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Abstract
In this research the coupling between an active photonic crystal and
a silicon waveguide for single photon application is simulated. First a
photonic crystal slab coupled to a slab waveguide is considered. Then
a photonic crystal nanobeam is coupled to a bus waveguide, both in
parallel and cross configuration. High values for the quality factor and
emitted power in the bus waveguide have been obtained. Resonant
pumping through a channel waveguide is investigated. An intermediate
distance of 300nm between the nanobeam and waveguide gives a good
compromise in quality factor, emitted power and pumping efficiency
and scattering of the pumping laser.
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1
1.1

Introduction
Photonic Integrated Circuits

Conventional electronics use Complementary Metal-Oxide-Semiconductor
(CMOS) technology to implement integrated circuits (ICs). In order to
‘keep up’ with Moore’s law [1], the number of transistors per unit area is
continuously increased. It is unclear if these devices will continue to operate
effectively on smaller and smaller scales, as heat from energy dissipation
becomes more problematic [2].
Since the invention of the laser and the optical fiber, modern communication technologies have switched from electric to photonic signals. The
frequency at which the glass fibers operate (in the range of THz) enables
high modulation speed and therefore fast communication. In order to create
energy-efficient optical interconnections, photonic integrated circuits (PICs)
have been developed. Lasers, semi-conductor optical amplifiers (SOA) and
wavelength division multiplexers (WDM) are some examples of integrated
devices in a modern PIC [3][4]. PICs seem to be a suitable substitute for
the electronic ICs. The advantages of PICs are similar to those of ICs,
namely their compact size, energy efficiency, high speed operation and low
cost large-scale fabrication [4].
As research into PICs continues and the technology further develops,
experiments show that these devices could operate in the quantum regime.
Quantized light has unique properties, that are absent for classical radiation.
These properties could play an import role in the realization of quantum
computers. [5]

1.2

Quantum Computers

The idea of a quantum computer originated from the physicist Richard Feynman. In a quantum computer operations are performed on a quantum system rather then on ordinary bits. Where a classical bit always has a value
of 0 or 1, the quantum equivalent of a bit (qubit) is usually expressed as a
superposition of these two states,
|Ψi = c0 |0i + c1 |1i,

(1.1)

where |c0 |2 and |c1 |2 represent the probability of finding 0 or 1 respectively
[3]. Consequently, |c0 |2 + |c1 |2 = 1. The quantum phenomenon of entanglement allows qubits to form multi-particle quantum states. For example the
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entanglement of two qubits generates a state that can be written as
|Ψi = c0 |0, 0i + c1 |1, 1i + c2 |1, 0i + c3 |1, 1i.

(1.2)

It can be seen that the entanglement of two qubits generates a superposition of 4 different states. In general, the entanglement of n qubits generates
a superposition of 2n states, whereas the combination of n classical bits
generates just one single state. The advantage of this becomes clear when
operations are carried out on these (qu)bits. Carrying out an operation on
a n-qubit register means carrying out the operation on 2n classical registers
simultaneously. This enables quantum computers to have a much higher
computational ‘speed’ then classical computers with the same amount of
bits. Moreover, doubling the memory of a classical computer requires doubling of the number of bits, while for a quantum computer this can be
achieved by adding just one singe bit.

Figure 1: Sketch of a QPIC. Drawing made by R. Johne, TU/e. [3]
.
It is still unclear what eventually is going to be the physical implementation of a qubit. One of the most import requisites for quantum computers
is the ‘closed box’ requirement: the computer operations must be isolated
from the rest of the universe, while being under the control of the programmer. Contact with the outside world can cause decoherence and thus the
quantum properties on which the computer relies can be lost. On the first
hand, single-photons seem more promising to be implemented as qubits than
atomic systems, because they can be manipulated and transmitted with low
decoherence. However, the weak interaction between photons makes them
less suitable for processing and for the storage of quantum states. Since
both atomic systems and single-photons don’t have ideal properties, quantum networks have been proposed, where local storage (e.g. through atoms
5

or quantum dots) and decoherence-free transmission through optical channels are combined. A possible solution to realise such a network, requires
the integration of generation, detection, routing, coupling and processing of
single photons in a quantum photonic integrated circuit (QPIC). [3]
During this project an optical interface between an active material and
a bus waveguide is simulated in order to realize a hybrid QPIC. Singlephotons are generated in a III/V-semiconductor, gallium arsenide (GaAs)
from an indium arsenide (InAs) quantum dot (QD), but the manipulations
can be carried out using a silicon circuit. The main advantage consists in
the fact that silicon is compatible with standard CMOS technology used for
electronics and provides low losses waveguides, low losses linear optics and
easy integration with signal processing. This means fabrication is cheaper
and more robust.
In chapter 2 the theory underlying the propagation of light in semiconductor media is described. First the behavior of electromagnetic waves
in homogeneous, isotropic media is explained, then the physics of waveguides and photonic crystals is discussed. Chapter 3 treats the computational
methods used during the research. In chapter 4 the simulation outcomes are
presented and discussed. The first part of this chapter contains the outcome
of the simulations for photonic crystal slabs as interface. In the second part
the simulated optical interface is created by coupling a GaAs photonic crystal nanobeam with a Si ridge waveguide. In the last part of this research,
the feasibility of resonant pumping the quantum dot in a photonic crystal
nanobeam through a Si channel waveguide is explored.

6

2

Theory

In this chapter the theory underpinning the propagation of light in 1D dielectric waveguides is described. Then perturbation theory for dielectric
waveguides and coupled mode theory are introduced. The theory of photonic
crystals is discussed and finally photonic crystal nanobeams and photonic
crystal slabs are presented.

2.1

Electromagnetic Waves in Dielectric Media

The Maxwell equations are the fundamental laws for all electromagnetic phenomena, including the propagation of light in semiconductor media. Generally the four equations are written in differential form
∂B
=0
∂t
∂D
= J,
∇×B−
∂t

∇·D=ρ

∇×E+

∇·B=0

(2.1)

where E is the electric field vector, D the displacement vector, H the magnetic field vector and B the magnetic induction vector and where ρ is the
free charge density and J the free current density. The relations between
the electric field and displacement field and between the magnetic field and
magnetic induction in a homogeneous and isotropic material are given by
the equations
D = εE
(2.2)
and
B = µH

(2.3)

respectively, with ε = ε0 εr , where ε0 is the vacuum permittivity and εr is
the relative permittivity, and µ is the magnetic permeability. For most of
the dielectric media, the relative permeability is (close to) unity. In the rest
of this paper it is therefore assumed that µ = µ0 , where µ0 is the vacuum
permeability. [6] [7] [8]
In dielectric media without sources the free charge and current density
are equal to zero. This simplifies the Maxwell equations to
∂B
=0
∂t
∂D
∇×B−
= 0.
∂t

∇·D=0

∇×E+

∇·B=0

7

(2.4)

Combining equations (2.2), (2.3) and (2.4) now gives the wave equations
for electromagnetic waves in dielectric media. These equations take the
following form:
∂2E
∇2 E = ε 2
(2.5)
∂t
∂2H
.
∂t2
These equations are satisfied by the plane wave equations
∇2 H = ε

(2.6)

E(r, t) = E0 e−i(k·r−ωt)

(2.7)

H(r, t) = H0 e−i(k·r−ωt) ,

(2.8)

where k is the wavevector, r the position vector, ω the angular frequency and
t the time. The fields are complex valued, to get the value of the physical
fields the real part of the complex values should be taken. [6] [7] [8]

2.2
2.2.1

Waveguides
Symmetric Slab Waveguide

A simple form of dielectric waveguides are dielectric slabs. The waveguide
is formed by a thin dielectric layer with a certain refractive index that is
surrounded on two sides by a media with a lower refractive index. For wave
propagation in the z-direction, the refractive index profile of a symmetric
slab waveguide (figure 2) can be given as
(
n1 , |x| < d2
n(x) =
(2.9)
n2 , otherwise,
where d is the thickness of the guiding layer (typically in the order of the
wavelength), n1 the refractive index of the guiding layer, n2 the refractive
index of the cladding and n1 > n2 .
The relation between the refractive index and the relative permittivity
is given by εr = n2 . The plane wave equations in this case take the form
E(x, t) = Em (x)e−i(kz z−ωt)

(2.10)

H(x, t) = Hm (x)e−i(kz z−ωt) ,

(2.11)

where the z component of the wavevector, k z , is known as the propagation
constant. The wavefunctions of the guided modes, Em and Hm , are labelled
8

Figure 2: Schematic representation of a symmetric slab waveguide. ng corresponds to the refractive index of the guiding layer (n1 in the main text),
nb to the refractive index of the cladding (n2 in the main text) and t to the
thickness of the guiding layer. [9]

by the mode number m. The modes can be categorized in three different
sets. The first set consists of modes with an electric field perpendicular
to the y plane, where the name of the plane is based on its normal direction. These waves are called transverse electric (TE) modes. The second
set consists of modes with a magnetic field perpendicular to the y plane,
which are called transverse magnetic (TM) modes. The third and final set
consists of transverse electromagnetic (TEM) modes. These modes are a
combination of TE and TM modes and have their electric and magnetic
field perpendicular to the y plane.[6] [8]
For guided TE modes, the electric field E y can be written as
E y (x, z, t) = E m (x)e−i(kz z−ωt) .

(2.12)

Outside the waveguide, for a guided mode, the field must fall off exponentially. The propagation constant is therefore restricted by
kz >

n2 ω
,
c

(2.13)

where c is the speed of light in vacuum and is given by c = (ε0 µ0 )−1/2 . In
the waveguide, the field much reach a maximum value, due to continuity.
The continuity requirement sets the second restriction on the propagation
constant:
n1 ω
kz <
.
(2.14)
c

9

This results in the electric field of the guided mode E m being given by

d

A sin hx + B cos hx, |x| < 2
E m (x) = Ce−qx ,
(2.15)
x > d2

 qx
d
De ,
x < −2,
q
q
n ω
n ω
with h = ( 1c )2 − k z 2 , q = k z 2 − ( 2c )2 and A, B, C and D constants.
In figure 3 the mode profile of some TE modes is shown. In order to compare the modes, a normalized propagation constant, also known as effective
refractive index neff , can be defined
neff =

kz c
c
= ,
ω
vp

(2.16)

with v p the phase velocity of the mode. [6]

Figure 3: Schematic representation of the mode profile of the TE0 , TE1 and
TE2 mode. [10]
For the TM modes, similar to the TE modes, the magnetic field H y is
given by
H y (x, z, t) = H m (x)e−i(kz z−ωt) ,
(2.17)
10

where


d

A sin hx + B cos hx, |x| < 2
H m (x) = Ce−qx ,
x > d2

 qx
De ,
x < − d2 ,

(2.18)

where A, B, C, D, h and q are the same parameters as in equation (2.15).
Just as for the TE modes, the propagation constant is restricted by equation
(2.13) and (2.14). [6]
2.2.2

Asymmetric Slab Waveguide

A slab waveguide can be asymmetric. For thin waveguides, a substrate may
be needed to support the structure. Depending on the refractive index of
the substrate, the nature of the modes changes in respect to the modes
of a symmetric waveguides. The axes are chosen such that the top of the
waveguide lies at x = 0. The index profile is given by the equation


n1 , x > 0
n(x) = n2 , −d < x < 0
(2.19)


n3 , x < −d,
where n1 is the refractive index of the medium above the waveguide, n2 is
the refractive index of the guiding layer and n3 is refractive index of the
substrate. Generally, n1 < n3 . [6]
In order to have guided modes, similar to the symmetric waveguide, the
propagation constant is restricted by
kz >

n1 ω
c

(2.20)

and

n2 ω
.
(2.21)
c
For the substrate there are two possibilities. The first possibility is the case
where
n3 ω
kz >
.
(2.22)
c
In this case the field will decay exponentially in the substrate, generating
mode profiles similar to the symmetric case. The second possibility is when
kz <

kz <

n3 ω
c

11

(2.23)

The field in the substrate will not exponentially decay, but will show sinusoidal behavior in the substrate. These modes are called substrate radiation
modes, where most of the energy of the modes will flow into the substrate.
[6]
2.2.3

Two Dimensional Waveguides

Slab waveguides are not usually used in PICs. Instead, waveguides are used
for which the energy is confined in two dimensions, e.g. ridge waveguide
(figure 4a), channel waveguide (figure 4b) or waveguides in photonic crystal
slabs. Exact analytic solutions for such waveguides are difficult to find, but
the solutions can be obtained numerically. The effective index theory, for
example, can be used to approximate the modes. The vertical structure
(y-direction) is replaced by a slab with the effective refractive index (neff ,
equation (2.16)) of a slab waveguide with the same structure [6].
The computational methods used for this research are explained in chapter 3.

(a)

(b)

Figure 4: Schematic representation of a ridge (a) and channel (b) waveguide.
Edited from [11].

2.2.4

Perturbation Theory

Suppose a dielectric system (e.g. a slab waveguide) with certain dielectric
constant ε(r) experiences a small change in the dielectric constant ∆ε. The
new dielectric constant can be written as
ε(r) = εa (r) + ∆ε(r),
12

(2.24)

where εa (r) is the dielectric constant before ∆ε(r) is imposed. Perturbation
theory ([12]) can be used to analyze the new modes [6]. The first order
correction of the frequency, ∆ω, as a result of ∆ε(r) can be derived
R
ω ∆ε(r)|E(r)|2 d3 r
∆ω = − R
,
(2.25)
2
ε(r)|E(r)|2 d3 r
where ω is the unperturbed frequency and E is the unperturbed field. [7]
However, in the case of a moving interface, equation (2.25) does not
generally hold. The problem results from the boundary conditions for the
Maxwell equations, where the normal field component E ⊥ is discontinuous,
while the normal displacement field D⊥ (D = εE) and the parallel field
Ek are continues [8][13]. Equation (2.25) gives accurate results for small
differences in ε, but when the difference between the ε on both sides of the
interface becomes significantly big, equation (2.25) does not hold. Instead,
when an interface between two materials, with permittivities ε1 and ε2 ,
is shifted by a distance ∆s towards the material with permittivity ε2 , the
numerator in equation (2.25) changes to a surface integral over the interface.
The frequency change ∆ω (in the first order correction) is now given by
[7][14]

∆ω = −
2.2.5

ω
2

RR h



i
(ε1 − ε2 )|Ek |2 − ε1 − ε1 |D⊥ |2 ∆s · d2 r
1
2
R
.
ε(r)|E(r)|2 d3 r

(2.26)

Coupled Mode Theory

Consider two parallel waveguides far from each other. Their (uncoupled)
guided modes are given by
E1 = E 1 (x, y, z)eiω1 t

E2 = E 2 (x, y, z)eiω2 t .

(2.27)

When the distance d between the two slabs is decreased, the modes will
couple. Assuming that the coupling of the modes µ introduces no loss in
the total energy, the coupling generates a new set of uncoupled modes
Es = (αE 1 (x, y, z) + βE 2 (x, y, z))eiωs t

(2.28)

Eas = (αE 1 (x, y, z) − βE 2 (x, y, z))eiωas t ,

(2.29)

where the subscript s represents the symmetric mode and the subscript as
represents the antisymmetric mode (figure 5a). [3][6]
13

(a)

(b)

Figure 5: (a) Schematic representation of the decoupled modes, represented
by the black lines, and the coupled modes in two parallel slab waveguides of
identical thickness. (b) “Frequency tuning as a function of the normalized
inter-membrane separation.” [3]

The frequencies of the symmetric and antisymmetric mode are given by
r
∆ω 2
ω s,as = ω̄ ∓
+ µ2 ,
(2.30)
2
with ω̄ the average frequency and ∆ω the difference between the frequencies
of the uncoupled modes. It can be seen that the symmetric mode thus has
a lower frequency than the asymmetric one.
When the overlap of the evanescent tales of the uncoupled modes is
larger, the coupling will be stronger. Consequently, when the distance d
between the two slabs is reduced, the coupling will increase. The relation
between the distance and the coupling is given by
µ = Ae−γd ,

14

(2.31)

with γ the spatial decay of the evanescent mode and A the result of the
overlap integral with the in-plane contributions. [3]

2.3

Photonic Crystals

A photonic crystal (PhC) is a low-loss periodic dielectric structure, that
can be designed to prevent the propagation of light in certain directions
for certain frequencies. In a photonic crystal, the (relative) permittivity is
dependent on the position in the crystal (ε = ε(r)) with a certain periodicity.
Assuming E and H to satisfy equation (2.7) and (2.8), the Maxwell equations
can be reduced to an eigenvalue problem, known as the master equation [3]
[7]
∇×

 1
  ω 2
H(r).
∇ × H(r) =
ε(r)
c

(2.32)

Because of the periodicity of ε(r), a PhC has discrete translational symmetry. Due to this symmetry, the modes of the system are Bloch states. For
symmetry in all directions, each modes eigenvector Hk can thus be written
in the form
Hk (r) = uk (r)eik·r ,
(2.33)
where uk is a periodic function known as Bloch function (with the same
periodicity of as the permittivity). The index k is the Bloch wavevector.
k labels the modes. When implementing equation (2.33) in the master
equation (equation (2.32)), for each k all ‘allowed’ eigenfrequencies ω(k) can
be determined. There are an infinite number of eigenfrequencies ω n per k.
These eigenfrequencies are labelled in order of increasing frequency, by the
band number n. Plotting ω(k) against k gives the photonic bandstructure.
A PhC can be designed in such a way that a photonic bandgap is created.
A photonic bandgap occurs when certain values of ω do not correspond to
a Bloch state. This means that when ω(k) is plotted against k there are
regions where no ω exists for any k. In other words, a gap in the photonic
bandstructure occurs. [3] [7]
2.3.1

Photonic Crystal Nanobeams

Consider a ridge waveguide in which cylindrical holes are drilled. Such structure can also be referred to as ‘photonic crystal nanobeam’. The waveguide
extends infinitely in the x-direction and has a finite width in the y- and
z-direction (figure 7a). [7]
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Figure 6: Plot of the bandstructure for (left to right) bulk GaAs,
GaAs/GaAlAs multilayer and GaAs/Air multilayer. For the multilayers,
the bandgaps are marked yellow. [7]

(a)

(b)

Figure 7: (a) Schematic representation of a PhC nanobeam. (b) Photonic
bandstructure of ridge waveguide with cylindrical holes. The purple area
represents the light cone. The bandstructure has an incomplete bandgap.
The TE-like modes are marked with an ‘E’, while the TM-like modes are
marked with an ‘M’. The subscripts ‘e’ and ‘o’ refer to an even or odd,
respectively, y reflection. Edited from [7].

Due to the holes a so called photonic bandgap is created in the bandstructure of the crystal (figure 7b). The region in the bandstructure where
ω ≥ ck is called the light cone. The modes that lie in the light cone are

16

called radiation modes. Radiation modes are not confined by the waveguide.
As can be seen in figure 7b there’s no bandgap inside the light cone. In other
words, the modes within the light cone exist for any ω. A bandgap that only
occurs for the guided modes is called an incomplete bandgap. Unlike the
slab waveguides, both the z = 0 and the y = 0 planes are symmetry planes
of the nanobeam. As a result of these two symmetry planes no pure TE
or TM modes exist. Therefore the modes are defined as either TE-like or
TM-like, where the TE-like modes have an even z reflection of the electric
field, while the TM-like modes have an odd z reflection. [7]
By adding defects to the holes, e.g. enlarging/reducing the hole size or
changing the spacing between holes, a cavity can be created. Due to the
defect, modes from above the bandgap are pulled inside the gap, causing a
cavity resonance for a certain ω. Because of the incomplete bandgap, there
are also leaky modes a the ω of the cavity mode. The cavity modes will
couple to the light cone of the same ω and thus ‘leaks’ into the surrounding.
[7]
γt
The field of these leaky modes decays exponentially, with e− 2 [7]. The
frequency of the modes can be described as a complex frequency ω c = ω −
i γ2 , with γ the energy-loss rate (the energy of the electric field is directly
proportional to |E|2 ). The loss is expressed in the dimensionless quality
factor Q, which is defined as [7]
ω
.
γ

Q=

Since γ corresponds to the decay rate of the energy,
dimensionless decay rate and thus
1
P
=
,
Q
ωU

(2.34)
1
Q

can be seen as the

(2.35)

with P the outgoing power and U the energy localized in the cavity.
When an atom or quantum dot (QD) is placed in the center of the cavity,
single photons can be generated using spontaneous emission. Cavities can be
designed in order to enhance the spontaneous emission rate of the atom/QD.
The enhancement of the spontaneous emission rate is called the Purcell effect
and expressed in the Purcell factor
FP =

Γcav
,
Γvac

(2.36)

where Γcav and Γvac are the spontaneous emission rate in the cavity and
in free space respectively and can be calculated using Fermi’s golden rule
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[2]. Assuming a Lorentzian density of states (DOS), the maximum Purcell
factor is given by
Γcav
3 Qλ2
FP =
= 2
,
(2.37)
Γvac
4π V eff
with Q the quality factor, λ the wavelength of the sponteneous emission and
V eff the effective mode volume of the cavity. V eff can be calculated using
[2][3]
R
ε(r)|E(r)|2 d3 r

.
V eff =
(2.38)
max ε(r)|E(r)|2
2.3.2

Photonic Crystal Slabs

Where ridge waveguides have both a finite width in the y and z direction,
dielectric slabs waveguides (as discussed in section 2.2) are only confined in
one direction (in this case z). Photonic crystal slabs are thus two dimensional
PhCs, that have periodic cylindrical holes in both the x and y direction
(figure 8a). [7]
Similar to the nanobeams, TE-like and TM-like modes can be defined.
Again the TE-like modes are the modes where the electric field has an even
reflection in the symmetry plane (z = 0), for the TM-like modes the electric
field has an odd reflection in the z = 0 plane. As can be seen in figure 8b
there is a clear TE-like incomplete bandgap in a PhC slab. [7]
By adding defects to the holes, cavities (e.g. figure 9a) and waveguides
(e.g. figure 9b) in PhC slabs can be created. Similar to the nanobeam
cavities, the cavity modes couple to the light cone. The resulting losses are
expressed in terms of the (dimensionless) quality factor Q given by equation
(2.34). Cavities in PhC slabs are, just like in nanobeams, albe to enhance
spontaneous emission. The enhancement is expressed in the Purcell factor
defined as in equation (2.37).
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(a)

(b)

Figure 8: (a) Schematic representation of a PhC slab. (b) Photonic bandstructure of a PhC slab. The light cone, TE-like bandgap between the first
and second band, TE-like modes and TM-like modes are represented by the
purple and red shading and the red and blue lines respectively. Edited from
[7].

(a)

(b)

Figure 9: (a) Schematic representation of an L3 cavity. Three holes are
removed with respect to the PhC slab in figure 8a. (b) Schematic representation of a PhC slab waveguide. Edited from [7].
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3

Methods

In this chapter the computational methods used for the simulation of the
photonic interface are described. The simulations are started on PhC slabs.
Because PhC nanobeams - due to their shape - are easier to integrate with
2D waveguides than PhC slabs, the switch to PhC nanobeams is made. For
both the slabs and nanobeam simulations, the online 1D solvers are briefly
explained. Then the finite element method (FEM) in COMSOL is discussed.
For more details about the FEM simulations see appendix A of reference [3]
by L. Midolo.

3.1

The 1D Solver

In order to get a quick estimation on the desired layer thicknesses of the different slabs before doing the 3D simulations, 1D simulations are carried out.
The online 1D mode solver for dielectric multilayer slab waveguides ([15])
made by M. Hammer is used. With this solver, the propagation constant,
the effective refractive index of the mode and the mode profile for the slabs
can be approximated. By employing the parametric scan embedded in the
online solver, the ‘modal dispersion properties’ (effective refractive index)
for a sweep of the thickness of one of the layers can be examined. [16]
To get the expected mode profiles for the PhC nanobeams, also 1D
simulations are used. A different solver, the 2D multilayer waveguide mode
solver ([17]) made by M. Hammer, is employed. An approximation of the
propagation constant, the effective refractive index and the mode profiles are
derived by the solver. The solutions are found by a variant of the effective
index theory (section 2.2.3). [18]

3.2

Finite Element Method

All 3D simulations are done in COMSOL (version 5.2a) and/or the COMSOL with MATLAB (version R2017a) extension. The geometries were build
in the RF-module of COMSOL. The study ‘Eigenfrequency’, which solves
the eigenvalue problem characterizing the system, is used to find the mode
profile, losses and frequency of the fundamental modes of the geometries.
The eigenvalues were sought around a wavelength of 1310nm.
COMSOL shows an imaginary eigenfrequency ω eig :
ω eig = ω + iκ.
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(3.1)

In accordance with equation (2.34), the quality factor Q can thus be determined by
ω
Q=
.
(3.2)
2κ
Q can also be obtained by evaluating the quantity emw.Qf actor with ‘Global
Evaluation’ in COMSOL. To determine the Purcell factor (equation (2.37)),
the COMSOL functions ‘Volume Integration’ and ‘Volume Maximum’ are
used to calculate V eff according to equation (2.38). To quantify the fraction
of energy of the fundamental mode contained in the GaAs slab, a confinement factor Γ is defined:
R
ε(r)|E(r)|2 d3 r
R
Γ = cav
,
(3.3)
2 3
total ε(r)|E(r)| d r
where the integration volume cav corresponds to the volume of the GaAs
and total corresponds to the total volume of the geometry (excluding the
PML, see section 3.4). Note that this Γ must not be confused with the
spontaneous emission rate Γ of equation (2.36).
For the PhC nanobeams, a dipole, with the same polarization as the
fundamental cavity mode, is placed near the center of the cavity (where the
maximum of the field is expected). With the frequency domain in COMSOL, the spontaneous emission by a quantum dot is simulated [3]. From
this simulation, the fraction of the emitted power flowing into the Si ‘bus’
waveguide (see section 4.4.1) is determined. This ratio is expressed by the
β factor, given by
R
|hS⊥ (r)i|d2 r
β = R Si
,
(3.4)
2
total |hS ⊥ (r)i|d r
where |hS ⊥ i| is the absolute value of the component of the time-averaged
Poynting vector (S = E × H [6]) normal to the surface under consideration.
The areas of integration, referred to as Si and total in equation (3.4), are
the surfaces adjacent to the perfectly matched layers (PML, see section 3.4),
where Si is the interface between the bus waveguide and the PML and total
the total outer surface of the structure adjacent to the PML.
Finally, the feasibility of pumping a quantum dot in the PhC nanobeam
cavity with an Si channel waveguide (figure 4b) perpendicular to the PhC
nanobeam is investigated. In order to simulate the resonant pump laser,
a dipole with the same polarization as the Si fundamental mode is placed
in the channel waveguide. A parametric sweep in the frequency domain is
done near the fundamental frequency of the GaAs PhC nanobeam. In order
to analyze the possibility of pumping, the transmission and the ‘pumping
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efficiency’ are measured. The transmission T is defined as the ratio between
the power flowing out at the end of the GaAs nanobeam and the power
flowing through the Si channel waveguide in the direction of the cavity,
R
|hSi|d2 r
T = R GaAs
,
(3.5)
2
channel |hSi|d r
where the integration area indicated as GaAs is the interface area between
the GaAs and the PML and the area indicated as channel is the cross section
of the channel waveguide between the dipole and the cavity at 1.6µm from
the center of the cavity. The pumping efficiency η is defined as the ratio
between the maximum value of the energy at the center of the cavity (as a
result of the light emitted by the dipole) and the maximum of the energy at
the center of the channel waveguide on the channel surface. η is given by


maxcenter cavity ε(r)|E(r)|2

 .
η=
(3.6)
maxchannel ε(r)|E(r)|2
While for most simulations two symmetry planes are used (see section 3.4),
in the case of the ‘resonant excitation’ simulation, only one symmetry plane
is employed. This is because the dipole on one end of the channel waveguide
breaks the y symmetry of the structure. Simulating just one fourth of the
structure, with the y symmetry plane, would result in a mirrored dipole on
the other end of the structure.

3.3

Materials

The coupling between gallium arsenide (GaAs) and silicon waveguides is simulated, where the cavity is located in the GaAs. For the silicon layer/waveguide
a standard thickness of 220nm is chosen. The thickness of the GaAs, that
produces the same neff for a 2D slab, is determined to be 258nm (see section
4.1). The GaAs and Si are separated by a layer of silica (SiO2 ) with varying
thickness. The silica will probably be replaced by a layer of benzocylobutene
(BCB) in fabrication [19]. The material above the waveguide is assumed to
be air.
COMSOL requires a relative permittivity of the materials (εr = n2 , with
n the refractive index). Since single photon generation currently requires
low temperature (around T = 10K), the refractive indexes of the materials
for a wavelength of 1310nm at low temperature were determined. For Si the
refractive index at T = 30K is equal to 3, 475 [20]. Because the temperature
22

dependence of the refractive index between T = 10K and T = 30K is
negligible, it is plausible to assume that at T = 10K the refractive index of
Si nSi = 3, 475. For the same reasons the refractive index of SiO2 was set to
nSiO2 = 1.445 [21]. The refractive index of the air was set to nair = 1.
The approximation of the refractive index of GaAs at low temperature is
done using the model by Y.P. Varshni [22] for the temperature dependence
of the bandgap in semiconductors. According to this model, the bandgap
in GaAs for T = 0K lies at a wavelength of 815nm. Experiments have
shown that the bandgap at T = 300K lies at a wavelength of 871nm [23].
When the temperature is increased from low temperature to T = 300K,
the bandgap shifts over a distance of 56nm in wavelength. The assumption
is made, that the same shift occurs for the refractive index. Therefore, to
approximate the refractive index of GaAs for a wavelength of 1310nm at low
temperature, the assumption nGaAs (T = 10K, λ = 1310nm) = nGaAs (T =
300K, λ = 1366nm) = 3.39 was made [24].

3.4

Boundary Conditions

To decrease the computational time, the symmetries of the structures and
modes are exploited. Since the modes have two symmetry planes, namely
the x and y planes through the middle of the structure, only one fourth
of the structures is built in COMSOL. Since we focus on the fundamental
mode, the boundary conditions for the x symmetry plane are set to perfect magnetic conductor (PMC), while the boundary conditions for the y
symmetry plane are set to perfect electric conductor (PEC) [3]. The PEC
and PMC conditions set the tangential electric field and tangential magnetic
field, respectively, to zero. Reflection from the open boundaries is prevented
by perfectly matched layers (PML). All open boundaries where blocked by
a 500nm thick PML layer. [3]
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4

Results/Discussion

In this section the simulation results are presented and discussed. First,
the outcome of the simulations with the online 1D solver for multilayered
slabs is treated. Then, the PhC slabs are examined in 3D simulations. The
switch to PhC nanobeams is made. Again, the simulations are started in
1D and continued in 3D. For the 3D simulations, first the geometries and
cavity designs are given.

4.1

1D Slabs

As discussed in section 3.1 an online 1D solver [15] was used to get an estimation of the layer thicknesses of the slabs before doing the 3D simulations.
The effective refractive index of the fundamental mode at a wavelength of
1310nm was determined for a symmetric slab waveguide with a thickness
dSi = 220nm, covered by SiO2 (see green dotted line in figure 10). Then,
the effective refractive index of a GaAs waveguide with varying thickness,
dGaAs , was calculated. It is assumed that the GaAs was on top of a SiO2
substrate and was covered by air, resulting in an asymmetric configuration.
Figure 10 shows the dependance of the effective refractive index, nef f , on
dGaAs for several modes. The thickness for which the neff of the fundamental mode for the GaAs waveguide matches the neff (dSi = 220nm) for the Si
waveguide was determined to be dGaAs = 258nm.
Next, the range of thicknesses of the intermediate layer of silica, where
coupling between the Si slab waveguide and GaAs PhC slab is expected, was
determined. A parametric sweep for dSiO2 was made on the multilayered
structure shown in figure 11. In figure 12 the modal dispersion is plotted
as a function of dSiO2 . The symmetric (TE0 ) and antisymmetric (TE1 )
mode resulting from the coupling of the fundamental modes for two slab
waveguides, can be identified for dSiO2 < 300nm.
The y component of the electric field E y of the (fundamental) symmetric
and antisymmetric modes for different values of dSiO2 is plotted in figure 13.
For increasing thickness of the silica layer, the modes begin to decouple,
until they are completely decoupled for dSiO2 = 1µm. For dSiO2 = 600nm
the modes are predominantly confined in one of the two slabs, with the
anti-symmetric mode mainly in the GaAs slab.
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Figure 10: Model dispersion of the asymmetric GaAs waveguide as a function of the dGaAs . The dispersion for the TE0 , TE1 , TM0 and TM1 are
shown. The broken line represents the neff of fundamental mode (T E 0 ) for
the symmetric slab waveguide with a Si guiding layer.

Figure 11: Schematic representation of the multilayered slab structure for
which the parametric sweep of dSiO2 is executed.
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Figure 12: Modal dispersion for the multilayered slab structure shown in
figure 11 as a function of t2 (dSiO2 in the main text).

(a)

(b)

(c)

(d)

Figure 13: E y for different values of dSiO2 . (a) dSiO2 = 200nm. (b) dSiO2 =
400nm. (c) dSiO2 = 600nm. (d) dSiO2 = 1µm. In (a) the slab materials are
identified.
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4.2
4.2.1

3D Slabs
Geometry

For the simulation of the eigenfrequencies on a PhC slab geometry, the L3
cavity (figure 9a) was chosen for its relatively high Q factor [3] [25]. The
cavity design adopted by F. Pagliano, with the lattice constant a = 320nm
and the radius of the holes R = 0.28a, is used in this research as well [2].
The number of holes from the center to the side of the slab was set to 8
in the direction of both primitive lattice vectors. A 500nm pad is placed
between the holes and the PML. The complete simulated PhC slab geometry
is presented in figure 14.

(a)

(b)

(c)

Figure 14: (a) Transparent view of the PhC slab geometry. (b) PhC slab
geometry with all components in a different color. The dark blue corresponds
to the PML, light blue to air, red to GaAs, purple to SiO2 , pink to Si.
(c) PhC slab with the symmetry boundaries in a different color. Yellow
corresponds to a PMC boundary, blue to PEC.

4.2.2

Mode Profile

From the 1D simulations, it is expected to find two modes, a symmetric
and an antisymmetric mode. Instead with the 3D cavity simulation, only
one fundamental mode is found. The y components of the electric field are
plotted as a color-coded plot in figure 15, for the center of the cavity and
for the center of the Si slab, in the z plane. It can be seen, that the found
fundamental mode is an antisymmetric mode. A possible explanation is that
the symmetric mode is predominantly located in the Si slab. Since the Si
slab does not confine the mode in either the x or y direction, the symmetric
mode is leaky and is not found with the 3D simulation.
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(a)

(b)

Figure 15: Color-coded plot of the Ey in the z plane at (a) the center of
GaAs slab and (b) the center of the Si slab for dSiO2 = 100nm.

Figure 16: Color-coded plot of the norm of the field |E| at the centre of the
GaAs PhC slab.

A color-coded plot of the norm of the field |E| for the found mode, in
the z plane at the centre of the L3 cavity, is given in figure 16. For all values
of dSiO2 it is found that the norm of the field at the center of the cavity has
(approximately) the same profile.
In the vertical direction the distribution of the field is strongly dependent
of the thickness of the intermediate SiO2 layer. In particular, for a smaller
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distance between the Si and the GaAs slab, the amplitude of the field in
the Si slab is higher. In figure 17 and 18 |E| is plotted as a color-coded
plot in the x plane at the center of the geometry and in the z plane at the
center of the Si slab, respectively. As can be seen in figure 18, the amplitude
distribution in the Si slab - when the GaAs and Si slab are close together
- shows a clear resemblance with the near field distribution in the cavity.
When the distance between the two slabs is increased to more than 300nm
this resemblance disappears and the mode profile in the Si slab becomes
similar to the far field of the L3 cavity. This qualitative argument indicates
that the cavity mode couples to the Si slab when the slabs are close together,
but starts to decouple when dSiO2 > 300nm, as expected from the 1D solver.
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(a)

(b)

(c)

(d)

Figure 17: Color-coded plot of the norm of the field |E| in the x plane
at the center of the geometry for varying dSiO2 . (a) dSiO2 = 50nm (b)
dSiO2 = 150nm (c) dSiO2 = 300nm (d) dSiO2 = 600nm. In (d) the geometry
components are named.
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(a)

(b)

(c)

(d)

Figure 18: Color-coded plot of norm of the field |E| in the z plane at the
center of the Si slab for varying dSiO2 . (a) dSiO2 = 50nm (b) dSiO2 = 300nm
(c) dSiO2 = 400nm (d) dSiO2 = 600nm.

4.2.3

Mode Properties

The found fundamental mode was found at a wavelength of λ = 1272nm
for large dSiO2 . The wavelength λ is plotted in figure 19 as a function of
dSiO2 . The simulations show that a monotonic blueshift occurs when dSiO2
is decreased. Because decreasing the distance between the GaAs and Si slab
means shifting the interfaces between the Si and the SiO2 towards the GaAs
PhC slab, perturbation theory for shifting boundaries (equation (2.26)) is
exploited to analyze the expected frequency shift.
As unperturbed system the geometry with dSiO2 = 800nm is taken.
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To calculate the expected frequency shift with respect to the unperturbed
situation, e.g. for dSiO2 = 500, the surface integral from equation (2.26)
is evaluated for the z plane positioned at a distance ∆s = 300nm (∆s =
800nm − dSiO2 ) above the top surface of the Si slab, with ε1 = ε0 n2Si and
ε2 = ε0 n2SiO , and a distance ∆s above the bottom surface of the Si slab,
2
with ε1 = ε0 n2SiO and ε2 = ε0 n2Si . The volume integral in the denominator
2
in equation (2.26) is taken over the entire volume of the geometry of the
unperturbed system (excluding the PML).
The amplitude of the electric field at the top of the Si slab (close to the
cavity) is higher than at the bottom of the Si slab (away from the cavity). As
a result of this, the effect of the movement of the top interface will dominate
the frequency shift. Because for the top surface ε1 > ε2 , ∆ω is expected to
be negative and thus a blueshift is expected [26], which is in agreement with
the simulation results.
In figure 20 the ratio of the frequency change ∆ω over the frequency
of the unperturbed fundamental mode ω for both the simulated and the
calculated value is plotted against the thickness of the intermediate layer.
Although there is a qualitative agreement between these curves, the values
of ∆ω
ω are significantly smaller for the simulations than for the calculations.
It is possible that the calculated values are off, because the effect of the
coupling to the Si slab for small dSiO2 cannot be accounted in this firstorder perturbation framework.

Figure 19: Plot of the wavelength λ against the thickness of the intermediate
SiO2 layer. The red line represents the λ for the GaAs PhC slab without a
Si slab underneath.
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(a)

(b)

Figure 20: (a) Plot of ∆ω
ω against the thickness of the intermediate SiO2
layer as simulated in COMSOL. (b) Plot of ∆ω
ω against the thickness of the
intermediate SiO2 layer as calculated with perturbation theory for moving
interfaces from equation 2.26.

The dependance of the quality factor Q, effective mode volume Vef f ,
maximum Purcell factor FP and confinement factor Γ on dSiO2 is plotted in
figure 21. For dSiO2 > 250 the quality factor is not affected by the perturbation (Q > 1000). The change in Q, however, is not monotonic. A maximum
value of Q = 1456 is achieved for dSiO2 = 400nm. The appearance of this
maximum can be associated with an interference effect that reduces the
amount of leaky modes in the PhC. A quantitative explanation of this loss
is outside the scope of this research [27].
As expected, the loss via the Si slab increases for decreasing dSiO2 . Consequently, the quality factor Q decreases and the effective mode volume
Vef f increases, when the distance between the GaAs and Si slabs becomes
smaller. Because the change in Vef f is negligible with respect to the increase
in Q, FP has the same dependence on dSiO2 as Q.
The confinement factor Γ shows an opposite behavior with respect to
Vef f , which is expected.
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(a)

(b)

(c)

(d)

Figure 21: Plot of (a) the quality factor, (b) effective mode volume, (c) the
maximum Purcell factor and (d) the confinement factor against the thickness
of the intermediate SiO2 layer. The red line in (a) represents the quality
factor for the fundamental mode of the GaAs PhC slab without a Si slab
underneath.

It can be concluded that the qualitative picture arising from the 1D
model, which predicts a symmetric and an antisymmetric mode, fails to
describe the 3D PhC structures. Therefore, to obtain the modes and wavelengths for a system consisting of a high-Q PhC cavity and a (high index)
slab waveguide, 3D simulations should be employed. The executed 3D simulations show the behavior expected from the theory for 2D PhC slabs.
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Because integration with 2D waveguides is easier for PhC nanobeams, in
the rest of this research, the focus of the simulations is moved to 1D PhC
nanobeams. In the next section, a 1D solver similar to the one used for the
slabs will be exploited. After the 1D calculations, 3D structures with PhC
nanobeams will be simulated.

4.3

1D Nanobeam with Bus Waveguide

The 1D simulations are, just as the simulations on PhC slabs, started
with a 1D online solver by M. Hammer [17]. The expected mode profiles are calculated for the structure given in figure 22. The width of the
nanobeams/waveguides is set to b = 700nm after the design by Q. Quan et
al. [28]. Just as for the slabs the thicknesses of the GaAs and the Si are set
to dGaAs = 258nm and dSi = 220nm.

Figure 22: Schematic representation of the nanobeam structure.

In figure 23 the calculated mode profiles for dSiO2 = 350nm and dSiO2 =
600nm are shown. As expected, just as for the 1D solver on the multilayered
slab, two modes are found, a symmetric and an antisymmetric mode. Again,
for dSiO2 = 600nm, the modes are predominantly in either the GaAs or the
Si. Unlike for the slab geometry, the symmetric mode is located mainly in
the GaAs (see discussion below).
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(a)

(b)

(c)

(d)

Figure 23: Mode profile (Ey ) for the symmetric the antisymmetric mode for
dSiO2 = 350nm, respectively (a) and (b), and for dSiO2 = 600nm.

4.4
4.4.1

3D Nanobeam with Bus Waveguide
Geometry

Q. Quan et al. presented in [28] and [29] a deterministic way to design an
ultra-high Q PhC nanobeam cavity, with high transmission. Due to its high
Q and high transmission T , the quadratic tapered cavity ([28]) was adopted
as cavity design for the nanobeams. The holes in the center of this cavity
have a filling fraction f = 0.2, where f is related to the radius R of the hole
2
by f = πR
ab , with a the lattice constant, a = 330nm, and b the width of the
nanobeam, b = 700nm. Moving away from the center, the filling fraction f
of the holes decreases quadratically. In 15 holes f is decreased from f = 0.2
at the center to f = 0.1. An extra 10 holes with f = 0.1 are added after the
15th hole. Because of the x symmetry plane, only half of the holes are built
in COMSOL.
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At first a 1µm pad is placed between the holes and the PML. In a second
set of simulations the GaAs and SiO2 nanobeams are cut before reaching
the PML, while the Si nanobeam and SiO2 substrate continue up to the
PML (figure 24c and 24d). The nanobeam geometries are shown in figure
24. Note that the width of the nanobeam in the realized geometries is only
350nm because of the y symmetry plane.

(a)

(b)

(c)

(d)

Figure 24: (a) Transparent view of the PhC nanobeam geometry. (b) PhC
nanobeam geometry with all components in a different color . The dark
blue corresponds to the PML, light blue to air, red to GaAs, purple to SiO2 ,
pink to Si. (c) Transparent view of the PhC nanobeam geometry with cut
GaAs and SiO2 . (d) Cut PhC nanobeam geometry with all components in
a different color. The symmetry borders of both structures are set the same
as figure 14c.
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4.4.2

Mode Profile without Cut-Off

As mentioned, the first simulations are done on the PhC nanobeams without
cut off GaAs. Like for the PhC slabs, only one fundamental mode is found,
instead of a pair of symmetric and antisymmetric modes. In figure 25 shows
the y component of the electric field, in the x plane at the center of the
cavity, for dSiO2 = 160nm. The 1D simulations showed the symmetric
mode to localize predominantly in the GaAs. Unexpectedly, the calculated
fundamental modes for the 3D simulations are antisymmetric, as can be seen
in figure 25.

Figure 25: Color-coded plot of Ey at the center of the cavity, in the x plane.
dSiO2 = 160nm.
The reason the antisymmetric mode is found, can be found in the electromagnetic variational theorem [7]. In short, this theorem states that the
mode with the lowest ω, typically the symmetric mode, will localize in the
region with the highest dielectric constant and minimize the oscillations of
the field. For the 1D simulation, the nef f for the top waveguide of the
structure - consisting of air, with the GaAs and SiO2 ridge waveguides is higher than for the bottom waveguide - consisting of the Si ridge waveguides encapsulated in a SiO2 cladding -, as can be verified with the 1D solver
(nef f,top = 2.81 and nef f,bottom = 2.74). Consequently, in the 1D simulations, the symmetric mode tends to localize in the GaAs waveguide and the
antisymmetric mode in the Si waveguide.
Importantly, for the 3D simulations, the GaAs PhC nanobeam contains
holes, filled with air. These holes reduce the nef f of the GaAs nanobeam,
38

causing the symmetric mode to localize in the Si waveguide. As a result, the
antisymmetric mode now localizes in the GaAs nanobeam. The Si waveguide
does not confine the mode in the x direction, differently from the GaAs PhC
nanobeam. Therefore, only the antisymmetric mode is supported by the
structure and is found in the 3D simulations.
To verify this explanation, a sweep for the refractive index of the bus
waveguide is carried out for dSiO2 = 220nm. The wavelengths for the calculated fundamental modes are plotted in figure 26, where the black squares
indicate symmetric modes and the red dots indicate antisymmetric modes.
It can be noticed that for a low refractive index n of the bus waveguide, a
symmetric mode is found, while for higher index an antisymmetric mode is
observed.

Figure 26: Plot of λ of the fundamental cavity mode against the refractive
index n of the bus waveguide (dSiO2 = 220nm). The black squares indicate
symmetric, the red dots antisymmetric profiles.

In figure 27 the norm of the field in the center of the cavity is displayed
as a color-coded plot. Just as for the PhC slabs, the cavity modes have
approximately the same profile for every dSiO2 . Although the amplitude
of the field in the bus waveguide decreases with increasing dSiO2 , the mode
profile in the Si waveguide keeps resembling the near field of the cavity mode
even for dSiO2 = 700nm (see figure 28).
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Figure 27: Color-coded plot of the norm of the field |E| at the centre of the
GaAs PhC nanobeam. The part in the red squared, is zoomed on.

(a)

(b)

Figure 28: Color-coded plot of norm of the field |E| in the z plane at the
center of the Si bus waveguide for varying dSiO2 . The part in the red squared,
is zoomed on. (a) dSiO2 = 200nm (b) dSiO2 = 700nm.

4.4.3

Mode Properties without Cut-Off

The fundamental mode for the PhC nanobeams with large dSiO2 has a wavelength of λ = 1447nm. In analogy with the calculations on the 2D PhC slab
in section, a blueshift is evident, when dSiO2 is decreased (figure 29).
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Figure 29: Plot of λ against dSiO2 .

The quality factor Q, effective volume Vef f , maximum Purcell factor
FP and confinement factor Γ for the PhC nanobeam without cut-off GaAs
are shown in figure 30 for different values of dSiO2 . As expected from [28],
very high quality factors (Q > 1 · 106 ) are obtained. For dSiO2 > 250nm,
Q shows the expected exponential behavior (note that figure 30a is scaled
logarithmical on the vertical axis). Q has a maximum value of Q = 1.125·107
for dSiO2 = 500nm. The drop of Q for dSiO2 = 700nm can be attributed
to a simulation artifact related to the presence of the PML region close to
the simulated structure. This results in (artificial) loss due to absorption by
the PML. Because the PML had influence on the simulation, the data for
dSiO2 = 700nm are not taken into account in the remainder of this research.
A minimum value of Q = 2.058 · 104 for dSiO2 = 140nm occurs. For smaller
dSiO2 an increase in Q can be seen. The appearance of the minimum and
the increase of Q could be originated from interference effects. In 2011 N. Le
Thomas and R. Houdré showed that a planar reflector, through interference,
can cancel the magnitude of leaky modes and thereby increase the Q of the
cavity [27].
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(a)

(b)

(c)

(d)

Figure 30: Plot of (a) the quality factor, (b) effective mode volume, (c) the
maximum Purcell factor and (d) the confinement factor against the thickness
of the intermediate SiO2 layer. The vertical axes in (a) and (c) are scaled
logarithmical.

The effective mode volume Vef f shows the same general behavior as for
the slabs.1 Just as for the PhC slabs, the Purcell factor shows the same
dependance on dSiO2 as Q, while Γ behaves opposite to Vef f .
1
At multiple points the calculated Vef f deviates from the general trend. These deviations are expected to be the result of a coarse mesh and differences in the mesh for two
separate parametric sweeps. The PML coming closer to the GaAs may also have played
a role in these deviations.
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In the following, the coupling efficiency of an emitter located in the GaAs
PhC nanobeam into the Si waveguide is discussed. A dipole is placed at the
maximum of the field and set at the frequency of the fundamental cavity
modes. From these simulations, the β factor as defined in equation (3.4)
is determined for varying dSiO2 . Additionally, the fraction of the emitted
power flowing through the GaAs waveguide, βGaAs , is determined.2 As
expected, for large dSiO2 , less light is coupled into the bus waveguide and
thus the β factor drops.
For small dSiO2 - dSiO2 < 200nm - a decrease in β is observed (figure
32). For these values of dSiO2 the βGaAs increases, indicating that the power
is coupled to the GaAs waveguide at the end of the structure. From coupled
mode theory, the power in two parallel waveguides is expected to oscillate up
and down, with a period depending on the distance between the waveguides
[6]. The distribution of β and βGaAs for dSiO2 agrees with this picture and
is similar to a directional coupler (figure 31).

Figure 31: Schematic representation directional coupling of the light in the
geometry with bus waveguide.

A maximum value of β = 0.787 is observed for dSiO2 = 300nm. In
order to increase the power output in the Si waveguide and avoid power
oscillations, the GaAs is cut before reaching the PML (figure 24c and 24d).
By cutting the GaAs, the power will not oscillate up and down between
the two waveguides. The simulations outcomes for the cut-off geometry are
presented in the following sections.
2

βGaAs is defined in the same way as β, but with the interface of the GaAs adjacent
to the PML as integrated surface for the nominator.
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(a)

(b)

Figure 32: Plot of (a) the βSi (β in the main text, equation (3.4)) and (b)
the βGaAs against the thickness of the intermediate SiO2 layer.

4.4.4

Mode Profile with Cut-Off

The fundamental mode for the geometry with cut-off GaAs has the same
mode profile as for the structure without cut. In figure 33 the norm of the
field, at the center of the cavity, in the z plane, is plotted as a color-coded
plot. In figure 34 |E| is plotted in the x plane after the GaAs is cut of. It
can be seen that the field is localized in the Si slab.
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Figure 33: Color-coded plot of |E| in the z plane at the center of the cavity
for the structure with GaAs cut-off.

Figure 34: Color-coded plot of |E| in the x plane after the GaAs is cut-off.

4.4.5

Mode Properties with Cut-Off

The wavelength λ, just as the mode profile, is determined to be the same
as for the geometry without cut-off GaAs (λ = 1447nm). Exactly the same
blueshift is observed (see figure 35).
From figure 36 it can be concluded that also the behavior of Q, Vef f ,
the maximum FP and Γ factor is not affected by the cut. The maximum
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Figure 35: Plot of λ against dSiO2 for the structure with cut-off GaAs.

value of Q has increased to Q = 2.42 · 107 , while the minimum value of Q
has slightly decreased to Q = 2.052 · 104 (both at the same dSiO2 as for the
geometry without cut).
The main reason to cut the GaAs was to increase β. As can be seen in
figure 37, an increase in β has been achieved. A maximum value of β = 0.819
has been achieved for dSiO2 = 250nm. Furthermore, for dSiO2 < 200nm the
β factor remains high (around 0.8). This indicates that indeed, the light
does not couple back to the GaAs.
It can be concluded that the high Q factor and high β have been obtained
in this design of a hybrid platform. In the range of dSiO2 = 200nm−350nm,
a high quality factor along with high β is achieved. It is expected that even
higher β factors are possible. In this research, the cut of the GaAs was
made 1µm from the PML (at the beginning of the padding). As discussed,
without the cut, the power oscillates between the two waveguides as a result
of coupling. Cutting the GaAs waveguide at the point where the power in
the Si waveguide has reached its maximum, should thus result in a higher
β. Further simulations, with the cut made at varying distance behind the
cavity, can provide the optimal ‘cut-off distance’. Note that the simulated
structure is symmetric along the direction of propagation. The β factor will
therefore be half of the calculated value, due to the presence of two output
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ports. For higher β, a mirror can be designed to replace half the structure.
In this project the effect of fabrication disorder on the different figure of
merits is not studied. This question is left for future research.

(a)

(b)

(c)

(d)

Figure 36: Plot of (a) Q, (b) Vef f , (c) the maximum FP and (d) Γ against
the thickness of the intermediate SiO2 layer for the geometry with cut. The
vertical axes in (a) and (c) are scaled logarithmical.
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Figure 37: Plot of β against the thickness of the intermediate SiO2 layer for
cut-off GaAs.

4.5

3D Nanobeam with Cross Waveguide

In this section the feasibility of resonantly pumping through a channel
waveguide is studied. Resonant pumping has been demonstrated and used
to produce indistinguishable photons [30]. Usually, the laser beam excites
on the quantum dot from the top. Via polarization filtering, the scattering
of the laser is suppressed. In this project, resonant excitation via a channel
waveguide is investigated. Using the channel waveguide, might avoid the use
of polarization and free-space filtering. In order to decopule the laser radiation from the dot emission, the scattering radiation needs te be minimized,
compared to the excitation probability of the dot.
4.5.1

Geometry

To investigate the possibility to resonantly pump through a channel waveguide, the same cavity design as described in section 4.4.1 is employed.
The pumping Si waveguide is positioned perpendicular to the GaAs PhC
nanobeam, at the center of the cavity. For the Si waveguide the same width,
b = 700nm, and thickness, dSi = 220nm, are selected. Different from the
geometry with the bus waveguide, the intermediate SiO2 layer spans over
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the entire width of the structure (figure 38).

(a)

(b)

Figure 38: (a) Transparent and (b) colored view of the PhC nanobeam cross
configuration with Si channel waveguide with 15 holes in the tapering of the
GaAs PhC nanobeam. The dark blue corresponds to the PML, light blue
to air, red to GaAs, purple to SiO2 , pink to Si.

4.5.2

Mode Profile

For the cross configuration, first, the eigenmodes of the structure are studied.
The same fundamental cavity mode profile is found in the GaAs as for the
bus waveguide (figure 27). However, the mode profile in the rest of the
structure is substantially different. A color-coded plot of |E| in the z plane,
at the center of the Si waveguide, for different values of dSiO2 is shown
in figure 39. The amplitude of the field in the Si waveguide decreases for
increasing dSiO2 . As can be seen, the mode also radiates into the SiO2 .
4.5.3

Mode Properties

In figure 40a the dependance of λ on dSiO2 is given. λ shows the same
behavior for the cross configuration as for the parallel/bus configuration.
However, the wavelength for a large distance between the Si and GaAs
has shifted to λ = 1449nm. The quality factor Q (figure 40b) behaves
exponentially for the entire simulated range of dSiO2 . This indicates that the
loss is proportional to the evanescent tail of the mode. The values of Q have
decreased significantly, indicating that the loss in the cross configuration is
substantially larger than in the parallel configuration. The increased loss,
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(a)

(b)

Figure 39: Plot of |E| as a color-coded plot for different values of dSiO2 for
the cross configuration, in the z plane, at the center of the Si waveguide. (a)
dSiO2 = 200nm. (b) dSiO2 = 600nm. In (a) the Si waveguide is indicated
by an arrow.

could relate to the fact that the Si waveguide, does not follow the symmetry
of the structure and thus provides a larger loss channel. Q ranges from
Q = 137 at dSiO2 = 100nm to Q = 5.35 · 106 for dSiO2 = 600nm.

(a)

(b)

Figure 40: (a) λ plotted against dSiO2 for the cross configuration. (b) Q
plotted in logarithmic scale against dSiO2 for the cross configuration.
To simulate resonant pumping via the Si waveguide, a dipole is placed
in the Si near the PML. As mentioned in chapter 3, for these simulations,
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half of the total structure is built in COMSOL (figure 41), instead of one
fourth. In figure 42, the dependance of the transmission T on ω − ω0 , with
ω0 the frequency of the fundamental mode, is plotted for different values of
dSiO2 . The expected peak for T at the resonant frequency is not observed.
The absence of the peak at ω = ω0 indicates that the mirror strength of
the cavity is too high for the resonant pumping to pass through the cross
waveguide. This suggests that, the displayed behavior of T does not result
from the direct coupling through the resonance. In order to validate this
hypothesis, a second design, design B, is studied, with the aim of obtaining
transmission into the GaAs, at the expense of the quality factor. The new
design and simulation outcomes are given in the following sections.

Figure 41: Transparant view of the PhC structure with dipole used to simulate resonant pumping. The location of the dipole (red dot) is indicated
with an arrow. As mentioned in chapter 3, for these simulations, half of the
total structure is built in COMSOL, instead of one fourth.

T is plotted in figure 43 for the resonant frequency (ω = ω0 ) against
dSiO2 . As expected, T decreases as dSiO2 increases. The pumping efficiency
η (equation (3.6)) is determined for ω = ω0 . For the resonant pumping,
a combination between high efficiency and low transmission - i.e. little
scattering - of the pumping laser into the GaAs is desired. Therefore, the
ratio Tη is calculated. Both η and Tη are plotted in figure 44. Remarkable is
the very high value of Tη for dSiO2 = 600nm, indicating that for this design,
dSiO2 = 600nm would be optimal. It is possible, this high value results from
a relatively high η, as a result of the high quality factor (Q = 5.35 · 106 ).
Combined with a low T , the relatively high η results in a very high value
51

for Tη . To verify this hypothesis, more simulations in the range dSiO2 =
500nm − 650nm are needed.
For dSiO2 < 500nm, Tη has a maximum at dSiO2 = 300nm. For this
intermediate layer thickness a high Q and β were found.

(a)

(b)

Figure 42: Plot of T against ω − ω0 for (a) dSiO2 = 200nm and (b) dSiO2 =
500nm.

Figure 43: Plot of T against dSiO2 for ω = ω0 .
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(a)

Figure 44: (a) η and (b)

4.5.4

(b)
η
T

plotted against dSiO2 at ω = ω0 .

Details on Design B

To obtain transmission into the GaAs for design B, the number of holes in
the quadratic tapering was reduced from 15 to 10. The mirror strength was
even further reduced by removing 8 of the 10 extra holes, with filling fraction
f = 0.1, so the total number of holes is reduced from 25 to 12. This results
in a quality factor of the fundamental mode for a 250nm thick SiO2 layer of
1095, instead of the 1950 for the previously studied design (design A). The
geometry with the new cavity is shown in figure 45. Figure 46 contains the
structure with the dipole used to calculate the transmission T and pumping
efficiency η (equations (3.5) and (3.6)).
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(a)

(b)

Figure 45: (a) Transparent and (b) colored view of the PhC nanobeam cross
configuration with Si channel waveguide, with 10 holes in the tapering. The
dark blue corresponds to the PML, light blue to air, red to GaAs, purple to
SiO2 , pink to Si.

Figure 46: Transparant view of the PhC structure with dipole used to calculate T and η. The location of the dipole (red dot) is indicated with an
arrow.

4.5.5

Mode Profile of Design B

The fundamental mode profile for design B, is qualitatively similar to the
mode profile of design A. The norm of the field at the center of the cavity
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and at the center of the Si waveguide, in the z plane, are presented in figure
47 and 48, respectively. The amplitude of the field in the Si waveguide is
higher for design B, with respect to the design A. This indicates that, as
expected, there are more losses due to the decreased mirror strength.

Figure 47: |E| at the center of the cavity, in a color-coded plot, for design
B. The red square is zoomed in upon.

(a)

(b)

Figure 48: Color-coded plot of |E| at the center of the Si waveguide for
design B. (a) dSiO2 = 200nm. (b) dSiO2 = 600nm

4.5.6

Mode Properties Design B

For design B, the wavelength of the fundamental mode, for large dSiO2 , is
determined to be λ = 1457nm. The behavior of λ is the same as for design
A (figure 49a). The dependance on dSiO2 of Q is plotted in figure 49b. For
small dSiO2 , Q displays the expected exponential dependance. For large
values of dSiO2 , the Q seems, just as observed for large dSiO2 for the PhC
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slabs and parallel PhC nanobeams, to evolve to a maximum. The value of
Q reaches a maximum value of 4783 at dSiO2 for these simulations. With
the design B, the value of Q has thus been significantly decreased.

(a)

(b)

Figure 49: (a) λ plotted against dSiO2 for design B. (b) Q plotted in logarithmic scale against dSiO2 for the new cavity design.
The calculated transmissions, for the design B, show the expected resonance at the frequency of the fundamental mode (figure 50). The width of
the resonant peak is smaller for larger dSiO2 . In figure 51, the transmission
T at the resonant frequency is plotted against dSiO2 . As expected, when
dSiO2 is decreased, an increased power is transmitted through the GaAs.
For dSiO2 = 350nm and dSiO2 > 500nm, the value of T deviates from the
exponential trend.
Just as for design A, the pumping efficiency η is calculated for ω = ω0 .
The dependance of η on dSiO2 is given in figure 52a. The ratio Tη is plotted
in figure 52b. From the plot, the optimal distance between the GaAs and
Si, for resonant pumping of design B, is dSiO2 = 400nm.
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(a)

(b)

Figure 50: Plot of T for design B against ω − ω0 at (a) dSiO2 = 200nm and
(b) dSiO2 = 500nm.

(a)

Figure 51: Plot of T against dSiO2 at ω = ω0 for design B.
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(a)

(b)

Figure 52: (a) η plotted against dSiO2 at ω = ω0 . (b) Plot of
dSiO2 at ω = ω0 .
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η
T

against

5

Conclusion

The coupling between an active PhC waveguide and a silicon bus waveguide
for single photon application is simulated. 1D models, describing parallel
waveguides, predict a pair of symmetric and antisymmetric modes. However,
these 1D models fail to describe the full system. 3D simulations are needed to
obtain modes and wavelengths. The coupling of two systems is investigated:
a 2D PhC slab coupled to a 2D slab waveguide and a 1D PhC nanobeam
coupled to a 1D bus waveguide, both in parallel and cross configuration.
For the simulated PhC nanobeam design high values for Q and β have
been obtained in the range of dSiO2 = 200nm − 350nm. Cutting off the
nanobeam at the end of the cavity further improves the β. The nanobeam
is designed in such a way that a second taper to transfer photons into the
silicon waveguide is not needed. The single photons are already transmitted
into the bus waveguide.
Additionally, the possibility to resonantly pump through a channel waveguide is investigated. The ratio between the scattering of the pumping
laser and pumping efficiency shows, for the original design, an optimum
for dSiO2 = 300nm.
The most important results for the PhC nanobeam structure are presented in table 1.
Table 1: The figures of merit for the PhC nanobeam design.
dSiO2 (nm)
200
300
400

Q(104 )
3.11
16.58
14.34

β
0.814
0.807
0.778

η
T

128
175
101

In this research, the effect of the thickness of the PhC on the figures of
merit is not investigated. This could be studied in further research. Furthermore, to optimize β, the optimal location to cut the PhC nanobeam
could be evaluated.
For the simulations of spontaneous emission by an emitter and resonant
pumping, additional simulations are needed to obtain a structure with minimum scattering.
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