

(a) Iteration 1 ) Iteration 50 ) Iteration 300
0.02 Convergence graph
0015
K
+ 0.01
Q
2,
© 0.005
0,
100 200 300
Number of iterations
(d) Deformed configuration of the optimized (e) Convergence history
shape

Figure V.5.9: Concurrent optimization of the shape and the fixation regions of the
force inverter of Section V.5.2.b, with an initial configuration for I'p composed of 4

line segments.

V.5.2.c Optimization of the shape and the support regions of a two-
dimensional cantilever beam

Our last example deals with the concurrent optimization of the shape of a classical 2d
cantilever beam and its fixation zones. The considered shapes {2 are contained in a fixed
computational domain D, meshed with 39402 triangles. They are attached on the upper
and lower left corners, as well as on a region I'p which is subjected to optimization, and
which is constrained to be contained inside a given region Dp C D. A vertical load
g = (0,—1) is applied on a non optimizable subset Iy of the right-hand boundary; see
Fig. V.5.10. Notice that, contrary to the previous two examples, the region I'p is not
a subset of a region Ap C 9D but it is allowed to evolve freely inside a region of D.
This demands a little adaptation of the framework described above (another level set
function is used to identify the region I'p). Symmetry with respect to the horizontal axis

is imposed on the optimized shape.

<
< »

[V}

>
=
z
—
—_

Ap 0.2

g = (0,-1)y

Figure V.5.10: Setting of the 2d cantilever test-case of Section V.5.2.c.
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All things considered, we consider the optimization problem Eq. (V.5.7) with the expres-
sions:

j(u):/ g-uds, ¢, =150, {p=0.
Ip

Results are presented on Fig. V.5.11; obviously, the Dirichlet region aims to get as close
as possible to the application region of the load g. It also tends to concentrate on the
top and bottom corners of the region Dp, following insofar as possible the principal stress
directions of the structure.

(c) Iteration 50 (d) Iteration 100

Convergence graph

300

240 +

Objective(s)

—_
0]
o

0 50 100
Number of iterations

(e) Convergence history

Figure V.5.11: Concurrent optimization of the shape 2 and the fixation zones I'p of
the two-dimensional cantilever of Section V.5.2.c (the latter are represented using
red lines).
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General summary, and main research results

In Chapters I and 1 we introduced the concepts used throughout this thesis: the physical
field of nanophotonics was presented as well as the mathematical tools for the implemen-
tation of a geometric shape optimization algorithm. From these reviews we have pursued
research in several directions. Let us summarize here our main results.

e In Chapter III we have calculated the shape derivative of the perhaps most useful
objective function when it comes to the optimal design of nanophotonic components.
The numerical evaluation of this derivative being quite complex, we proposed an
index smoothing method which provides an efficient way to obtain a good approxi-
mation of the derivative involving the solution of a regularized electric field. Several
numerical examples were included to confirm the efficiency of our framework. The
last section of the chapter also discussed an original work concerning the topology
optimization of components featuring multiple levels of etching and the application
of this method to the optimization of polarization rotators.

e In Chapter IV we described a method to maximize an objective functional defined
as the worst value of a finite collection of figure of merits using a gradient sampling
algorithm. We then showed how this methodology can be adapted in order to solve
worst-case optimization problems when a small number of parameters are uncertain.
The application of this algorithm to the design of robust components with respect
to uncertainties over the wavelength or the geometry of the manufactured shape
was studied on several test-cases and it was shown that this method does indeed
provides satisfying results.

e In Chapter V the shape optimization of regions supporting different boundary con-
ditions was studied in the case of the Laplace equation. We showed that the whole
information about the sensitivity of the objective function with respect to the place-
ment of the transition between Dirichlet and Neumann boundary conditions is en-
coded in the singular part of the PDE solution at the transition between these two
boundary conditions. We then turned our attention to a regularized counterpart of
this problem which makes the numerical implementation easier. This approxima-
tion is proved to be consistent with the original optimization problem. This chapter
ended with numerical examples in the context of linear elasticity in both 2d and 3d
situations.

Before outlining a series of research perspectives that were not fully studied during this
thesis, we present several experimental results concerning shape optimized nanophotonic
components that have been recently produced in the CEA clean room. We also describe
the analyses that should be performed on these experimental results in order to recalibrate
our simulations. This feedback between the practical results and the theory is essential if
one wants to ensure the performance of future optimized devices.
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Experimental results of produced components

Since it took nearly two years between the delivery of the optimized components and
the test of their performances, the designs presented here did not benefit from our most
recent developments and, in particular, they did not use our method to take into account
geometrical robustness. For the details of the manufacturing process conducted to obtain
these results we refer to Section [V.3.1. The results are grouped thematically as follows:

e First, we present some pictures of the realized components in order to asses the
precision of the manufacturing process.

e We then move to the description of the experimental methodology used in order to
test the performance of each component.

e The other subsections presents some experimental results obtained when testing the
performances of our optimized nanophotonic components.

Geometrical precision of the manufactured devices

A selection of components optimized using the method discussed in this thesis which have
been realized are represented in Fig. K(a).

(a) Frrom top to bottom, left to right: a power di- (b) Zoom on a realized power divider and
vider, a TFEy to TE, mode converter, a crossing comparison with the numerical optimized
and a TEy to TEy mode converter shape (black lines)

Figure K: Scanning Electron Microscope (SEM) images of the manufactured designs.

The quality of a manufactured component highly depends on its location on the wafer. We
therefore decomposed the silicon plate into nine, uniformly distributed dies (see Fig. L(a))
in which the same components are manufactured.

As we now have the ability to produce shape optimized nanophotonic components, an im-
age analysis study on Fig. L(b) would enable the precise determination of the uncertainty
intervals regarding the dilation and erosion induced by the etching step. This calibration
between the measurements and the numerical simulations is of utter importance for the
practical efficiency of our shape optimization method. For an even greater accuracy it
would be interesting to precisely analyze how the shape is etched on the edges of the
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design as noted in Remark IV.3.1.1. We now present the method used in order to test
the performance of each component on the wafer.

a die

(a) Repartition of the dies on the (b) Manufactured shapes of a diplexer depending on
wafer the die where it is produced

Figure L: The 9 dies considered on our wafers.

Experimental methodology

In order to evaluate the actual performance of each individual component we consider
a circuit where one shape optimized component is connected to two grating couplers
(see Fig. M). Using a prober (see Fig. M, top left corner) light is injected using an optical
fiber into one grating coupler which convert the light into the fundamental TEy mode of
a waveguide linked to the input of the component.

grating coupler

Figure M: The whole experimental setup with different levels of zoom.

Another waveguide connects the output of the component and a second grating coupler
such that the electric field exiting of the component is received by another optical fiber
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for which the prober can measure the transmitted power. By comparing the input and
output powers we can then deduce the loss induced by the component. Adaptations of this
setup are sometimes mandatory depending on the objective function (number of outputs,
multiple wavelengths, different polarization etc.).

We now analyze experimental results concerning the performances of a selection of
nanophotonic devices.

Experimental results

Performance of the wavelength robust diplexers

We begin with the robust wavelength diplexer presented in Section [V.2.2.c¢ for which
the associated fabricated components are depicted in Fig. L(b). Let us recall that the
goal of this component is to redirect an incoming guided mode into either the top or
bottom output waveguide depending on the wavelength. The graphs of Fig. N reveals
that the routing of light depending on the incoming wavelength is achieved successfully
with approximately 60 % to 65 % of transmission in each output. This is slightly below
our theoretical predictions in Fig. IV.2.7 by about 20 %, but reproducible on nine dies.
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Wavelength (nm) output 1  output 2 output 1  output 2

(a) Spectrum, the horizontal black line (b) Performance at the nominal wavelengths of the
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Figure N: Characterization of the nine diplexers on each die of the wafer around 1.31
and 1.55 pm. In (a) the quickly oscillating lines corresponds to the raw data for the 9
dies while the solid lines corresponds to a data interpolation with an “envelope”. In
(b) the average transmission for the top and bottom waveguides on the bandwidth
1.55pm + 1nm and 1.31 pm =+ 1 nm is averaged for each die and the resulting values
are summarized using boxplots (the horizontal red line inside the boxes corresponds
to the median value while the two extreme horizontal lines represents the 10 % and
90 % quantiles).

Performance of ninety degrees bends

We now move on to some results concerning bends, that is structures which redirect
light coming from an input waveguide to an orthogonal output waveguide. This compo-
nent has not been presented in Chapter III since it involves rather common geometries
(see Fig. O(a)). The evaluation of the performance of such device is made using a chain
structure as represented partially for four bends in Fig. O(a). Since this component has
very low loss the chain allow to find the average transmission of one bend more easily.
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The performance of one single bend is found here by using a chain composed of one
hundred components. The results are summarized in Fig. O(b) for the 9 dies; a median
transmission of 95 % is found as well as a variance inferior to 1 %.

0.94¢

0.92

0.97

Transmission

0.88¢

+

(b) Performance of one bend

(a) A chain composed of several bends

Figure O: Evaluation of a ninety degrees nanophotonic bend.

Performance of power dividers

Concerning the power dividers, the results were not totally in line with the expectations
despite the fact that the shapes seem to be well-manufactured (see discussion below).
In Fig. P the performances of three power dividers are reported with respectively two,
three and four outputs waveguides. One first remark is that although symmetric compo-
nents are used, the transmissions measured on the output waveguides are not symmetric.
This might be due to experimental measurements errors generated by misalignment of
the input and output fibers.

Concerning the performances of the individual components, the 1 to 2 power dividers
exhibit a median value of 28 % transmission in both outputs (44 % total loss), 17 % for
the 1 to 3 (48 % total loss) and 12 % as for the 1 to 4 power divider (51 % total loss)
making them useless in practice. We see here that the recalibration between experimental
data and simulation results is very important since the theoretical performance of these
components should be respectively of 49 % (2 % total loss), 31 % (6 % total loss) and
22.5 % (10 % total loss) as seen in Figs. I11.3.6 and IV.1.4.
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(a) Two output waveguides (b) Three output waveguides  (c) Four output waveguides

Figure P: Performances on the nine dies of three 1 to n.,; power dividers with ngy;
ranging from 2 to 4.

A partial explanation of such bad experimental behavior would be that an under- or
over-etching of around 20nm was made as suggested by Fig. K(b) and the robustness
graph Fig. IV.3.6(b) on which a 35 % transmission is expected in the event of such a
manufacturing error.
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Research perspectives and other topics in integrated
photonics that were not addressed in this thesis

We conclude this thesis with several research perspectives arising naturally from the pre-
vious works. We point out some related contributions from the literature, when available.

Other physical equations

In this thesis, we only considered the linear Maxwell equations in the time-harmonic
regime. For the description of the physical behavior of the electric field however, very
interesting components can be obtained by considering different equations or the coupling
with other physical equation:

e The treatment of general electromagnetic phenomena does not rely on the time-
harmonic vector wave equation but rather on its time-dependent counterpart
defined in Eq. (I.1.6). The consideration of this more challenging equation re-
quires some adaptations to the objective function involved in the shape optimization
problem, to the definition of the Perfectly Matched Layers and to the Dirichlet-to-
Neumann boundary condition for light injection. In exchange, once solved, the
time-dependent field allows to recover the full frequency response of a component
using Fourier transform. This could be interesting in the case of components such
as the diplexer for which it is desired to optimize its whole spectrum. In such a
time-dependent context, one could consider objection function such as

Q)= min [T(\Q) = T\
T )‘E[Agilr}gmax] [T(A £2) = Ton; (V)]
where T'(\, 2) is the transmitted power into an output waveguide at the operating

wavelength A obtained via the Fourier transform of E and Ty, the desired value of
the spectrum at .

e Another interesting variation of the time-harmonic vector wave equation concerns
the consideration of non-linear effects. When the amplitude of the electric field
is large, non-linearities coming from the dependence of the optical index n on the
electric field can no longer be neglected. A first-order expansion of n at |E| = 0
gives

1
n(|E|) = no + a1 |E| + §a2|E|2 + ...

where ng is the unperturbed optical index and the coefficients «; are proportional
to the “electro-optic coefficients” of the material. In some situations one coefficient
is much more significant than the others. These phenomena are referred in the
literature as Pockel effect, Kerr effect, etc. ... By exploiting one of these phenomena
it is possible to obtain components which have a different behavior depending on
the power of the injected light. Topology optimization of non-linear nanophotonic
structures have recently started to be considered with the work of [Hugl8].

e Optomechanics is the field studying the interaction between light and mechanical
motion. When the electromagnetic fields are propagating inside a material, they
exerts a force on it, called the Lorentz force Fiorentz, €qual to

FLorentz = PE +o0E x H
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where p and o are material-dependent values defined in Section [.1.1.a. Usually this
force is expressed using the so-called Maxwell stress tensor (not shown here). As we
have seen in Section V.5.1.a the mechanical movement of a structure under small
deformations is given by the linear elasticity equation —V - (Ae(u)) = F' where A is
the Hooke’s law, e(u) is the strain tensor associated to the displacement vector field
u, and F' is the forces applied on the structure, here the Lorentz force. Since the
motion of the material influences the value of the optical indices in space then it also
modifies the flow of light. This mechanism translates mathematically into a coupled
system between Maxwell equations and the linear elasticity one. To the best of our
knowledge, no attempts were made to apply topology optimization methods to this
kind of multiphysics problem.

Complete circuit

Since we now have the possibility to optimize each photonic component individually, it
may be interesting to set up a method to efficiently design a complete circuit. In this
direction, a subject has already been initiated at the CEA following this thesis with the
aim to design a full photonic circuit with shape-optimized components which have the
ability to perform mathematical operations. Without entering into the details about
this particular circuit, let us give some generalities about the goal and difficulties in the
optimization of a full circuit.

As presented in Section [.3.1.c and Remark [.3.1.1, a nanophotonic component acts as
a N x N product where N is equal to the number of forward guided modes which may
exist in all the adjacent waveguides. When N is large, i.e. when the number of inputs
and/or outputs is important, the component is often divided into several smaller devices
with a fewer number of waveguides connected to each of them and for which it is easier
to obtain though optimization a design that achieves a desired functionality. One could
for instance decompose any N x N S-matrix as the product between a diagonal matrix
containing N phases shifts (coefficients of the form exp(i¢)) and N(N — 1)/2 rotations
matrices; see [Pail9].

Implementing a general optimization algorithm that, for a given S-matrix, determines
how the circuit should be broken down into known or easily optimized components would
speed-up drastically the creation process. Phase management in the circuit is a crucial
point; depending on its length, each waveguide connecting two components introduce a
phase shift and acts as a multiplication by exp(i¢) of the transmission and must be taken
into account in the design of the circuit. An important work concerning the treatment
of losses and parasitic reflections should also be done in order to guarantee the overall
performance of the circuit. Indeed if each component introduces some error of amplitude
¢ then the transmission error after propagation into d components will be of the order £%.
A global optimization of the components location could compensate for these errors.

Optimization methods

We finish with a few numerical optimization methods that were only partially studied in
this thesis and for which a more comprehensive analysis would be interesting:

e First, as explained in both Sections [1.1.3 and II1.3.2 the full derivation of the
topological gradient formula associated with the general optimization problem
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of Th. II1.2.1.1 has not been obtained in this thesis. The determination of this
gradient would require a complete study of the limiting behavior of the electric field
in the presence of cylindrical-shaped perturbation of the medium whose radius tends
to zero. Note that the asymptotic in the case of a spherical perturbation has already
been studied in [Mas05].

At the end of Section [11.5 we briefly mentioned a method called grayscale lithog-
raphy. Let us enter here into more details about the opportunities offered by this
manufacturing process. In most of this thesis, the considered components are y-
invariant structures, which restricts the degrees of freedom of the shapes that can
be obtained. We partially relaxed this constraint by considering several layers of
etching in Section [I1.5 but we still are limited to a finite number of them. What
about the limiting case where an infinite number of layers are considered? This is
feasible using grayscale lithography, a manufacturing process which allows to pro-
duce components given by a heightmap; we trade the level-set representation of the
shape with a height function M : R* — [—h/2, h/2] such that

Q={(z,y,2) € Dopt,y < M(zx,2)}.

This in fact considerably simplifies the numerical representation of shapes and a
deformation field @ preserving the fact that €2 must always be represented by a
heightmap is simply found under the form 8 = 6y in the shape derivative given
by Th. II1.2.1.1. An example of power divider found using this methodology is
displayed in Fig. ). A more extensive study of this method would be necessary
in order to know if this manufacturing process allows to significantly increase the
performances of some nanophotonic components.

(a) A one dimensional shape and the projection  (b) Shape optimized power divider with a shape
of the shape gradient Von onto the vertical axis  defined as an heightmap

Figure Q: Using the vector field depicted on the left it is possible to optimize compo-
nents for the grayscale lithography manufacturing process and end up for instance
with the power divider on the right.

e One last interesting research perspective concerns the shape optimization of regions

bearing boundary conditions in the state PDE and more precisely the numerical
tracking of a shape on a submanifold as was implicitly done in the test case
of Section V.5.2.c. To consider the simultaneous optimization of a shape Q C R¢
and a region I' C R4"! on its boundary 0 a specific numerical representation of
I' must be implemented. One possibility would be to have recourse to the closest-
point method [Mac08] which allows level-set representation of shapes living on a
submanifold.
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Abstract

This thesis focuses on the mathematical field of shape optimization and explores two topics: one concerns
the systematic determination of the design of nanophotonic components and the other one the optimal
shape and location of boundary conditions defining partial differential equations (PDE).

e In the mathematical setting of the three-dimensional, time-harmonic Maxwell equations, we propose
a shape and topology optimization algorithm combining Hadamard’s boundary variation method
with a level set representation of shapes and their evolution. A particular attention is devoted
to the robustness of the optimized devices with respect to small uncertainties over the physical or
geometrical data of the problem. In this respect, we rely on a simple multi-objective formulation to
deal with the two main sources of uncertainties plaguing nanophotonic devices, namely uncertainties
over the incoming wavelength, and geometric uncertainties entailed by the lithography and etching
fabrication process. Several numerical examples are presented and discussed to assess the efficiency
of our methodology.

e The second application concern the optimization of the shape of the regions assigned to different types
of boundary conditions in the definition of a “physical” PDE. This problem proves to be difficult in
the case of a Dirichlet-Neumann transition since it requires a precise study of the singular nature of
PDE solutions at the transition between two regions supporting these boundary conditions. On the
one hand a full mathematical study is carried out on this theoretical problem and on the other hand
a numerical method based on a regularization of the boundary conditions is proposed to optimize
these regions. Various numerical examples are eventually presented in order to appraise the efficiency
of the proposed process.

Keywords: topology optimization - level-set method - nanophotonics - robustness - Maxwell equations -
boundary conditions

Résumé

Cette these contribue au domaine mathématique de ’optimisation de forme et explore deux sujets: 1'une
concerne la détermination automatique du design de composant nanophotonique et 'autre la répartion
optimale des conditions aux limites permettant de définir une équation au dérivées partielles (EDP).

e Dans le cadre mathématique des équations de Maxwell tridimensionnelles et harmoniques dans le
temps, nous proposons un algorithme d’optimisation de forme combinant la méthode d’Hadamard et
une représentation des formes par la méthode level-set. Une attention particuliere est accordée a la
robustesse des dispositifs optimisés par rapport a des petites incertitudes sur les données physiques ou
géométriques du probleme. A cet égard, nous nous appuyons sur un algorithme provenant du domaine
de I'optimisation multi-objectifs pour traiter les deux principales sources d’incertitudes affectant des
dispositifs nanophotoniques, a savoir les incertitudes sur la longueur d’onde de la lumiere injectée ainsi
que les incertitudes géométriques liées au procédé de fabrication par lithographie-gravure. Plusieurs
exemples numériques sont présentés permettant d’évaluer 'efficacité de la méthode proposé.

e La deuxieme application concerne I'optimisation de la forme des régions affectées a différentes condi-
tions limites dans la définition d’une EDP d’un probléeme “physique”. L’étude de ce probleme s’avere
étre délicate dans le cas d’une transition Dirichlet-Neumann car elle nécessite une analyse précise de
la singularité des solutions d’une EDP a la transition entre deux régions supportant ces conditions
limites. Nous proposons d’une part une étude mathématique complete de ce probleme dans le cas
de I'équation du Laplacien et d’autre part une méthode numérique basée sur une régularisation des
conditions aux limites pour optimiser la forme de ces régions. Différents exemples numériques sont
présentés afin d’évaluer I'efficacité de notre méthode.

Mots clés : optimisation de forme - méthode level-set - nanophotonique - robustesse - équations de
Mazwell - conditions aux limites
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