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Abstract

Waveguide-integrated electro-optic phase modulators (EOM) are one of the fun-
damental building blocks in integrated photonic circuits and can display varying
performances depending on material and geometric structure. In this thesis, the
values of the optimized geometric parameters for a single Al0.73Ga0.27N waveg-
uide EOM device on 200 nm- and 300 nm-waveguide layer heterostructures are
determined. The results are obtained using a simulation based optimization
of effective electric field with an attenuation constraint. An estimate phase
flip length of L200nm

π = 12.63 mm and L300nm
π = 12.50 mm is predicted with an

applied voltage of Vsignal = 5 V. An Al0.73Ga0.27N based waveguide thus has
the potential to become a platform for integrated photonics and further exper-
imental data using this first configuration will be needed to determine its final
performance.

Zusammenfassung

Elektro-optische Phasenmodulatoren (EOM) auf integrierten Wellenleitern sind
einer der grundlegenden Bausteine in der integrierten Photonik und können
je nach Material und geometrischem Aufbau unterschiedliches Verhalten auf-
weisen. In dieser Arbeit bestimmen wir die Werte der optimierten geometri-
schen Parameter für ein einzelnes Al0.73Ga0.27N-Wellenleiter-EOM-Bauelement
auf der Basis von 200 nm- und 300 nm-Wellenleiterschicht-Heterostrukturen.
Die Werte werden durch eine simulationsbasierte Optimierung des effektiven
elektrischen Feldes unter der Bedigungen einer geringfügigen Absoprtion er-
mittelt. Wir berechnen demnach Schätzungswerte der Phasenumdrehungslänge
von L200nm

π = 12.63 mm und L300nm
π = 12.50 mm mit einer angelegten Span-

nung von Vsignal = 5 V. Ein Al0.73Ga0.27N-basierter Wellenleiter hat somit eine
vielversprechende Aussicht, und weitere experimentelle Daten unter Verwen-
dung dieser ersten Konfiguration werden benötigt, um seine endgültige Leistung
zu bestimmen.
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1 | Introduction

1.1 Motivation

In recent history, combining research areas such as optics and electronics has

given rise to many applied disciplines. A clear example of an emergent branch

of optics is the field of integrated optics, or more precisely, integrated photon-

ics. Integrated photonics are inspired by the closely related field of integrated

electronics, which similarly deals with the miniaturization of electrical circuits

and components. It is the study of miniature optical components on a planar

substrate and its combined functionalities with the aim to connect optical de-

vices at the micro-scale by so-called waveguides [1].

Apart from being similar in concept, integrated photonics and integrated elec-

tronics share a common steps of fabrication. Therefore, integrated electronics

play an important role, as well-established and currently used techniques can

be applied to integrated photonics. With increasingly higher circuit density,

the industry is reaching a physical bottleneck and requires new technology to

fulfill the demand for higher transmission rates and smaller devices. Thanks to

its use of optical signals, integrated photonics is becoming ever more relevant

for the future of information technology and computer science. In particular,

waveguide technology, which describes devices and systems widely used in opti-

cal communications, optical computing, optical processing, and optical sensors,

is the foundation for solving the imminent physical limitations [1]. To this end,

it is of great interest to explore new materials and fabrication procedures to find

physically and economically suitable candidates.
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1.2 Scope of Thesis

Within the frame of the Munich Quantum Valley Initiative, the research team

under the supervision of Professor Wolfram Pernice at the University of Hei-

delberg is tasked with realizing integrated photonic modulation networks with

high precision control of light pulses. The key element of such a network is

the electro-optical modulator (EOM) integrated on waveguides. The desired

wavelength of the photons is in the ultraviolet (UV) range of 100 nm to 400 nm

and requires the use of an appropriate waveguide material. Aluminium Gallium

Nitride (AlGaN), which has a large band-gap and consequently low absorption

loss in the UV regime [2], will be used in a heterostructure with an Aluminium

Nitride (AlN) substrate to support the specific wavelengths in an integrated

circuit. Research and experimental data on the electro-optical properties of this

material, especially for specific alloy configurations, are limited and subject to

further research. The The main objective of this thesis is to find the optimal

physical dimensions of an AlGaN waveguide cross-section with an AlN substrate

and the optimal arrangement of electrodes to function as an electro-optic phase

modulator able to achieve to obtain full phase control at reasonable voltages,

which can be used to create destructive interference of photons.
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2 | Theory

To understand the physical concepts used in the device, the relevant theory of

electrodynamics and solid state physics will be derived and outlined. Vectors

are denoted with bold, upright letters, while tensors (including matrices) and

scalars (including matrix elements) are denoted with italic letters.

2.1 Light in Dielectric Media

In classical electrodynamics, the most common mathematical description of the

electromagnetic theory are the well-known Maxwell-equations which involve the

vector-valued, time- and space-dependent electric field E := E(t,x) and mag-

netic flux density B := B(t,x). They are related to each other by the electric

charge density ρ := ρ(t,x) and the electric current density J := J(t,x), which

are generally time- and space-dependent quantities, and by the vacuum elec-

tric permittivity ε0 and the vacuum magnetic impermeability µ0 which both are

physical constants with the following values [3, p.44]:

ε0 ≈ 8.8541878128 · 10−12 F/m (2.1)

µ0 ≈ 1.25663706212 · 10−6 N/A2 (2.2)

Due to microscopic phenomena inside media, the electromagnetic field gives rise

to electric and magnetic dipole moments on a molecular scale. Averaged over

the volume of the medium, the distribution of the dipole moment densities can

be expressed by the fields P := P(t,x) and M := M(t,x), often simply referred

to as polarization and magnetization. The divergence of the polarization field

and the curl of the magnetization field each contribute to the electric charge
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density and the current density respectively. Effectively, this amounts to the

superposition of the polarization and magnetization with the electric field and

magnetic flux density. The electric displacement field D := D(t,x) and the

magnetic field H := H(t,x) can thus be defined as [4, p.4]:

D = ε0E+P, (2.3)

H = µ−1
0 B−M. (2.4)

The Maxwell-equations in macroscopic form (i.e. inside media) are [1, pp.25-26]:

∇ ·D = ρfree, (2.5)

∇ ·B = 0, (2.6)

∇×E = − ∂

∂t
B, (2.7)

∇×H = Jfree +
∂

∂t
D, (2.8)

where ρfree is the free electric charge density and Jfree is the free electric current

density. From this point on, the derivations will be limited to non-magnetic,

non-conductive, dielectric media by setting the free charge density, the free

current density and the magnetization to zero:

ρfree = 0, (2.9)

Jfree = 0, (2.10)

M = 0. (2.11)

In general, the polarization field P has a non-linear, inhomogeneous dependence

on the electric field E. Using Taylor-expansion, the polarization field can be split

into its linear and non-linear part and rewrite equation (2.3) as

D = ε0E+P (2.12)

= ε0E+PL +PNL (2.13)

= ε0E+ ε0χE+PNL (2.14)

= ε0 (1 + χ)E+PNL, (2.15)
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where χ is the electric susceptibility tensor which is in general of second order

and can therefore be represented by a three by three matrix. Because this

tensor is symmetric for non-magnetic and transparent materials [5, p.496], it

can be diagonalized by choosing the appropriate set of coordinate axes, zeroing

all components of the tensor except the diagonal. For low-intensity electric fields

the non-linear part of the polarization field PNL can be neglected, linearizing

(2.15) to (2.16).

D = εE (2.16)

ε := ε0 (1 + diag (χ1, χ2, χ2)) (2.17)

Here, the material specific electric permittivity tensor ε has been introduced.

It is linearly dependent on the electric susceptibility tensor. Using (2.16) and

(2.9), the set of differential equations are changed to

∇ ·E = 0, (2.18)

∇ ·B = 0, (2.19)

∇×E = − ∂

∂t
B, (2.20)

∇×B = µ0ε
∂

∂t
E. (2.21)

The solution to these equations is given by any electromagnetic wave with a

propagation speed in each principal axis direction, given by the diagonal el-

ements of the propagation speed tensor c := (µ0ε)
− 1

2 . In vacuum, the rel-

ative permittivity is equal to one, which defines the vacuum speed of light

c0 := (µ0ε0)
− 1

2 . refractive index tensor n is defined as the inverse ratio of the

intra-medial propagation speed to the vacuum speed of light:

n := c−1c0 = (µ0ε0)
− 1

2 (µ0ε)
1
2 =

(
ε−1
0 ε

) 1
2 . (2.22)

This tensor is consequently diagonal and its diagonal elements correspond to the

principal refractive indices of the medium. For optically isotropic media, the

electric susceptibility is reduced to a scalar quantity, thus reducing the refractive

index tensor into a scalar quantity as well.

5



2.2 Waveguides

The most basic components required for an integrated optical circuit are the

previously mentioned waveguides. Waveguides can be understood as micro-

scale optical fibres in the sense that they both utilize the same basic physical

property of light. A non-exhaustive definition of a waveguide structure would be

the combination of a high-index optical medium, i.e. the core, that is extended

along the longitudinal direction of light propagation with a surrounding medium,

the cladding, that has a lower refractive index than the core. Limiting ourselves

to monochromatic planar waves, it can be shown, that the angular frequency ω is

conserved across the interface, implying that incident, reflected and transmitted

waves all have the same wavelength. Furthermore, due to continuity properties

of the electric and magnetic fields, the wave vector of the incident wave and of

the transmitted wave must have the same value for the component tangential

to the interface. Therefore the well-known Snell’s law is given as [6, p.588]

sin θ1
sin θ2

=
n2

n1
. (2.23)

Considering the interface of two media with refractive indices n1 and n2 with

n1 > n2 > 0, setting the angle of refraction to θ2 = 90◦ implies that there is

a critical angle θc at which there is no wave propagating into the lower index

medium, as expressed in (2.24) [6, p.589].

sin θc
sin (90◦)

=
n2

n1
⇒ θc = arcsin

n2

n1
(2.24)

Light inside a medium with a refractive index higher than that of its surrounding

media will thus be confined inside said medium due to total internal reflection.

This allows for transmission of light over distances characteristic for the respec-

tive size-scale [1, p.7]. While optics and micro-optics work with fibres of sizes

on the scale of 10−2 to 10−3 metres, waveguides, working at size-scales three

orders of magnitude smaller, can’t be described through ray optics and require

the description of light as electromagnetic waves propagating through solid me-

dia [1, p.24]. An in-depth wave analysis of waveguides goes beyond the scope

of this thesis, but can be found in the referenced sources [1, 4, 5, 7]. Ultimately,
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the task is to solve the Maxwell-equations with the given boundary conditions,

where the resulting solutions are the confined modes inside the waveguide and

are shaped by the waveguide geometry.

2.3 Electro-Optic Modulators

Air

AlN

SiN

Ground (G) Ground (G)Signal (S)

AlGaN

Gold

y x

z (c-axis)

(a) Cross-sectional view

AlN

AlGaN

SiN

cross-section

Ground (G)

Ground (G)

Signal (S)

zy

x

(b) Vertical view with cross-section line

Figure 2.1: Schematic views of the final waveguide EOM arrangement viewed
a) as a cross-section and b) from above.

The main device for this setup is an electro-optic phase modulator, which

modulates the phase by making use of the electro-optic effect. The electro-optic

effect is the change in refractive index of a material induced by the presence of

an external, locally static electric field, which is called the modulation field. In

the case of a static or low-frequency modulation field Emod that has sufficiently

high intensity, the polarization field cannot be assumed to be linearly dependent.
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Instead, an electro-optically induced change in the electric permittivity tensor

for the optical electric field Eopt has to be considered:

D = εEopt =
[
ε+∆ε

(
Emod

)]
Eopt. (2.25)

In absence of the modulation field, the (intrinsic) electric permittivity tensor

ε of the medium is diagonal in the coordinate system that is defined by the

intrinsic principal axes. The relative impermeability tensor η is then defined as

η = ε0ε
−1. (2.26)

This tensor is again diagonal, because the intrinsic permittivity tensor is diago-

nal. An external field induces an additional polarization field inside the medium,

influencing the susceptibility tensor, and thus the relative impermeability ten-

sor. Specifically, the intrinsic electric impermeability tensor η is complemented

by the generally non-diagonal, electro-optically induced second order tensor

∆η
(
Emod

)
, resulting in the total electric impermeability tensor ηeo

(
Emod

)
as

shown in (2.27). For non-centrosymmetric media, the most significant change

to each element of the relative impermeability tensor is caused by the linear

electro-optic effect, also known as the Pockel’s effect. The change in relative

impermeability is most commonly described by the electro-optically induced

impermeability tensor ∆η, where each element is a linear combination of the

modulation field vector Emod with the linear electro-optic (Pockel’s) coefficients

as scalar factors [4, p.240]:

ηeo = η +∆η (2.27)

∆ηij =

3∑
k=1

rijkE
mod
k . (2.28)

Using the definition given in (2.26), the change in impermeability tensor can be

translated into change in permittivity tensor as shown in (2.30).

∆ε = −ε−1
0 ε∆ηε (2.29)

∆εij = −ε0n
2
in

2
j

3∑
k=1

rijkE
mod
k (2.30)

8



Since the linear electro-optic coefficient tensor is symmetric in its first two in-

dices, it can be reduced by contracting the redundant index pairs into one index,

allowing for a matrix representation of the Pockel’s coefficients:
r11k r12k r13k

r21k r22k r23k

r31k r32k r33k

 =


r1k r6k r5k

r6k r2k r4k

r5k r4k r3k

 ∀k ∈ 1, 2, 3 (2.31)

⇒ r̃ =



r11 r12 r13

r21 r22 r23

r31 r32 r33

r41 r42 r43

r51 r52 r53

r61 r62 r63


. (2.32)

In a waveguide structure, the geometric arrangement and the distribution of

the optical field of the mode influence the overall effect the modulation field

has on the mode. The distribution of the modulation field across the optical

mode is generally not uniform. The electro-optic effect inside a waveguide can

be calculated using the coupled-mode theory. For single mode waveguides, the

change in the propagation constant of the mode is equal to the self-coupling

coefficient [4, p.260]

∆βν = κνν = −ω

∫
A

Eopt∆εEoptdx. (2.33)

The total electro-optically induced phase shift of this mode over length L of the

modulator is then given by the equation given by [4, p.261]

∆θ = ∆βνL. (2.34)

For full phase control, the EOM must be able to induce a total phase flip. To

achieve a phase flip, the phase shift in (2.34) is set to ∆θ = π and the equation

is rearranged to obtain the modulation length

Lπ =
π

∆βν
. (2.35)
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2.4 AlGaN

The material used for the waveguides in this project is Aluminium Gallium Ni-

tride (AlGaN). AlGaN is an alloy of Aluminium Nitride (AlN) and Gallium

Nitride (GaN). It thus belongs to the group of III-V-semiconductor materials

and has a Wurtzite crystal structure which is dihexagonal pyramidal [8]. A

visualization of the atomic structure in Wurtzite crystals is given in Figure 2.2.

Wurtzite crystal are uniaxial crystals and therefore only have two principal re-

(a) (b)

Figure 2.2: Wurtzite Crystal structure (Gallium or Aluminium atoms in green,
Nitrogen atoms in blue) shown a) in a unit cell and b) viewed from c-axis.

fractive indices. The refractive index for components perpendicular to the c-axis,

i.e. for ordinary rays, is no = n1 = n2 and the refractive index for extraordi-

nary rays is ne = n3. The corresponding crystallographic point symmetry group

in the Hermann-Mauguin notation is 6mm. Due to this point symmetry, the

electro-optic coefficient matrix of AlGaN is reduced to only five elements with 3

independent coefficients r13, r33 and r42 [4, p.244]. The electro-optic coefficient
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matrix reduces to

r̃AlGaN =



0 0 r13

0 0 r13

0 0 r33

0 r42 0

r42 0 0

0 0 0


, (2.36)

yielding the explicit expression for the electro-optically induced relative permit-

tivity tensor with

∆ε = −ε0


n4
or13E

mod
3 0 n2

on
2
er42E

mod
1

0 n4
or13E

mod
3 n2

on
2
er42E

mod
2

n2
on

2
er42E

mod
1 n2

on
2
er42E

mod
2 n4

er33E
mod
3

 . (2.37)

Only the transverse electrical modes which have in-plane electrical field com-

ponents are relevant, i.e. Eopt = Eopt
TE = Eopt

1 ê1. The change in propagation

constant thus simplifies to

∆βTE = −ω

∫
A

Eopt
TE∆εEopt

TEdx (2.38)

= −n4
or13ε0ω

∫
A

Emod
3

∣∣Eopt
1

∣∣2dx (2.39)

= −n4
or13

ω2µ0ε0
2βTE

2βTE

ωµ0

∫
A

Emod
3

∣∣Eopt
1

∣∣2dx (2.40)

≈ −n4
or13

π

noλ
Emod

eff (2.41)

= −n3
or13

π

λ
Emod

eff , (2.42)

where the effective modulation field is defined as the cross-sectional integral of

the modulation field component overlap [4, p.261]:

Emod
eff =

2βTE

ωµ0

∫
A

Emod
3

∣∣Eopt
1

∣∣2dx =

∫
A
Emod

3

∣∣Eopt
1

∣∣2dx∫
A

∣∣Eopt
1

∣∣2dx . (2.43)
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By inserting ∆βTE from (2.42) into (2.35), the modulation length can be calcu-

lated from the effective modulation field:

Lπ =
λ

−n3
or13E

mod
eff

. (2.44)
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3 | Study

3.1 Geometric Structure

The following section will briefly present the geometric arrangement of the EOM

used during the course of the simulations and the reasons for choosing this setup.

The heterostructures for the waveguides that were manufactured are out-of-

plane c-axis oriented epitaxial layers of 200 nm or 300 nm of Al0.73Ga0.27N on

1000 nm of AlN on 430 µm sapphire. The manufactured heterostructure is

shown schematically in Figure 3.1. The c-axis of the AlGaN layer is oriented

Al0.73GaN

AlN

Sapphire (Al2O3)

yy

z (c-axis)

x

Figure 3.1: Cross-section of the AlGaN/AlN heterostructure.

orthogonal to the substrate plane. The modulation field has to be parallel to the

c-axis which requires an electrode setup that introduces an effective out-of-plane

electric field. This is achieved by a symmetric arrangement of ground-signal-

ground (G-S-G) gold pads on top of a silicon nitride (SiN) cladding layer. The

arrangement that was chosen has horizontally placed electrodes all on top of the

cladding layer as opposed to one inside the cladding, below the waveguide and

13



one on top of the cladding. The latter arrangement would ensure a nearly homo-

geneous field distribution across the waveguide, but would be more difficult to

fabricate due to the increased number of fabrication steps. With the horizontal

arrangement, a minor compromise is taken in effective modulation field for a

much simpler fabrication procedure. The gold pad electrodes are absorbent at

UV wavelengths and can cause attenuation of the mode inside the waveguide.

The key quantity to be observed is Emod
eff . The geometry of the waveguide is

limited by the layer thickness in the hetero-structure and by the post-etching

waveguide side angle to the substrate, where a side angle of approximately 30°

is a realistic prediction for the final waveguide geometry. This leaves the width

of the waveguide wwg as a variable parameter. The G-S-G electrode setup is

deposited on top of the level cladding layer and aligned with the symmetry axis

of the waveguide cross-section. The geometry and placement of the electrodes

are then described by the height of the cladding layer hcl, which is the distance

of the electrodes to the substrate, and the width of the gap dgap between each

of the electrodes, which principally influences the shape of the electric field. A

cross-sectional view of the schematic arrangement with the variable parameters

is given in Figure 3.2.

Air

SiN

AlN

G (0 V) G (0 V)S (5 V)

AlGaN

Gold

y x

z (c-axis)

dgap dgap
wwg

hcl

Figure 3.2: Cross-section of the schematic final waveguide EOM arrangement
with parameters wwg ∼ 200 nm, hcl ∼ 700 nm and dgap ∼ 300 nm.
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3.2 Materials

The lasers used for the final waveguide structure have a wavelength of λ = 317 nm

as required by the project framework. The refractive indices for the gold elec-

trode pads at this wavelength is nAu = 1.5365 with and extinction coefficient

of kAu = 1.8962 [9]. The silicon nitride cladding layer has a refractive index of

nSiN = 2.1493 with no absorption [10]. According to the wafer manufacturer,

both the waveguide and substrate material show no relevant absorption for light

at this wavelength. The refractive index for ordinary rays no of Al0.73Ga0.27N

and AlN are provided by the manufacturer and shown in Figure 3.3. The re-

Figure 3.3: Refractive indices for the ordinary ray in Al0.73Ga0.27N and AlN.

fractive indices corresponding to a wavelength of 317 nm are nAlN = 2.214198

and nAlGaN = 2.330808. Since the fundamental mode (TE mode) has in-plane

polarization, which is always perpendicular to the optical axis, birefringence

can be excluded and thus no knowledge about the refractive index ne for ex-

traordinary rays is required. The critical angle for total internal reflection at

the AlGaN/AlN interface is then given by (2.24) as θc ≈ 71.80◦. Experimental

data on the electro-optic coefficients of AlGaN with the specific Aluminium to

Gallium ratio could not be found. This limits the scope of this thesis to the

optimization of geometric parameters with respect to indicative quantities such

as the attenuation loss and the effective modulation field inside the waveguide.
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3.3 Single Mode Propagation

When examining a 3D waveguide construction, it is crucial to understand which

types of electromagnetic waves are permitted to propagate at a certain fre-

quency. These modes are fully defined by the global complex-valued propaga-

tion constants and the space distributions of all three components of the elec-

tric field. For configurations with arbitrary shape and material combinations

which include typical integrated waveguides, there are generally no analytic so-

lutions available, which necessitates the use of numeric mode analysis. For a

given wavelength, the mode analysis finds out-of-plane wave solutions of the

Helmholtz equation for the given geometry by utilizing an eigenvalue solver and

the finite element method (FEM) [11]. The mode analysis will be done using

the simulation software COMSOL Multiphysics 6.0 [12]. To achieve single mode

Figure 3.4: Cross-sectional view of the AlGaN-based EOM waveguide structure
with single mode propagating optical field distribution, simulated with initial
geometric parameters. The mode polarization is represented by the black arrow
in the center of the waveguide and the external modulation vector field is given
by the white arrows.

propagation, the cut-off width at which only a single mode can propagate inside

the waveguide cross-section must be found. In the software, the mode analysis
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study module searches for four eigenmodes in the vicinity of the refractive in-

dex of AlGaN, while sweeping over different waveguide widths. The eigenvalue

solver computes the four eigenmodes whose effective mode indices are closest

to the input refractive index in absolute value. Since the value of the effective

mode index must be in between the refractive indices of AlGaN, the substrate

and the cladding [1, p.66], a cut-off width of the waveguide for single mode

propagation can be determined.

3.4 Attenuation and Effective Modulation Field

The waveguide width is now fixed at the highest sweeping point value below

the cut-off width and proceed with the simulations needed to determine the

optimal electrode setup. The outer two electrodes are set to V0 = 0 V and the

center electrode is set to Vsignal = 5 V. The electrostatic field distribution for

different geometric setups of the integrated waveguide EOM is computed. The

goal is to maximize the effective modulation field inside the waveguide while

maintaining attenuation losses below 0.01 dB/cm. Since the main absorption

is due to the gold electrodes, the most significant change on attenuation loss

can be achieved by changing the overall relative position of the electrodes. To

simulate this, a sweep over a range of cladding layer heights is simulated and

both the attenuation loss and effective modulation field at each sweeping point

are computed. With the fixed cladding layer height, a sweep over the width of

the electrode gap to change the electro-static field distribution.

17



4 | Results

4.1 Waveguide Width

The simulations commence with as sweep of the waveguide width ranging from

200 nm to 400 nm in steps of 10 nm in heterostructure 1 (200 nm-AlGaN) and

from 50 nm to 250 nm in steps of 10 nm for heterostructure 2 (300 nm-AlGaN).

Figure 4.1a and 4.1b are plots of the effective mode indices for of all four solu-

tions as a function of the simulated waveguide width. In both figures the upper

(a) 200 nm AlGaN (b) 300 nm AlGaN

Figure 4.1: The effective mode indices corresponding to the four solutions from
the simulated sweep of waveguide widths for a) the 200 nm AlGaN-Layer het-
erostructure and b) the 300 nm AlGaN-Layer heterostructure.

two lines correspond to the TE- and TM- mode of a single mode propagation,

while the lower two correspond to first TE- and TM-mode of the multi-mode

propagation. Based on the simulation points, a cut-off waveguide width for sin-

gle mode propagation of 330 nm (200nm-AlGaN) and 190 nm (300nm-AlGaN)
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is chosen.

4.2 Cladding Layer Height

With the fixed waveguide geometry, a sweep of the cladding layer height hcl rang-

ing from 500 nm to 1000 nm in steps of 10 nm for both heterostructure types

is simulated. In Figure 4.2a and 4.2b, the attenuation and the effective modu-

lation field are plotted as a function of hcl for the respective heterostructures.

The simulated values suggest a qualitatively inverse relationship between the

(a) 200 nm AlGaN (b) 300 nm AlGaN

Figure 4.2: The effective modulation field and attenuation constants in loga-
rithmic scale for the simulated sweep of cladding layer widths for a) the 200 nm
AlGaN-Layer heterostructure and b) the 300 nm AlGaN-Layer heterostructure.

attenuation and the effective modulation field. The attenuation decreases expo-

nentially, but stagnates at around 10−5 dB/cm around hcl = 1000 nm, while the

effective modulation field monotonously decreases in absolute value for increas-

ing values of hcl. We choose a cladding layer height of hcl = 660 nm (200nm-

AlGaN) and hcl = 700 nm (300nm-AlGaN) at which the attenuation remains

below 0.01 dB/cm to maximize the effective modulation field.

4.3 Electrode Gap Width

Finally, a sweep of electrode gap width dgap for each heterostructure type is sim-

ulated with widths ranging from 50 nm to 2000 nm in steps of 50 nm. Figure

4.3a shows the effective electric field and the attenuation in logarithmic scale as
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a function of dgap. The data suggests that the gap width has negligible effects on

(a) 200 nm AlGaN (b) 300 nm AlGaN

Figure 4.3: The effective modulation field and attenuation constants for the
simulated sweep of electrode gap widths for a) the 200 nm AlGaN-Layer het-
erostructure and b) the 300 nm AlGaN-Layer heterostructure.

the attenuation, staying below the 0.01 dB/cm threshold over the entire sweep-

ing range. The effective modulation field reaches a maximum absolute value of

around Emod
eff = 1.98 MV/m (200nm-AlGaN) and Emod

eff = 2.00 MV/m (300nm-

AlGaN) for values of dgap = 300 nm in both heterostructures. These values are

considered to be the maximum attainable value of the effective modulation field

with this setup. Figure 4.4 shows a plot of the cross-sectional optical field dis-

tribution and external modulation field surface over the final EOM waveguide

geometry for both heterostructure types.

4.4 Phase Flip Length Estimate

An order-of-magnitude estimate for the phase flip modulator length Lπ as a

function of the r13 coefficient’s order of magnitude is given with (2.44). The

resulting scaling values are given in (4.1) (200nm-AlGaN) and (4.2) (300nm-

AlGaN) with r13 in units of pm/V.

L200
π ≈ 1.263 · 10−2 ·

(
r13

pm/V

)−1

m ∼ 10−2 · O
(

r13
pm/V

)−1

m (4.1)

L300
π ≈ 1.250 · 10−2 ·

(
r13

pm/V

)−1

m ∼ 10−2 · O
(

r13
pm/V

)−1

m (4.2)
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(a) 200 nm AlGaN

(b) 300 nm AlGaN

Figure 4.4: Cross-sectional view of the AlGaN-based EOM waveguide struc-
ture with single mode propagating optical field distribution for the optimized
geometric parameters in a) 200nm-AlGaN and b) 300nm-AlGaN. The mode po-
larization is represented by the black arrow in the center of the waveguide and
the external modulation vector field is given by the white arrows.
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5 | Conclusion

5.1 Summary

The resulting optimal values for a simulated EOM structure with an applied

voltage of 5 V and electro-optic coefficient r13 on the order of 1 pm/V are

L200nm
π = 12.63 mm for waveguides etched from 200 nm AlGaN-layer heterostruc-

tures and L300nm
π = 12.50 mm for waveguides etched from 300 nm AlGaN-layer

heterostructures. Table 5.1 is a summary of the optimal geometric parameter

values, the resulting effective modulation field strength and the phase flip length

estimate for r13 ∼ 1 pm/V for heterostructure 1 (200 nm AlGaN-layer) and het-

erostructure 2 (300 nm AlGaN-layer). The given results have to be seen as a

first guidance for further characterization. With an estimated required mod-

ulation length on centimeter scale, the final EOM structure would have to be

rather long. This length can vary depending on the upper support limit of the

applied modulation voltage and the exact values of the relevant electro-optic

coefficient, which are subject to characterization subsequent to this thesis.

Table 5.1: Values of optimal geometric parameters for AlGaN EOM arrange-
ment with corresponding effective modulation field and estimated phase flip
length assuming r13 ∼ 1pm/V.

Parameter Heterostructure
1 2

AlGaN Layer Height (nm) 200 300
Waveguide Width wwg (nm) 330 190

Cladding Layer Height hcl (nm) 660 700
Electrode Gap Width dgap (nm) 300 300

Effective Modulation Field Emod
eff (MV/m) 1.98 2.00

Phase Flip Length Estimate Lπ (mm) 12.63 12.50
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5.2 Outlook

Fabrication of the integrated EOM structure will include the etching procedure

for the waveguide structure, the deposition of the cladding layer and the place-

ment of the gold pad electrodes. For the etching procedure, different recipes

may have to be looked into to find the optimal result in terms of precision and

degree of control on the final waveguide geometry. With regards to the cladding

layer, the silicon oxide layer can be deposited using plasma-enhanced chemical

vapor deposition (PECVD) [10] which is expected to achieve very high rates of

deposition with high film quality with regards to roughness and layer defects.

Impurities inside the SiO2 layer resulting from the PECVD procedure can cause

increased absorption from the cladding layer, but are expected to be compen-

sated by the very high mode confinement of the light inside the waveguide. Out-

side of the optimized parameters, other EOM structures and additional geomet-

ric parameters could be investigated with regards to better modulation effects,

but have not been considered in this thesis. A vertical ground-waveguide-signal

electrode arrangement as mentioned in Section 3.1 could yield higher values for

the effective modulation field and thus a shorter modulation length, but would

involve a more complicated fabrication process.

Post-fabrication objectives will include experimental measurements of the trans-

mission rate, of the phase modulation length per applied voltage, and of the

electro-optic coefficients of the AlGaN. The content and results of this thesis

may in this regard be seen as a first feasibility evaluation on AlGaN wavguide

EOM structures.
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