UNIVERSITY OF COPENHAGEN
FACULTY OF SCIENCE

Master Thesis

Nano-Opto-Electro-Mechanical-Systems for
photon control

Nicolas R.H. Pedersen

Advisor: Leonardo Midolo
Submitted: May 31, 2022

This thesis has been submitted to the The Faculty of Science, University of Copenhagen



Acknowledgments

This work is the result of research conducted in the HY-Q research facility headed
by Peter Lodahl. Specifically work was done in the new NANOMEQ subgroup lead by
Leonardo Midolo, who has been an amazing supervisor throughout the project and i am
deeply thankful for that. A large amount of gratitude needs to be send towards Rodrigo
Thomas who spent countless hours with me in the lab and his office discussing, theory and
sometimes surprising results that were observed.

A large appreciation also needs to be given to Zhe Liu who fabricated the structures
allowing for the experiments carried out throughout this process. FEven though a large
number of the samples proved to be faulty throughout the process he never backed down
and always took the necessary time for SEM-imaging and discussions about fabricational
issues.

Finally i will thank my friends and family for supporting me throughout the entire
educational process. They have been a constant source of moral support, and has helped
me a lot through the harder parts of this work.



Abstract

Quantum operations, useful towards quantum computing, quantum networks and quan-
tum cryptography requires the ability to manipulate multiple parameters of single photons.
In free space this proves to be challenging due to the evasive natures of single photon sources
and operations. Quantum photonics serves as a superior alternative, enabling near deter-
ministic on demand single photons along with possibilities of generating a multitude of
single photon operations required for quantum computing. These are build from semicon-
ducting single photon sources referred to as quantum dots (QD). Such QD’s are embedded
in photonic circuits and requires cryogenic temperatures. Furthermore these can be em-
bedded in GaAs structures constituting waveguides enabling the confinement of light. To
reach further goals of manipulating single photons for performing advanced quantum pro-
tocols, it is a requirement to have switches and quantum gates which are compatible with
cryogenic temperatures.

The project investigates the possibility of using Nano-Opto-Electro-Mechanical-Systems as
the basis for such operations. These are interesting as they are functional with fast switch-
ing times near the coherence times of the single photon sources at hand. Furthermore they
gain an advantage over previously demonstrated structures such as thermo-optical phase
shifter due to the low voltage requirement rather than heating the structures making them
compatible with cryogenic temperatures. This work show both the implementation of a full
27 phaseshift imparted by NOEMS structures at low voltages and fast switching speeds,
along with the possibility of combining multiple NOEMS devices in the same device with
independent control. The settings of the devices are stable as the phase noise has was
shown to have a variance of ~ 107°. Furthermore the mechanical properties of such struc-
tures are studied in greater detail, allowing for even faster switching speeds with resonant
driving, which could prove useful towards photon demultiplexing schemes.

Furthermore this project tackles the full Bloch sphere rotation characterisation including
both phase shift and switching ranges arising from the case that there will always be some
form of fabricational limitation on the symmetrical properties of the constructed devices.
Finally a proposition for an NOEMS based architecture enabling the rotation to any ar-
bitrary point on the Bloch sphere is presented. This architecture is build on devices that
has been demonstrated independently through experiments. Coupling this with the abil-
ity to perform independent actuation of NOEMS structures in the same device this gives
promising prospects of realizing any 2x2 unitary using NOEMS based devices with single
photons generated from quantum dots in the near future.
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Chapter 1

Introduction

The world of quantum technology based on optics is in rapid development. Recent
results show the promising prospects of using electron-hole excitations in semiconductor-
based quantum dots as a reliable single photon-source [1]. These can be accurately con-
trolled to generate one photon at a time. This is useful towards building a photonic network
sending any N-photon input state to an arbitrary N-photon output state including phase
relations. This process corresponds to the ability of performing any NxN Unitary on the
input photon state. The building blocks for such networks are 2x2 unitaries which allows
for up scaling to any NxN unitary, eg via the architecture shown in figure 1.2.a [2],[3],[4].
These operations would be beneficial towards a wide range of quantum optical technologies
such as Boson sampling, quantum cryptography and quantum computing. This method
can potentially vastly surpass any currect technology made from classical processors [5].
In a path encoding scheme such an operation requires the ability of manipulating single
photons in a photonic circuit, this includes manipulating the path which the photon takes
through the circuit along with a phase difference between 2 output ports. Concretely these
2 properties can be met by the use of a tunable beamsplitter, capable of switching the light
completely between 2 paths, along with a tunable phaseshifter capable of producing a full
phase shift of 27 on one path with respect to the other.|6]

One method of achieving these goals is via the use of Nano Opto Electro mechani-
cal system (NOEMS) based devices in a photonic circuit. These devices can implement
a tunable switch, as a gap variable directional coupler, where the distance between the
waveguides in the active part of the system can be altered via electric actuation of the
system [7]. This is sufficient for the switching between 2 paths in a photonic circuit, thus
one of the 2 required devices can readily be realized. However there is still need for a
phase shifter in order to do the full unitary operation. As of now this has mainly been
done in photonic circuits via the use of thermo optical phase shifters [8]. Here a tempera-
ture change is made in the medium where the light is propagating, thus inducing different
optical path lengths leading to a phase shift. These current state of the art thermo optical
phase shifters requires a large footprint in the order of 100um and their switching times are
slow compared to those of NOEMS [9], and a key requirement is that the switching speeds
are compatible to the coherence times of the quantum dots which typically in the range of
us[10]. Furthermore the current state of the art Bloch sphere operations can reach a min-
imum variance of ~ 1075 when dialing a certain setting [11]|. Finally as the thermo-optic
phaseshifters requires a change in the temperature they are not compatible with cryogenic
temperatures which is a requirement for single photons based on quantum dots [12]. We
thus seek a novel NOEMS based solution to the phase shifter, with faster switching times,
smaller footprints of the devices and the capability of direct on chip implementation at
cryogenic temperatures.



There are a couple of methods in which a phaseshifter can be constructed with the use
of NOEMS. One method is using asymmetrical waveguides in the active part of the device,
the working principle is thus that the 2 waveguides will have varying optical path proper-
ties and thus different propagation constants for the light. When the coupling between the
2 waveguides are changed one arm will pick up a phase with respect to the other arm due
to the longer optical path length [13|. These effects has been demonstrated, albeit with
results that are far from satisfactory in order to reach a full 27 phase shift between the
output arms. Another method is to use a system based on a symmetrical relation between
the waveguides [7]. This is ensured by the use of a 50/50 beamsplitter in connection with
a NOEMS device. Here the optical properties of the system is changed by varying the
distance between the symmetrical waveguides, thus by adding one such device on of of the
paths in a 2x2 system a phase shift is introduced.

Recent developments in NOEMS based system have shown that such structures are
able to act on single-photons at low voltages while still keeping the overall device compact.
Previously a switch has been demonstrated at large speeds and a low required voltage,
leading to a low power consumption [7]. The question is thus whether such devices are
capable of working as a satisfactory phase shifter, while still keeping the advantages over
Thermo Optical phase shifters. Another advantage of such a NOEMS based device would
be the ability to integrate with single photon sources such as quantum dots in waveguides
as they are constructed in a material allowing for direct QD implementation (GaAs) and
are highly functional at cryogenic temperatures. [7][12]

The ability to achieve both a tunable splitting ratio, and a phase change with 2 inde-
pendent NOEMS devices, would fulfill the requirements to do a full 2x2 Unitary operation
on single photons. This would correspond to the ability of constructing any single qubit
state. |¥) = a|0) + B |1). The visual example of such state is usually represented via the
Bloch sphere. Here the single qubit states lie on the surface of the Bloch sphere as they
are normalized such that (¥|¥) = 1, furthermore requiring that o + 3% = 1. Any gen-
eral state can thus be described by 2 angles {6, ¢} as |¥) = cos(0/2) |0) + sin(6/2)e™ |1)
up to a global non-observable phase [14]. A schematic of the Bloch sphere and the as-
sociated aforementioned rotations is seen in figure 1.1. In a setup with 2 independently
NOEMS devices, one for switching and one acting as a phase shifter, these parameters
can be understood in terms of how the devices act on the light. The requirements to
reach any point on the Bloch sphere is thus a tunable splitting range 6/2 € [0, 7], corre-
sponding to the ability of fully switching the light between 2 output ports, the transmitted
and reflected, corresponding to |0) and |1) respectively. The other parameter needed is
the phase difference between the 2 output ports, where the requirement is the ability to
do a full 27 phase change such that ¢ € [0, 27]. This architecture is presented in figure 1.2.b

A single unitary and thus a single qubit rotation is not that interesting in and on
itself, however it has been demonstrated that the ability to do arbitrary and unitary 2x2
operations are sufficient to make any arbitrary NxN unitary operation. An NxN network
requires N(N — 1)/2 unitary 2x2 operations.|2]

The aim of this thesis is thus to construct the necessary building blocks for such op-
erations based on NOEMS systems, with the primary focus being the novel phase shifter
capable of doing a full 27 rotation, as the possibilities of constructing a tunable beam
splitter based on NOEMS structures has already been demonstrated [7]. The possible
applications of such a device is not only limited to unitary operations, but are instead
suitable for any single photon experiment requiring phase shifting or switching. Further-
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Figure 1.1: Bloch Sphere with rotations required for Unitary operations
Schematic example of the Bloch sphere with the 2 rotations that are minimally required
in order to do any unitary operation on qubits. (blue): Rotation corresponding to the
tunable beamsplitter, being capable of switching completely between the 2 output ports,
corresponding to a 7 rotation over the z-axis of the bloch sphere. (red): Rotation cor-
responding to a phase change between the 2 output ports, a full 27 rotation on the x-y
plane is required

more the existing switches will be optimized and analyzed in greater depth with regards
to the mechanical modes, which are a limiting factor in switching speeds, along with a full
characterization of the capabilities of the device along with possible limitations.

The ability to actuate 2 separate NOEMS devices independently in a single circuit is
yet to be demonstrated. This is an important step towards the of performing a 2x2 unitary
and even more so towards further up scaling of the system. Thus the ability to perform
such operations with independently actuated devices will also be shown in this work.

Previously a tunable beamsplitter capable of switching light completely from one out-
put waveguide to the other has been demonstrated. This can still be optimized specifically
in terms of switching speed which is a key element in upscaling the circuit. Finally reso-
nant driving of the system might be beneficial towards the use in demultiplexing of single
photon sources [15]. Thus we seek to improve the switching speeds and capabilities of this
part of the circuit.

The main result from this thesis are thus the following:

e Characterization of the devices, including quality factor determinations as a factor
of different variables, switching speed capabilities and noise stability measurements.
Found in section 3.6-3.9

e The demonstration of a phase shifter based on NOEMS devices capable of producing
a full 27 - phase shift between 2 output ports based on asyminetrical design of the
waveguides. shown in section 3.1.

e Demonstration of actuability of 2 independent NOEMS devices connected in the
same circuit showing promising results for the realization of any 2x2 unitary based
on NOEMS structures. Reported in section 3.5

e Further optimization of existing swithces build on NOEMS including switching time
and switching capabilities. Described in section 3.4 and 3.8



Figure 1.2: Full network and a sketch of a single 2x2 unitary (a): Example of a
full unitary circuit. From [8|. Here numerous elements can be seen which are all actuated
through external controls.(b): The proposed 2x2 unitary which was designed and tested
in this project. The first part constitutes the tunable splitting range while the second part
is responsible for the phase shift between the 2 output arms.
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Chapter 2

Theory

2.1 Overview

As stated in the introduction we search for devices allowing for arbitrary rotations on
the Bloch sphere. For this both a tunable switch and a tunable phase shift is needed. Both
of these will be constructed via NOEMS devices having different optical and mechanical
properties, possibly allowing for the realization of a full 2x2 unitary compatible with the
cryogenic temperatures, a strict requirement for the single photon sources (QD’s) which
are to be used with NOEMS devices.

The following chapter will provide all the theoretic background necessary for the
project. This includes the optical waveguide theory which is the principle of NOEMS
devices, the electro-mechanical theory which allows for the switching/phase change capa-
bilities, results from simulations and thoughts on the chip design necessary for successful
fabrication of devices with the desired abilities.

2.2 Optical NOEMS theory

The following section provides the theory needed in order to understand the optical
effects which we wish to exploit.

Brief waveguide theory

The optical properties of waveguides provides the main working principles of the
NOEMS devices with regards to the optical effects. In general waveguides are made from
a slab of dielectric material having a larger refractive index compared to the surrounding
material, this enables confinement of light within the waveguide [16]. Furthermore it is
made thin in one direction, for the purposes of this we chose it to be the z-direction. This
forces the incident light to propagate along plane in the x-y direction.

Understanding the fields propagating in the waveguide is of great importance, as it
will explain coupling effects which ultimately makes the NOEMS structures interesting.
First we consider Maxwell equations in a neutral medium such that p = 0 and 57 = 0.
furthermore the meduim has a refractive index n(r). The corresponding electrical field
which is the solution to the wave equation that can be obtained from Maxwells equation
is then [17]

2
V2E(r,t) — uoeonZ(r)%textbe(r, t)=0 (2.1)

7
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Supposing a radial frequency w, and that the field is given by E(r,t) = Re[textbf E(r)e™]
the Helmholtz eq for the amplitude E(r) is obtained

VZE(r) + k% 4 n*(r)E(r) (2.2)

k is here the norm of the wavevector k and is given by the dispersion relation k = w/c.
When considering a geometry where the wave travels along the x direction, with z being
the thickness of the waveguide and y being the width the field can be decomposed to
E(r,t) = E(y, 2)e "% then we can rewrite the equation above as

o 92

(ggz T g2/ Bl 2) + [*n®(r) — B°]E(y, 2) (2.3)
Finally supposing that 9/9z = 0 the equation can be separated into 2 equations.
82
5z B) + (03 = BAE@) =0 [r]> a2 (2.4)
0 2,2
@E(y) + (k"ni — B2)E(y) =0  |z| <a/2 (2.5)

where the requirement |x| < a/2 is for light within the dielectric material and |z| > a/2
is outside. In the specific case where kny > 8 > kngy the amplitude E(y) is sinusoidal within
the waveguide and has an exponential decay outside the waveguide. The light propagates
in different modes within the waveguide, usually 2 types of modes are propagating in
the waveguide, namely the Transverse Electric (TE) and the Transverse Magnetic (TM)
modes. Here however only the TE-modes are studied as the input/output gratings ensure
that only these modes can be coupled to the waveguides [18]. A number of TE-modes can
propagate within the waveguides, determined by the geometry of the waveguide and the
refractive index of the material that is used. This is evident from the fact that there is
an endless amount of sinusoidal solutions to the equations above, however the geometry
of the waveguide determines which of these solutions actually fulfill the

knq >,3 > kno

as [ is geometry dependent. A larger waveguide, with respect to the width and thickness,
will support a larger number of modes. We are interested in the regime where only a single
TE-mode is propagating in the waveguides, furthermore the waveguides that are used here
are GaAs waveguides with a refractive index of ngeas = 3.48. Through previous experi-
ments and COMSOL studies we have concluded that only a single TE-mode is propagating
in the region where the GaAs waveguide width is > 250 nm and a thickness of 160 nm, as
long as the wavelength in question is ~ 930nm corresponding to the resonance of current
state of the art quantum dots [19]. examples of the lowest order TE-modes for different
waveguide widths still in the single mode regime can be seen in fig.2.1.

An important aspect of the modes propagating in the waveguide is that there will be
a certain amount of the mode which is located outside the actual waveguide, given by the
portion of the field having exponential decay arising when |z| > a/2 from the solution
of eq 2.4. This is the evanescent part of the mode which both have useful features but
also serves as the main source of loss in the system. Firstly the loss in the system can be
explained by this evanescent part of the field, as surface roughness will lead to scattering
from this part [20]. Thus a larger evanescent field will lead to larger losses. The evanescent
field is however also an important aspect of the systems, as the field located outside the
waveguides will leak into nearby situated waveguides which can be used for directional
coupling [21]. This is the main working principle of the NOEMS structures, along with
the ability to control the distance between the waveguides in the system.
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Figure 2.1: Comsol simulation showing the y-field of the lowest order TE-modes
from waveguides with different widths (a) The lowest order TE-mode of a GaAs
waveguide where the thickness is t = 160nm and a width of w = 190nm Here a larger part
of the mode is evanescent. (b) The lowest order TE-mode of a GaAs waveguide where the
thickness is t = 160nm and a width of w = 225nm Here a significantly smaller portion of
the mode is evanescent

General NOEMS theory and switching

First and foremost it is important to understand the optical properties of the devices
that are designed. The NOEMS devices works on the principle of gap variable directional
couplers. Such a system consists of 2 parallel waveguides in close proximity, thus allowing
the evanescent fields to leak between the waveguides. The strength of coupling effects
between the waveguides can be altered by varying the gap distance between the waveguides,
as coupling is determined by the overlap integral between the mode in one waveguide and
the evanescent field of a nearby waveguide [22]. Such a process is sketched in figure 2.2.
We are working with waveguides preferentially only supporting the lowest order TE-modes
(Transverse electric), as we ensure through grating that we only couple to TE-modes,
thus mode profile will be proportional to cos(az). Likewise the evanescent field of the
other waveguide is proportional to exp(—kz). Here x is the position in the direction
where there is separation between the waveguides. The constants are o = /n2k? — 32
with k being the wavenumber k = 27w/)\y where \g is the free space wavelength of the
light, and x = /3% — 1. This can be evaluated by solving Maxwells equation for the
individual waveguides as 8 = n.frk, where n.ss is the effective refractive index of the
mode propagating in the waveguide. this value is dependent on the geometry of the
waveguides in use, a simulation of this can be seen in figure 2.4. The coupling strength is
thus given as

g = goe_nd (26)

Here d is then the distance between the waveguide, which can be varied to change the
coupling. The other factor gg is however constant and solely depends on individual waveg-
uide properties, such as their 8, widths and refractive index of the waveguide material.
Throughout this project GaAs n = 3.48 was used when making the waveguides

When working with the 2 parallel waveguide system it is convenient to describe it in
a diagonalized basis. diagonalization is done by starting from a matrix of the system in a
basis of the 2 output ports. Here the matrix describing the NOEMS system is given as

Alout \ _ B1 g Alin
(a20ut> B <g 52) <a2in) (27)
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Lt

Figure 2.2: Operation principle of the NOEMS device The working principle of the
NOEMS devices as a switch. Light is inserted into one of the waveguides, and the resulting
mode profile is shown. In the initial setting where d = xg the coupling is maximal as there
is a large overlap integral between the mode and the nearby waveguide. As gap between
the waveguides is increased to d = xg + =5 the coupling is decreased leading to a different
output in the 2 ports. This shows the example of full switching between the output ports.

Where for a completely symmetrical setup 51 = B2. Here a1 and ao corresponds to the
2 waveguides, where the a;in denotes the point of injection and a;out denotes the point
where the light is recollected at the end of the system. Equation 2.7 can be diagonalized
by introducing the normal modes as = (a1 + a2)/2 and aqs = (a1 — a2)/2 which are
called the symmetric and anti-symmetric modes respectively [23]. When injecting light
through either a; or as both modes are excited and will propagate given their propagation
constants.

1
aip = 5(&567’85 + aAge*ﬁAS) (2.8)

Where Bg and 54 are the propagation constants for each of the symmetric/anti-symmetric
mode For identical waveguides the intensity in the 2 output ports are then given by
= |a1|? and I = |as|? as

9,Bs — 5As)
2

9,85 — Bas
(—— 5 )

I = Isin®( = Iysin®(gy) (2.9)

I = Iycos? = Iycos*(gy) (2.10)

Here Iy is the initial intensity in the system, y is the length of the coupled section of the
2 waveguides, and g = (8s — S4s)/2. This enables the definition of the transfer length,
which is the propagation length required to switch the light completely from one waveguide
to the other L; = Q’T—g. Thus we can define the output intensity of transmission port one as

I = Ipsin®(=——y) (2.11)

2Lt

The working principle of switching mechanisms in the design is thus to vary L; while
keeping the active device length L. constant, meaning the value of y at the output port is
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kept fixed from the fabrication of the device. As L; is varied when varying the coupling
strength g, this value can be changed by actuating the device thus varying the distance
between the waveguides. Previously devices with full 100/0 to 0/100 switching has been
shown, in terms of the Bloch sphere rotation this corresponds to a 7 change in 6 [7]. In
the following project the coupling length of the devices is however increased by cascading
multiple NOEMS devices as explained on page 14. We thus expect to see larger effects,
even on the order of 6>2x.

NOEMS as phase shifter

The aforementioned theory described the usability of NOEMS devices as a switching
device. However there are numerous assumptions made in order to only enable switching
without other optical effects. One such is that the waveguides are completely symmetrical.
In reality different kinds of fabricational limitations give rise to asymmetries in the ge-
ometries of the parallel waveguides, furthermore asymmetric effects might even be created
on purpose in order to obtain phase shifting effects from the system [24]|. Previously the
assumption of identical waveguides leading to 51 = P2 was made. However if the waveg-
uides are asymmetrical, either on purpose, or through errors in the fabrication process, this
statement is no longer valid. The resulting effect will be that the 5; values constituting
the propagation speed of light in the respective waveguides will be varying. The amount
of variation in the effective mode index n.ry o< 3, as a function of waveguide widths at a
fixed thickness can be seen in figure 2.3.

This will still give switching capabilities as the changes are not large, thus the previ-
ously mentioned theory is approximately true (It mainly limits the amount of extinction
between the 2 ports as we are no longer able to go from 100/0). However when changing
the gap, and the coupling strength, we are also changing the optical path length which the
photons undergo before exiting at each of the output ports. This will lead to a different
phase experienced for photons exiting at output 1 compared to output 2. Considering a
system producing a 50/50 splitting ratio and comparing the path length to a case where
the system is completely decoupled giving a 100/0 splitting ratio it is evident that the
phase at the different output ports will be different if the 5’s of the 2 waveguides are no
longer identical. Thus a system composed of 2 asymmetrical waveguides will both consti-
tute a 6 and a ¢ shift when considering the imparted rotation on the Bloch sphere. As
the changes to the effective refractive index are small and due to the experiments that
was carried out in the "short" NOEMS based tunable switches these effects has not been
seen. However as we greatly increase L., the phase that is picked up will vastly increase
as the effect scales linearly with Lo. This is one of the reasons that we chose to cascade
the NOEMS device as a full 27 shift in ¢ is of great interest. Noteworthy is however that
while such a device is likely to produce the full 8 and ¢ rotations on the Bloch sphere
simultaneously, the rotations are not independent. A single device of this type will thus
not be sufficient to reach any arbitrary point on the Bloch sphere. This means that another
device will still be needed, as it would in an architecture with 2 independet Bloch sphere
rotations. However if the full phase shift is obtainable the only remaining requirement
is a symmetrical NOEMS system capable of doing the necessary rotation in 6, without
applying a substantial phase shift rotation in ¢.

A final remark on the properties of the asymmetrically designed NOEMS system is
that while increasing the amount of symmetry - thus the An.s; between the waveguides -
should seemingly lead to a larger phase shift at the output ports, this is only partially the
case. For vastly varying differences in the geometry of the waveguides the mode matching
requirement, which provides the ability of coupling, will be changed. It is evident from
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Figure 2.3: Effective refractive index n.ry as a function of waveguide widths
Comsol simulation based on a 180 nm thick waveguide with varying widths, finding the
excited modes in the waveguide. In this region only a single mode is propagating, however
with different n.yy Furthermore the gradient An, s varies over the wavelength, suggesting
a larger amount of loss due to surface roughness for narow waveguides. The insert show
the lowest order TE-modes for the waveguide at different wavelengths, 190 nm and 225
nm respectively.
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Figure 2.4: Obtained phase rotation ¢ in an asymmetric geometry with varying
levels of asymmetry It is evident that there is a "sweet" spot in the level of asymmetry
when considering the resulting phase shift. A low asymmetry has a small difference in
the ; values for the different waveguides, whereas a large asymmetry does not allow
for sufficiently large couplings between the waveguides. The optimal asymmetry is likely
dependent on the actual widths of the waveguides, as a wider waveguide will require a
larger asymmetry to obtain the same amount of change in ; between waveguides

figure 2.1 that the mode profiles of the resulting modes given 2 vastly different waveguide
widths are differing a lot. This will lead to a lower coupling by having a smaller over-
lap integral, thus limiting how much we can change the path of the light, a necessity for
obtaining the phase shifting effects of the device. This will be studied in detail through
COMSOL studies in order to find the right balance between the amount of asymmetry in
the waveguides and the phase shifting effects. In order to do this the same simulation,
with different levels of asymmetry in the setup was carried out and the result is seen in
figure 2.4. Here the simulations revolves around a waveguide with at a width of 200 nm,
whereas the other waveguide has the amount of asymmetry added.
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Figure 2.5: Varying S and g factors as a function of the distance between the
waveguides Varying the gap size between the parallel waveguides will change the different
factors in the diagonalized basis. Here it is evident that there is a large variation in the
Bs with varying gap sizes between the waveguides. This allows the NOEMS device to be
used as a phase shifter if it is applied to one arm of a 2 mode circuit.

Designing the device to have asymmetrical waveguides is however not the only way to
obtain a phase shift via NOEMS devices. from equation 2.4 it is evident that there is a sign
difference in the asymmetrical part of the mode when considering which of the input ports
a1 2 is pumped. Evidently if light is inserted exactly with a 50/50 ratio of intensity in a;
and ag simultaneously the corresponding propagating mode will only be the symmetrical,
as the asymmetric contribution from both ports will cancel out. This can be utilized in
order to obtain a tunable phase shifter. By considering 2 completely parallel waveguides,
a 50/50 MMI (Multi-Mode interferometer) going from a single waveguide to 2 waveguides
can be used on one of these initial paths, the MMI effect is explained in Appendix A.2.
These 2 new waveguides constitutes a NOEMS, where only the symmetrical mode will
be pumped, as the initial intensity is divided evenly between the waveguides. Such an
architecture of this setup is shown schematically in figure 1.2.b in the red box. Now the
Bs is dependent on the distance between the waveguides, as can be seen from the blue
line in figure 2.5, thus if the gap d is changed we are consequently changing Bg and thus
the optical path length. As the other arm is simply a straight waveguide, this will lead
to a change in the resulting phase difference at the 2 output ports. If the phase change is
sufficient, meaning that ¢ can be tuned to larger than 27, a setup on the type of figure
1.2 will be capable of performing any 2x2 unitary. Yet again as the effects on the change
in Bg varies slowly while changing d we require a longer L. in order to obtain the desired
effects. Furthermore it is not trivial to anticipate how large the effects of a possible non
50/50 MMI operation, or the inevitable asymmetries in the waveguide widths will be in
terms of the symmetrically based phase shifter.
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Cascading NOEMS devices

As mentioned in the previous section we need a way to extend the L. of the devices in
order to obtain the desired phase shifting effects. There are however numerous concerns
regarding the design of these new structures. First and foremost the devices are composed
of suspended waveguides, this gives limitations on the distance between supporting tethers
that are needed to prevent the collapse of the structures. Usually this length is &~ 10um. In
the previously designed structure one such tether was situated in the center of the NOEMS
devices to keep the structure suspended [7]. If we desire to extend the length additional
tethers are needed leading to a larger amount of inactive device. This is due to the fact
that tethers fixes the device in place at the tethering position, thus this part is not gap
variable and does not contribute to changes in the coupling g. This does however turn
out to not only be a limitation but also an advantage. The switching speeds of the device
is primarily limited to the resonance frequency of the waveguides lowest order resonant
mechanical mode. This mode is determined by the geometry of the design, mainly the
stiffness of the waveguides, determined by waveguide lengths and widths. Thus when we
increase the L. of the device this should lower the switching speed compared to previously
designed NOEMS devices. However by adding more tethers as required the stiffness of
the device is increased, and the mechanical frequencies should depend on the individual
cascaded sections and not the entire device itself as we hypothesize that points of tethering
acts as fixed points. Thus the only immediate drawback happening from cascading the
device is a larger footprint of the device on the chip. This is however necessary if phase
shifts on the order of 27 are to be obtained, either through symmetry or asymmetry in the
device. The total length should however still be shorter than the current state of the art
thermal phase shifters.

The exact geometry of the waveguides constituting the NOEMS device will be deter-
mined through COMSOL simulations. There are however a couple of noteworthy thoughts
which needs to go into the design. First and foremost there is a trade off between the
switching speed and the maximal phase shift /switching. A maximal switching speed could
be obtained by only having short sections of parallel waveguides between tethers. This
would however give a larger part of the device that cant be actuated, leading to an overall
longer footprint.

2.3 simulations

This section deals with the simulation of the devices which was used in the design pro-
cess. All simulations were carried out using the Finite element method program COMSOL.

Simulating the devices

Making such complicated opto-electromechanical structures are not a task that can
simply be carried out blindly. Furthermore developing new devices analytically are also
not effective. Luckily, Finite elements method based programs allows for the simulations
of both the optical and mechanical response of these structures.

The basis of finite element based simulation programs is to not solve the entire geom-
etry at once but in turn sudbivide the problem into a number of elements by construction
of a mesh over the object in question. These finite elements are then solved with boundary
conditions that gives a system of algebraic equations that can be solved. This is afterwards
turned in to an approximate solution for the entire domain. The actual real world solution
would require a mesh of infinite precision, however this is not feasible due to computa-
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tional limitations. Instead it is necessary to determine the mesh size for the given problem,
which approximates the actual solution to a desirable degree. In order to do this a mesh
convergence is conducted. Here different mesh sizes are tested in order to find the limit
where the solution converges to a constant value, determining that this is close to the real
world solution on the same problem.

Another important aspect for the simulations in questions is the boundaries around
the object. The object will be suspended in air thus having a boundary around it, and
it is assumed that no light is reflected back once it has left the devices, either through
scattering or other effects. When doing boundary mode analysis, all light incident at the
boundaries of interest will be terminated. However these are only placed in the regions
where light from the device itself should emerge. Thus for other regions scattering might
occur, where light completely escapes the system, never to return. This is solved by adding
perfectly matched layers (PML). These act as an artificial absorbing layer, ensuring that
no back scattering into the domain occurs in these regions. This acts as if the light field at
these points simply escape to infinity rather than getting reflected back into the domain.
This is explained in greater depth with the inclusion of such a study in Appendix 1.

When this is ensured for all the different types of simulations these can now be carried
out for numerous different parameters in order to obtain a geometry producing the de-
sired responses. As the simulations are complex, it is a demanding task computationally.
However symmetries in the geometry can be exploited as to limit the simulated domain,
lowering the computational demands drastically. By imposing different boundary condi-
tions on the domain different kinds of symmetries and asymmetries can be created, allowing
to only simulate parts of the full domain while still obtaining the full result. Firstly, con-
sidering that the length of the object goes in the y direction, the width of the object is in
the x direction and that the height of the object is in the z-direction, it is evident that there
is a symmetry along the z axis for the domain that we are interested in simulating as there
is up-down symmetry in all the structures of concern. Thus the boundary condition of a
perfect electrical conductor can be placed on the boundary cutting through the upper half
of the object. This leaves us with only half the domain for the simulations. Furthermore
for the symmetrical devices there is an additional symmetry in the x axis through the
middle of the gap between the waveguides. This is however only for the device in which
both of the input waveguides are pumped via the 50/50 MMI, as the tunable beamsplitters
will only be pumped from one port at a time to investigate the effects thus breaking the
aforementioned symmetry. Here another kind of symmetry is used however, namely the
perfect magnetic conductor, which ensures that the simulation is covering the case where
only the symmetric mode of the total system is pumped.

For the other devices, such as the symmetrical beamsplitter, which is based on sym-
metric waveguides, but where only 1 of the inputs are pumped at any given time, only the
z-axis symmetry can be utilized, as there is an asymmetry in the pumping of the waveg-
uides. Obviously a similar approach is needed when studying the asymmetric case, where
there is a difference between the 2 waveguides in the directional coupler.

Different kinds of simulations are carried out, one with the intend of studying the
optical properties of the system with variable gaps between the waveguides. Varying ge-
ometries are tested at this stage, including varying widths, coupling lengths and initial
separations dy one such can be seen in figure 2.6. Another study is used to determine
the amount of movement in the waveguides, this is done with a mechanical study of the
system where a voltage is applied in order to observe the d(V') = z¢ + x(V'). For the op-
tical simulation the "Electromagnetic waves, frequency domain (emw)" build in study in
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Figure 2.6: Simulated phase change for a symmetric based phase shifter COMSOL
simulation of the symmetrically based phase shifter. Here it is evident that a wgyamn =
210nm, combined with a individual cascading length of Lej,q = 16um is sufficient to
produce a full 27-phase shift.

COMSOL is used. Here the boundary mode analysis is applied to 4 ports, corresponding
to the 2 input and 2 output ports. Port 1 is pumped at the desired frequency, and all
the optical material constants are applied to the system. It is assumed that movement
of the waveguides are constant throughout the entire directional coupler when actuating,
this is an approximation as the actual movement will depend on the exact position along
the waveguides, especially in the region where tethers are located. It has however been
demonstrated previously that this assumption is valid enough to obtain useful results from
the simulation [7]. Furthermore another simplification is used, as the device is cascaded
with identical copies, only the effects in one of these copies is studied. The assumption is
that cascading the device will give exactly same results for each of the individual devices,
such that the results obtained can simply be scaled linearly by the number of cascations.
This is true as long as the cascaded devices are actually approximately similar to each
other. From this, the number of devices needed in succession can be estimated. Finally
a study is done on the time dependent behavior of the actuation. This will show the
different mechanical modes in the system, we are coupling to these when the actuation
signal is done fast and will be the ultimate limiting factor on the speed of the devices.
Here it is noteworthy that many mechanical modes will show for the system, however only
the optically active modes are of interest. In general modes that changes the gap between
the waveguides at different positions along the x-axis of the waveguides. Thus resonances
which are only moving the waveguides along the z-direction will be disregarded as these
will have little to no effect on the optical properties of the system.

For the mechanical simulations the "electromechanics (emi)" module in COMSOL is
used. Here the stationary study is used, as we are mainly interested in the amount of
movement induced by the actuators. Only one waveguide, and its associated actuation is
studied here, as the amount of movement will be the similar on the other waveguide, even
in the case of asymmetries where movement might only vary slightly. Again only one of
the cascaded devices are analyzed, as we suppose that these be move independently. For
future works more simulations, in larger detail, of the fully coupled cascaded device might
be of great interest. Examples of COMSOL structures studied can be seen in Appendix
AA4.
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2.4 Electro-mechanical theory

The following section deals with the theory behind electronic actuation of the system.
This process makes for all changes to the optical properties by gap variations via an
electronic force.

Electromechanics of the device

As we are interested in displacing the waveguides in the directional coupler in order
to reconfigure the settings by changing the coupling we are using an capacitative nanome-
chanical actuatortors. When a voltage is applied the capacitors charge closing the gap on
the actuator side and separating the optical waveguides. The capacitance of this structure
can be approximated as |7]

C(z) = C(z) + Cs(x) (2.12)

Where C,, is the capacitance of the metal lines, and Cj is that of the underlying semicon-
ductor. The waveguides are moved via a shuttle made of a semiconductor beams which
is connected to the waveguides in the directional coupler via tethers. The force acting on
the shuttle is given by F' = %Vz‘;—g. This structure is however far to complicated for an
analytical evaluation, thus a full 3D simulation is needed to estimate the forces. However,
it is useful to consider a simpler model to estimate the parameters needed when designing
the structure, in order to simulate the parameters within this region. A similar approach
was used in [7], and the values found here are being reused for the designs of the structures
analyzed in this report. The basis of this simpler analysis is to simplify the system as a
parallel plate capacitor model. The force exerted is then approximated to

1 t t
Fx Vel <(bo — o fx)2> (2.13)

Here the parameters used are t,, for the thickness of the metal electrode, by is the
distance between the actuators at rest, Lg is the length of the shuttle part, and b, is
the distance between the metal lines at rest. As in previous works t,, = 70nm and
bm = 500nm is used, which is determined by constraints in the fabrication process. bg
is chosen by taking the pull-in instabilities of the system into account. This constrains
to a movement of ~ 1/3bg, thus when desiring displacement in the order of 50 — 100nm
we chose by = 300nm. By using Hookes law an expression for the displacement can be
obtained.

VeoLgt -
2kr

Furthermore the elastic constant of the system can be estimated, by neglecting the metal
electrodes, which are thin compared to the rest of the system, as

(bg — )2z — 0 (2.14)

Loy I
kr = kug + ks = 384E(LT9 + ﬁ) (2.15)
wg S

Here E is the Youngs Modulus of the GaAs constituting the waveguides, I,,4 and I
is the moment of inertia of the waveguide and shuttle respectively and finally L, g =
L. + Ligper is the total length of the waveguide, including the taper in the central re-
gion, where the waveguide is connected to the shuttle via a tether. Importantly kr is
what ultimately restricts the speed at which the device can be reconfigured, as this will
give the mechanical resonance frequencies in the system. By reconfiguring the settings
faster than the lowest order mechanical frequencies in the system, oscillations are intro-
duced, which will lead to an oscillating coupling factor g. From the expression of kr it
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can readily be observed that increasing the total length of the device, will lead to a less
stiff device, thus a lower mechanical resonance frequency. On the other hand increasing
the length will increase the coupling region, thus requiring smaller displacements to obtain
similar results. A method in which to do both simultaneously is by cascading NOEMS
structures, in order to maintain the stiffness of the shorter devices while having a larger L¢

An interesting feature is that the resonance frequencies of the waveguides are tuned by
actuating the system. This is due to frequency softening, which is voltage dependent [25].
A simple theory for this gives the change in resonance frequency as

60A6l6V2
472(ge — x)3m

=13 (2.16)
Where A is related to the size of the waveguides, m being the mass, x the displacement
and g. the gap between the resonator and electrode. When the displacement is small, this
will give an approximately linear dependence between the resonance frequency squared and
V2. Furthermore this will only be applicable to the lowest order modes of the waveguides,
it does however suggest that the operating speeds at large voltages are somewhat slower

than at low voltages.

This effect might prove to be valuable if we want to utilize resonant driving of the
system. Here it might be possible to use the resonant frequencies in order to obtain fast
switching times. Such a setup can be used for demultiplexing [7][15], here it is however
necessary that the different devices in the setup has the same resonant frequencies. This
will require that the waveguides are exactly identical, which is not likely due to fabrication
errors. It could however be possible to set a DC voltage on top of the resonant driving
in order to change the resonance frequencies. It is thus of interest to analyze the range
wherein these resonances can be tuned, in order to evaluate whether it is possible to tune
2 separate devices into resonance or not.

Another important aspect of the electromechanical properties of the devices are the
phase stability. This is a measure of how well the device can be reconfigured to a given
setting and stay there. A certain phase stability is needed in order to realize a useful
device for scaling to NxN unitary operation. This is of course dependent on the actual size
of the system, as larger system will require larger precision in order to achieve sufficient
fidelities. The fidelity is a measure of how well a given intended unitary operation can be
reproduced by the system. This can quantified as 2]

1
F(U,Us) = W|T7“(UTUt)|2 (2.17)

Here Uy is the target transfer matrix, U is the experimentally realized matrix and finally
N in the size of the NxN matrix in question.

The experimentally achievable matrix will depend on numerous different limitations
in the setup, including losses and importantly for this part the phase noise. This noise
0¢ and 66 will be a measure of the uncertainty on the set values 6. and ¢, where the e
denotes that these are expected values. The actual phases set will thus be 8 = 6, + 66 and
¢ = ¢e + d¢. Here importantly the § values can go in either direction with an unknown
magnitude, thus limiting the actual settings.

A way to quantify the precision with regards to the size of the circuit is the n-bit
precision [26]. When considering an arbitrary Unitary matrix with size NxN, we can
denote all the phases needed as
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¢j = ¢jo +0¢; (2.18)

again with the same arguments for the 2 values constituting the actual phase shift, and
noting that (j=1...N2—1). the phase shift provides an n bit precision when §¢; < 27 /2"+1.
It has been demonstrated that a n = 10 bit precision is sufficient for the approximation
of a N channel unitary matrix up to N & 100. this precision corresponds to a phase error
§¢; <3-1073rad

The phase noise level in NOEMS structures will primarily be due to unwanted oscilla-
tions of the individual waveguides which changes the coupling. It goes without saying that
this first and foremost concludes that the operating speeds should be such that oscillations
are excited in the structures. When working in this regime we are however not completely
free of oscillations. Such oscillations occurs due to different effects, but the largest con-
tributor is due to thermal noise. We hypothesize that thermal effects will be lowered when
working in a single photon regime at cryogenic temperatures. We will however do experi-
ments at room temperature, nevertheless we should still get an indication on the maximal
phase error in the system.

Pull in instabilities and Dynamics - lumped model

A simplified lumped element model can be used to describe the mechanical motion and
effects when actuating the devices. The system can be modelled as a voltage controlled
parallel plate electrostatic actuator [27].

The system will have an important behavior, the so called pull-in voltage. This is
explained by the opposite forces of the voltage pulling the plates in one direction and the
spring force pulling towards the other. The analysis of the pull-in consists of a stability
analysis of the system. Here the system is perturbed from the equilibrium position and it
is analyzed if the net force returns the system to the equilibrium position. The force on
the upper capacitor plate at a given voltage V and gap g is given by:

—€eAV?

= L k(g0 — 2.19
t 27t (90— 9) (2.19)

Here the signs are set such that the positive force increases the gap, and vice versa.
go is the gap at rest. When the system is at equilibrium position it will of course imply
that the net force is 0. Now examining how the net force varies with a small perturbation
go + dg such that

a-Fnet

5Fnet = ag

lvog (2.20)

Now importantly if the change in net force is positive for the given dg this is an unstable
point of equilibrium as the dg is increased further, making the force increase further. On
the other hand if §F, is negative then the equilibrium point is stable. Evaluating the
force to find

eAV?

5Fne, = :
t ( gs

— k)dg (2.21)

Thus for g to be a stable point the parenthesis must be a negative value, implying the
condition that
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€AV?
g3

The equilibrium gap decreases when the voltage is increased, this implies that there is

a certain voltage where there is no stability at the equilibrium position. This is regarded

as the pull in voltage Vp;. From this we can find the pull in position gpy, to find this 2
requirements has to be fulfilled, that F,.; = 0 and that

k> (2.22)

AV2
f= S (2.23)
9pr
From the above equations we can see that the pull in occurs at
2
gri = ggo (2.24)

This provides us useful information on the initial gap go as we will need to move the
waveguides a certain distance in order to observe the desired effects. From this knowledge
we will chose gg =~ 300nm. Furthermore the pull in voltage can be approximated, thereby
giving us information on how hard we can drive the system

 8kgs
— 2.9
Ve 27eA (2:25)

The above information only deals with stable forces applied to the system and looking at
the equilibrium positions when applying different static voltages. The system still consists
of a 2 port capacitor system, with one port connected to the mechanical domain and the
other to the electrical domain. To describe the system the KVL (Kirchoff Voltage laws)
equations are applied to the system, and are manipulated into state form. It is necessary
to work with the full set of nonlinear equations as the system is nonlinear. Furthermore
when dealing with the dynamics of the system additional parameters needs to be taken
into account, this includes the inertia of the plate being moved, a source resistor for the
voltage source driving the system and finally mechanical damping forces that arises from
the medium surrounding the system. All of this information gives the nonlinear equation,
first of the equation for the electrical domain.

- 1 Qg
=I=—=Vip — — 2.26
Q=1=2(Vin— ) (226)
The equation for the mechanical domain is given by
Q2
== 2.2
2¢A (2.27)

From these equations we can obtain
2

ﬂ—i-bg%—mg—i-k(g—go) =0 (2.28)

We want to bring the equations into state form, thus 3 state variables should be iden-
tified, here we select the following 3 variables.

21 =Q (2.29)
To =g (2.30)

r3 =g (2.31)
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Figure 2.7: Estimation of pull in voltages and approximate waveguide displace-
ment (a) showing the stable solutions for the voltage setting (green) and the unstable
solutions (orange and blue). The pull in voltage is estimated to be 12V. (b) Estimation of
the displacement at a given voltage, this is useful towards simulations.

which gives the following state equations

. 1 T122
= = (Vin — —1 2.32
71 = £ (Vin — =) (2:32)
ZL"Q = I3 (2.33)
g = i(—x% + k( ) + bxs) (2.34)
= m 2eA T2~ 90 3 ’

Here it should be noted that z; is the charge on the capacitor, x2 is the gap between
the capacitor plates and x3 is the velocity of the moving plate. A is the area of the plate,
R is the resistance of the time dependent voltage V;,, and € is the permittivity of the
surrounding environment (air, vacuum etc.). This allows for the estimating of a static
solution giving an estimation on the amount of movement induced at different voltages,
furthermore at which voltage levels the solution is stable. Here it is found that we from
this crude model expects displacements of ~ 50nm, and we should be able to drive the
system with up to 12V before reaching the pull in. Aforementioned effects are shown in
figure 2.7. Estimations of the amount movement is valuable when simulating the devices
to know which optical effects we can anticipate.

Resonant driving

Until this point it has been described that the resonant modes are preferred not to be
excited, and thus in most experiments we are driving the voltage slower than the NOEMS
resonance frequencies. This is to ensure that we can actually park the system at a given
setting, while not waiting for dampenings of oscillations. Waiting would decrease the
switching speed drastically compared to lower than resonant driving. However it is the-
oretically possible to acquire much faster switching at lower voltages if we were to drive
the system resonantly. Resonant driving can be obtained by driving the actuators with a
sinusoidal sine wave on the form Vj,, = Vysin(mvynt/2), as the force is responding with
the square of the voltage applied this will be proportional to sin(mvy,,t). Here vy, is the
n’th resonant mode of the system. Thus we need to drive at half the frequency of the
resonant mode that we are driving. Previously resonant driving of the lowest order modes
has been demonstrated [7]. Here it was furthermore seen that for this kind of device there
is a difference between the resonant frequencies of the 2 waveguides, even when they are
designed to be identical, meaning that the waveguide widths differs by some amount. This
effect primarily happens due to the deposition and lift-off of electrodes. Nevertheless only
using the lowest order resonances for driving is limiting as these are the slowest responding
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modes. Multiple larger order modes are available thus it is worth to investigate if they
can reproduce similar switching at faster rates. By applying a white noise signal on the
structures all different optically active mechanical modes can be seen from the resulting
spectrum when performing a PSD measurement. [28]

From a PSD measurement all the optically active modes should be visible. There are
however further modes of mechanical oscillations. Numerous modes will have out of plane
motion which will likely not produce any visible effects in coupling between the waveguides,
as they will approximately be at the same distance from each other. The optically active
modes can be analyzed by setting the sinusoidal drive to match the frequencies which are
found from the mode analysis (at half the frequency that is). An interesting question for
this approach will be whether or not each of the devices will show 6 individual modes for
all of the different resonances, 2 for each of the cascaded devices, and if this limits the
response when driving on the resonant frequencies.

The advantages of driving resonantly, possibly finding the responding modes with the
largest frequency will be that the devices can switch extremely fast. On top of this it will
require much lower voltages for the same amount of switching, thus a lower power con-
sumption. This occurs as the amplitude of the oscillations will scale proportional to A o« @
where Q is the quality factor of the individual modes [29]. This statement will be true as
long as we are driving the devices exactly on the resonance frequency. As the linewidths
of the structures are usually around ~ 1 [kHz| which is the same as the resolution used
on the function generator, we will at worst be at the point of FWHM, thus the amplitude
will be lowered by a factor of 2 in such a scenario.

2.5 Chip design and experimental setup

Chip and device design

Simulating a given geometry for the design is one thing on its own. These will serve
as a basis for the geometry and properties of the active part of the system, including the
size of the NOEMS and the properties of the electromechanical actuators as well. However
this is not solely sufficient in designing the structures which are send for fabrication, as
other factors needs to be included to ensure that the devices are fully functional. First of
input gratings are necessary for the in coupling of the light. These furthermore serves the
purpose of only coupling the TE-modes into the waveguides. On top of this it is needed
to ensure that we are only in/out coupling from the grating that we intend. For this we
need a spacing between the gratings of ~ 15 — 20um, as this allow us to safely focus the
laser at the intended port. In order to access all of the gratings in the designed device its a
constraint that these are within the focus of the laser used for coupling, and the focus used
for out coupling. This leaves us with the restrictions that all gratings in the system should
be within ~ 60 — 80um of one another. As the devices have a larger footprint compared to
the previously designed NOEMS devices bending of the waveguides are required in order
to include all gratings inside the desired area. This leads to longer waveguides and thus
the requirement of extra tethers to support these suspended waveguides.

Furthermore we need to isolate parts with different electric potentials, this leads the
use of trenches that are made between the different parts which are electrically active.
Finally trenches and waveguides will lead to undercut areas around them, this restricts
how closely each of these elements can be placed in the structures and it is ultimately a
limitation occurring in the fabrication process. For the single beamsplitter /phaseshifter
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Figure 2.8: Geometry of the full unitary along with the undercut (a): SEM image
of the full unitary device complece with trenches(red) and electrodes(yellow). The numbers
denote the different potential regions which are isolated from each other through trenches.
Both of the actuations (1) and (3) shares the same ground potential (2). All the electrodes
are connected to the bonding pads outside this SEM-image (b) Showing the undercut in
this case 2.8um. This restricts how closely the trenches and waveguides can be located in
order to ensure stability of the device.

designs this has already been made which ensures that all of these problems are solved
at once, the only difference for these structures is the bending of waveguides bringing the
gratings closer.

However for the full unitary operation, 2 separate electrical parts are necessary, thus
requiring further trenching and considerations. This proves to be an issue for the standard
way of designing the structures, where 2 large bonding paths are simply placed on either
side of a row of devices in order to give the potential difference over the device, allowing
actuation. In this case however, at least 4 bonding pads are needed for each device to
obtain the 2 potential differences. This leads to complications for the trenches and the
wiring as the current technology does not allow for electrode/electrode, trench/electrode or
electrode/waveguide crossing. Furthermore all the trenches needs a certain spacing given
by the undercut in the fabricated structure. A novel design is thus presented which allows
for all of the criteria to be met, thus giving a functional device that is not collapsing under
fabrication. This geometry is shown in figure 2.8. Here the electrodes and trenches are
highlighted.

It is important to note that while this design allows for 2 separately actuated devices it
is not compatible with further upscaling of a potential network based on these structures.
To realize a network capable of more than a 2x2 operation, electrode, trench and waveguide
crossing needs to be realizable in the fabrication process. On top of this the inclusion of
direct fiber coupling might simplify the design. With this said and done this does allow
for the proof that 2 devices can be actuated separately.

Experimental setup

The same setup on the optical table was used for all measurements done during the
project. The only difference being how much of the setup was actually utilized. The basic
principles was 2 inputs and to outputs from the same incident laser. This is separated into
2 different paths corresponding to the input gratings. The cryostat ensures that there are
back reflections which is sent to a camera allowing us for optimal aligning to the gratings.
Aligning near perfectly is ensured by having the light passing through a set of mirrors
that allows for beam walking with 4 independent controls corresponding to moving the
beam up/down and left/right on the chip. Optimal alignment is obtained by having a
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Figure 2.9: The setup for the symmetrically based phase shifter (a):The symmet-
rically based phase shifter, here one grating is used for the input and one grating is used to
collect the results. Both of the interference arms has a MEMS device in order to balance
losses, however only one arm can be actuated. (b) Sketch of a Michelson-Morley inter-
ferometer which compares to the setup. Actuating the device should lead to a sine wave
response which depends on the voltage.

near Gaussian mode allowing for the largest possible coupling to the TE-modes generated
by the gratings. Furthermore a set of polarizers is used in each of the arms to match the
polarization of the gratings which is determined by their orientation. The same method is
used after out coupling from the gratings on the other side of the device. Here the coupling
is ensured by attaching the laser to the outputs where the detectors will be situated during
the actual measurements. With this method the light is coupled in the same manner by
using the resulting image from the camera that is connected to the setup.

Symmetrical phase shifters - chip design

For the phase shifters that are build on the principle of utilizing the symmetrical
pumping and shift in the effective index for the symmetrical mode we are using a novel
design. It would be possible to simply include this phase shifter in a Mach Zehnder like
setup. However this device also allows for another method where an interferometer is
build on chip, thus the measurement does not require any out of chip complications in the
setup. This is done by using a 2 port circuit on the device in a Michelson Morley type
interferometer. This ensures that the phase shift effects can be directly measured from the
output signal intensities. This can be seen in figure 2.9.

Devices analyzed

Different kinds of structures were analyzed during this project. In the beginning struc-
tures designed by Sif were analyzed [24]. This was primarily to get a feeling of the ex-
periments needed to be done. These devices were designed asymmetrically on purpose to
study the phase effects, furthermore they were not cascaded, instead only a single device
was in each of the individual structures similar to [7]. This lead to the conclusion that
longer devices were needed in order to achieve a full 27 phase change between the arms.
On top of doing the regular phase and switching measurements on these devices, the focus
was on the mechanical responses, including switching speeds, noise and the mechanical
resonances in the system, completed in order to get a better understanding before moving
towards the more mechanically complicated cascaded structures. Ounly the results of the
mechanical properties are reported here, as the phase shifting effect was improved via my
own devices.

Afterwards the novel architecture including cascaded NOEMS devices was analyzed,
here the focus was again on phase change, switching and the mechanical properties of
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Figure 2.10: The setup for the symmetrically based phase shifter (a):The
switch/asymmetrically based phase shifter with 2 inputs and 2 output ports(b) The sym-
metrically based phase shifter in the Michelson-Morley type setup (c¢) Full unitary, includ-
ing both the switch and the symmetrical phase shifter.

the devices. These are the cascaded devices, designed for larger effects, while maintaining
similar mechanical properties, such as switching speed and stability. Mainly 2 different
samples where analyzed, the first one turned out to have narrower features in all of the
waveguides compared to the original design. Only the intended tuneable beamsplitters
could be analyzed in this sample. Another sample was created where all the waveguides
where intentionally designed to be broader than what was desired in order to mitigate the
fabricational issues. This gave waveguides with similar properties as what was initially
intended. Here all the 3 different devices could be analyzed. The 3 kinds of devices that
is analyzed through this project is shown in figure 2.10

Experimental Setup and measurement theory

All results reported in the following was obtained by measurements using the same
Flow cryostat. A couple of different experiments were carried out using the same optical
setup utilized in different ways.

The tunable splitting ratio measurements and all measurements of the mechanical prop-
erties of the system required a similar optical setup. Here only one input port is excited,
and light is collected from both output ports. For the tunable splitting ratio this is then
reproduced where the other input port is excited, in order to observe effects from both
arms. In every experiment the output is collected by photo detectors connected to an
oscilloscope. The alignment and phase settings of the 2 output ports are set in such a way
as to optimize the signal of both outputs.
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Estimating the tunable beamsplitting ratio requires a 4 port measurement. This is
to eliminate in and out coupling efficiencies which might vary over the 4 input/output
ports. Labeling the 4 ports with i=1,2,3,4, where 1 and 2 are the input ports and 3,4 are
the output ports. A CTL laser is focused on one of the input ports, 1 or 2, at a locked
wavelength. The output is then collected at both 4 and 3 simultaneously. The measured
intensities in the output ports are then given by the transformation

(Iout,3> _ <?71773T 772773R> ' <Im,1> (2.35)
Touta mmale 2T ) \linp2 '

The n;’s are the different grating efficiencies, T and R are then the transmission and
reflection coefficients of the gap variable directional coupler which are grating independent.
These are voltage dependent and will be changed given the actuation over the NOEMS.
By matching the input power in either port 1 or 2, or normalizing these compared to each
other a measurement of either I;; = n;n;T for the ports connected to the same waveguide,

and Ij; = n;n;R for cross port coupling, can be obtained. From this the splitting ratio
between the ports can be estimated as

I31 - Iyo

SR =
Iy - I3o

(2.36)

This is independent of the in/out coupling efficiencies of the gratings. Furthermore the
efficiencies of the out coupling gratings can be estimated by using that

4 [l - lap
3 I3y - I3

(2.37)

This value should be constant over the different voltage settings, at least when looking
at a region far from the largest splitting ratio where the values will fluctuate more and be
less precise.

For phase measurements on asymmetrical devices more sophisticated methods has to
be utilized in order to estimate this as a function of the applied voltage. A simple Mach-
Zehnder-like setup is not sufficient in the case of the phase-splitter devices. Here we will
also see tunable splitting effects, thus a measurement independent of the varying splitting
ratio has to be conducted. One method is to have a setup as shown in figure 2.11, where
both input arms are pumped at the same time, on top of this an external phase shift is
applied to one of the arms with a tunable Piezo mirror capable of changing the phase 27
between the arms [30]. When doing this without actuating the waveguides the resulting
output measurement will be a sine wave as the external phase shift is scanned via the Piezo
mirror. This is due to interference between the 2 input arms in the directional coupler.
When actuating the NOEMS 2 different scenarios are possible. If the devices are perfectly
symmetrical the amplitude of the sine wave will shrink, until the entire sine wave flips,
corresponding to the voltage where light is switched between the output ports, a concep-
tual sketch of this effect is seen in figure 2.12.a, here different voltages are applied (0V
(black), 4V (blue) and 7V(red)). It can be seen that the applied voltage only changes the
amplitude as the external phase is scanned over time, until the point where the switching
is complete, here the phase changes by 7. In the case of asymmetry this effect will also
be seen, as the tunable splitting ratio is still changed with the varying voltage over the
NOEMS. However, in this case the phase will also be changing at the output port which
is measured. This will result in a shifting of the sine wave, from which the imparted phase
change as a function of the applied voltage ¢(V') can be extracted. A conceptual sketch
of this effect is seen in figure 2.12.b, here different voltages are applied (0V (black), 4V
(blue) and 7V(red)). Here it is seen that the applied voltage changes both the amplitude
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Figure 2.11: Conceptual sketch of the asymmetrically based phase shift measure-
ment (a): Full conceptual sketch of the phase shift measurement, where a Piezo mirror
is used as an external phase shifter on one of the input arms in the setup (b) Simplified
sketch of the same setup, showing that the principle is a Mach-Zehnder type interferometer
where 2 phase shifts can be applied in the setup.

and phase offset of the corresponding sine wave that occurs when scanning the external
phase over time.

When carrying out this experiment the effects of drifting also has to be taken into
account. Drifting in the setup might cause the sine wave to shift when measurements
are taken at different times. This will likely be occurring at a time scale of seconds
or minutes. Thus it is beneficial to carry out a measurement at the 2 different voltage
settings simultaneously in order to minimize the effects of drifting. Luckily this is possible
with the function generator, allowing us to input a specific function at a frequency which
is much faster than the time it takes for the external phase shifter to scan through the
entire applied phase range. By saving the actuation signal on the NOEMS, corresponding
to the on/off switching of the devices, along with the measured data this can be used to
mask the data in order to get 2 sine waves from a single measurement. These 2 sine waves
will correspond to the one at a set voltage, and a sine wave at 0 voltage used for reference.
With this method the effect of drifting should be negligible and the sine waves can be
readily fitted in order to extract the phase difference between the waves, which will simply
be in the form of an offset. The resulting data is fitted with.

flx)=a+0b-sin(cxx+of f) (2.38)

Here the different constants a and b are not of importance, as they depend on the tunable
splitting ratio, which is extracted using other methods anyway. The important point is
that for the 2 fitted curves the speed of the sine wave ¢ has to be fixed. When this is met,
the difference in the off values when fitting the sine waves gives the phase change induced
on that arm.

When doing measurements in order to analyze the mechanical properties of the devices,
such as the mechanical resonance frequencies, the change in resonances due to actuation
and noise in the devices, we are carrying out noise Power spectral density (PSD) measure-
ments [28]. This is a measurement on how the power of the measured signal is distributed
over frequency. Here a continuous laser signal is send through the devices, and by perform-
ing Fourier transforms we are able to see the frequencies of mechanical responses as peaks
in the PSD spectrum in a given bandwidth, this process is carried out directly through
the oscilloscope when collecting the measurements. This allows for estimation of the me-
chanical properties of the system, including noise ratios occurring due to oscillations of the
waveguides. In order to minimize the noise arising from the detectors themselves a low
pass filter was introduced at ~ 5 MHz as the mechanical resonance freqquencies of inter-
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Figure 2.12: Conceptual sketch of the responses in the phase measurements (a):
The expected response of a completely symmetrical system, here no phase shifting of the
sine wave occurs at the different voltages (0V,4V,7V) Here it can be seen that only the
amplitude is changing, until the point where a 7 phase shift is occurring at the point where
the output signal is completely switched (b) Signal of the same measurement now with
asymmetries in the waveguide widths. Here it can be seen that there is a shift in the sine
wave along with a change in the amplitude. This corresponds both to a shift in the 6 and
¢ when mapping the response to the Bloch sphere.

est in occurs at lower frequencies. When performing PSD measurements and subsequent
analysis it is important to disregard artifacts arising from the laser itself, or other sources
not being a part of the NOEMS devices. The actual mechanical responses will show as
Lorentzian responses on the form [27]
f@) = () (239
w)=—(———5—— :
T (w—wp)? 472
Where wy is the resonance frequency and -y is the full width half maximum. From this
the quality factor (Q - factor) is defined as [31]

w
Q=22 (2.40)
8
Which is a measure on the amount of oscillations before dampening. Furthermore this
serves as a measure on how much the system will respond if it is driven at its resonance
frequency.

Finally when noise of the devices are of interest it is important to note that there will be
different noise levels depending on the tuning setting. Devices that are capable of producing
a full switching between the output ports will have vastly different noise responses. This is
the case as at either maximum or minimum intensity small fluctuations in the position of
the waveguides with respect to each other will not have a large impact. In general the noise
level is dependent on the slope of optical response as a function of small changes in the
position corresponding to said result. As the response goes as cos?(V?) x cos?(d?) where
d is the distance between the waveguides, it is evident that the slope is largest in the region
where the corresponding output signal is 50/50. Thus when doing noise measurements we
are able to set a maximum value of the expected noise in the system, by first scanning
all voltages, then parking at the 50/50 setting and performing the aforementioned PSD
measurement we are able to extract the maximal amount of noise.

Optimal waveguide geometry

Numerous considerations has to be taken into account when designing the optimal
structures, this is mainly related to the widths of the waveguides constituting the devices,
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both for the symmetrical and asymmetrical cases.

One important aspect is that the waveguides should be working in the single mode
regime, such that they need to be narrow enough as to only support the lowest order
TE-mode (They will also support a TM-mode, however gratings assure that these are not
excited). This requires these GaAs waveguides to be narrower than ~ 250[nm]. Further-
more the system works on the principle of the modes being evanescent, evidently from
figure 2.4 broader waveguides will confine a larger amount of the mode compared to a
narrow waveguide. Thus narrow waveguides will require shorter propagation lengths in
the active area, or a lower applied voltage resulting in smaller gap differences when ac-
tuating, as with these waveguides the resulting overlap integral with a nearby waveguide
is larger. On the flipside these modes have larger slope in the effective refractive index
Angyy for small variations in the waveguide widths Awgyigen- From figure 2.4 it can be
observed that this is a factor of 2 from a width of 190 [nm| to a width of 225 [nm|. In
the perfect world this is not an issue, however when fabricating the structures there might
be fabricational errors. One of these comes in the form of surface roughness, causing dif-
ferent parts of the waveguides to have different widths. A waveguide with a larger An.sy
around the mean width will experience larger losses due to surface roughness, as a larger
part of the light is confined outside the waveguide and will scatter from said roughness. [20]

Another consideration when designing the samples is the initial gap between the waveg-
uides dy. Ideally we want the gap as small as possible, as this is the region where Ag for
varying gaps is found, thus creating the largest optical effects. which is evident from figure
2.5. There is however a fabricational constraint on what can be realized. If the gap size is
made to small the parallel waveguides will snap to each other under fabrication. Previous
similar structures, without cascaded sections, could be fabricated with large success with
gap sizes in the order of 100[nm| [7]. It did however turn out that for these cascaded
structures the survival rate was larger for gap sized above 120[nm]. This was thus used in
every sample apart from the first one where this was discovered.

Fabricational limitations

As previously mentioned when dealing with actually fabricated devices the world is
no longer as perfect as when simulated in COMSOL. Numerous effects has to be taken
in to account as we desire to have functioning structures that are not collapsing under
fabrication. Firstly, in the optimal case the initial separation between the waveguides dg
should be as low as possible, as the coupling between the waveguides gg and the change
in this when actuating are largest in this regime. This is however limited by fabrication,
here we observed in the different structures that an initial gap do of at least 120 [nm| was
required in order for the devices to not collapse, and even in this region the success rate
was not ideal. This sets limits on which simulations are actually useful to carry out, as we
desire to simulate a realistic device.

Another error, which was evident from the SEM-imaging done on the structures after
fabrication, was changes to the parameters that were initially intended. Most notably the
waveguides turned out to be significantly narrower than designed in the mask, in the order
of ~ 30[nm]. This resulted in larger losses, due to surface roughness as explained in sec-
tion 2.2. Furthermore this seemingly increased the gap size compared to the initial design,
thereby leading to effects differing from the simulations. An analysis of the SEM images
where carried out with the aim of estimating the actual differences from the design itself.
By taking the line cut of the waveguides at all different x positions, the direction along the
waveguides, on the 2 waveguides, the widths and the gap size can be determined. This is
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shown in figure 2.13 and figure 2.14. These results lead to the fabrication of a new sample,
where all the widths in the design mask were increased in order to obtain the desired
waveguide widths, the corresponding result is shown in figure 2.15. Thus we will analyze
2 different samples with varying waveguide widths and levels of asymmetries throughout
this work.

Furthermore this analysis allows for an estimation of the waveguide roughness. As the
resolution on the pixels are &~ Inm it is clear from the uncertainty on the widths that we
are seeing surface roughness as we are seeing larger discrepancies than single pixels. This is
crucial as the surface roughness will lower the power transmitted through the waveguides
as it will give more scattering, especially when the waveguides are narrower than intended.

Finally both samples analyzed in figure 2.14 and figure 2.15 were meant to be devices
with a symmetrical structure. Evidently from the figures and the width estimation it is
clear that there is a discrepancy between these widths - giving asymmetrical structures.
In the case of the first chip design the 2 widths were estimated to be 190 &+ 2 nm and
186 + 2 nm, thus a discrepancy of more than 20. Whereas in the second chip design the
widths are estimated to 210 + 3 nm and 213 4+ 3 nm, this time the discrepancy is within
lo. This will prove to be quite a limiting factor for the system, as we are seemingly not
able to create symmetrical structures at all. The effects of these, albeit small asymmetries,
will have an impact on the results. This will specifically be in terms of phase shift and
the inability to perform 100/0 switching. Previously when devices with tunable splitting
ratio capabilities were constructed, the effects of these inevitable asymmetries were not
analyzed in greater detail. This will thus be a further exploration both in terms of the
change in mechanical modes and the optical response of actuation. Furthermore as the
waveguides initially turned out to be narrower than intended, the widths are in a region
with a larger An,y, this means that even small variations in the actual widths will lead to
a larger asymmetry in the propagation through the different waveguides giving a greater
phase shift than for broader waveguides with similar relative variations in the width. In
addition it is also unclear how much the symmetrical phase shifter is affected by this. Fi-
nally the narrower sample has a larger uncertainty ascribed to the width estimation which
corresponds to increased surface roughness on the waveguides, this will impact the amount
of losses. This is an issue as these effects are even stronger in this region due to a larger
Ancsy. Thus the first sample is expected to have a greater amount of losses.

Another very curious result is that there is such a large discrepancy between the gap
sizes in the 2 different samples. Here it is evident from the figures that the first sample
has a gap of 173 + 4nm where the second sample had a gap of 127 + 2nm. This will
likely impact how well coupled the waveguides are to each other and how much this can
be changed by moving them via actuation. However it is the narrower waveguides, having
larger portion of evanescent mode which also has a greater gap, this will oppose the effect
of larger gap sizes.
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Figure 2.13: SEM images and line cut for analysis (a) SEM image of parallel waveg-
uides in the directional coupler. (b) Pixel values of vertical line cut of the image. Here
waveguides can be seen with larger pixel values, while the gap is between them. A thresh-
old is set to analyze the waveguides widths, by using the scale provided in part (a). The
extracted widths converted to nm can be found in the following figures
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Figure 2.14: Results for analysis of the initial waveguides and gap over the length
(a): Widths of the 2 waveguides. Waveguide 1 (blue) has a width of 190 £ 2(nm) whereas
waveguide 2 (orange) has a width of 186 + 2(nm) (b) analysis of the gap between the
waveguides yielding 173 + 4nm
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Figure 2.15: Results for analysis of the corrected waveguides and gap (a): Widths
of the 2 waveguides. Waveguide 1 (blue) has a width of 210 & 3(nm) whereas waveguide

2 (orange) has a width of 213 + 3(nm) (b) analysis of the gap between the waveguides
yielding 127 &+ 2nm
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Chapter 3

Results

In the following section results of various experiments are reported. Here the optical
responses are shown first, including symmetric/antisymmetric based phase shifts, tunable
switching ratios and the effort of doing a full unitary operation. Afterwards the results
from the mechanical studies are reported, specifically the resonance frequencies along with
quality factors, maximum noise levels and resonant driving of the system. Finally the
response from the MMI’s located in the phase shifters based on symmetry is shown.

3.1 Phase shift measurements

The method for conducting the phase shift measurements are described in section
2.5. Due to mechanical resonance frequencies a well tailored function has to be utilized
when actuating the devices. It is desired to not induce oscillations in the system, while
still maintaining a large dialing speed of operations. Evidently from figure 3.1 instant
switching induces a wildly oscillating response. Through trial and error we arrived at the
Tukey drive as the best function for actuation. A tukey window (cosine tapered window)
is thus applied over the NOEMS on the form

wn] = § [1 — cos (2], O;n<%}v
wln] =1, Gr<n< g (3.1)
w[N —n| = w[n], 0<n<%

The frequency of the Tukey drive applied over the NOEMS was chosen to ensure that
the mechanical modes of the waveguides were not excited, in order not to start oscillations.
Thus we needed this to be slower than ~ 1us. Different arbitrary Tukey drives can be seen
in figure 3.1. Here it is important to note that changing the value a ultimately changes
the rise time of the function, which is the limiting facror. Furthermore for phase shift
measurements we were interested in scanning the voltage applied to the external Piezo
mirror fast enough to not see any effects due to drifting over the time period of a single
full 27 Piezo scan. On top of this we ensured that this was still significantly slower than
the NOEMS actuation, to ensure sufficient statistics were achieved for the fitting of the
sine curves. The on/off signal over the NOEMS, corresponding to when the system is
switched can be seen in figure appendix A.1. This data is used to mask the obtained data,
such that it can be split into the 2 sine curves.

Figure 3.2 show the raw data taken from a phase measurement. Here it can be seen
that the Piezo is doing a full scan in &~ 10[ms|, this was evidently sufficient for drifting
effects to be negligible, and was primarily found via trial and error of different speeds.
The resulting figure only show the data from the reflection port. In figure 3.2 a zoom on
part of this data can be seen. Here the on/off switching via the Tukey drive is evident.
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Figure 3.1: Instant switching and the tailored tukey drive for actuation:(a) ex-
ample of instant switching of the NOEMS voltage setting. Here clear oscillations are seen
which slows down switching rates (b) Examples of different tukey drive, here we can tailor
the switching speed making the rise time just below that of the resonance frequencies, thus
not inducing oscillations
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Figure 3.2: Full Phase shift scan at 4V actuation: The Externally applied phase from
the Piezo is done with a ramp, while the NEMS is switching with a period of ~ 1us. The
resulting phase change can be observed by the shift of the 2 sine waves, corresponding to
the voltage over the NEMS being switched on/of. The abrupt changes occurs when the
piezo ramp changes direction, this is with a period of ~ 10ms. By cutting the data within
1 period of the piezo scan, 2 sine waves can be fitted to the data. These should evolve
with the same frequency, however they will be shifted with a phase which gives the phase
shift induced on the output port.
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Figure 3.3: Zoom in on phase shift scan, actuation of 4V: Zoom in on 5 ms of
the scan shown in figure 3.2. Here the distinct difference between the 4V applied on the
NOEMS and 0V applied on the NOEMS can readily be seen by the peaks.

The masking process is carried out with boolean operations in python, the corresponding
signal used for the masking process can be found in Appendix A.1. Here it is however
important to note that the switching is not instant, meaning that all points in the mask
will not correspond to the actual value after the system has settled in the new position.
In order to overcome this, only the last couple of points either in the on or off, before the
switching back is being used for the data shown in figure 3.3-3.6. This ensures that the
system has stabilized fully.

The resulting sine curves extracted for numerous different voltages are seen in figures
3.3 - 3.6. Here it is evident that the red curve is fixed, up to small amounts of drifting
occurring as the different data sets where taken at different times. The red curve corre-
sponds to no actuation of the devices. As stated the important aspect is only the difference
between the 0V case, as reference, and the voltage in question in each of the figures. Thus
this drifting between the different data sets is not an issue, as the reference will have drifted
the same amount. Furthermore the time scale is set to start from 0 for the cut out part of
the data.

By extracting all of the fitted values, the phase shift for each of the voltages applied
can be found and plotted as a function of V2. The reason to plot it as a function of V2
is that the displacement is changing as a function of this. Thus a voltage change at larger
voltages has a greater impact than a similar change at low voltages.

The total resulting phase change is seen in figure 3.8. The maximal achieved phase
change is close to 27, as the total achievable phase range from 0V to 7V is ¢(V') € [0, 1.94].
Furthermore the theoretical pull in voltage of the devices is & 12V meaning that it should
be possible to reach the full required phase range with these devices by simply turning up
the voltage range applied slightly. The drawback is of these devices however, as mentioned
in section 2.2, is that there is also switching of light simultaneous to the phase changes,
thus we also need to analyze this switching to determine the full imparted rotation on the
Bloch sphere.
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Figure 3.4: Sine fits to data with no actuation and actuation of 2V: The points
corresponding to V off and V on are found by the mask made from the data in figure 2.5.
This results in a phase shift of 0.22 [rad]
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Figure 3.5: Sine fits to data with no actuation and actuation of 4V: The points
corresponding to V off and V on are found by the mask made from the data in figure 2.5.
This results in a phase shift of 0.54 [rad]
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Figure 3.6: Sine fits to data with no actuation and actuation of 6V: The points
corresponding to V off and V on are found by the mask made from the data in figure 2.5.
This results in a phase shift of 3.05 [rad]
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Figure 3.7: Sine fits to data with no actuation and actuation of 7V: The points
corresponding to V off and V on are found by the mask made from the data in figure 2.5.
This results in a phase shift of 6.5 [rad]
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Figure 3.8: Total phase shift as a function of V?: Phase shift as a function of the
Voltage squared. It is evident that the phase change induced increases rapidly with larger
voltages. An applied voltage of 8V should thus be sufficient to perform the full 27 rotation
in the phase direction on the Bloch sphere

3.2 Switching capabilities

The aim is to fully characterize the 2 rotations on the Bloch sphere {6(V), ¢(V)} im-
peded by the device. Previously the phase range was characterized, now the 6(V) will
be determined, corresponding to the switching abilities. As this device has shown the
capabilities of producing a full 27 phase shift, at least if we go voltages slightly larger
than those used in the experiment, the main usability of this device will not be that of a
switch but instead a phase shifter. As the device is asymmetric it will likely not be able to
produce a great splitting ratio. However if this device were to be added in succession with
a symmetric device, functioning solely as a switch, a full arbitrary rotation on the Bloch
sphere is possible.

The experimental method is described in section 2.5. A single input is used in port 1,
and the resulting output is measured in the transmission and reflection ports. Meanwhile
the ramp signal is saved, as we desire to observe the effects from a single ramp. The full
results are seen in figure 3.9. Notably the ramp is applied over 1 ms, the 0 voltage is in
the middle of the shown ramp on/off "heaviside" functions. In this data the background
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Figure 3.9: Swithing between 2 output ports with a single input port being
excited: A single input waveguide is excited and the resulting transmission and reflection
is collected from the 2 output arms. This is tuned with a ramp signal applied on the
NEMS. The on/off periods of the ramp, corresponding to the ramp going up and down
is shown (black). The central points are the turning points for the direction of the ramp.
The ramp is driven from 0V to 7V
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Figure 3.10: Sine Fit to a single ramp of switching from 0V to 7V applied
CHANGE LABEL: A cutout of the time period for a single voltage ramp from 0V
to 7V applied on the NEMS. A sine curve is fitted to the data to find the speed of the
oscillation. From this the total rotation on the Bloch sphere, in the switching direction
can be estimated.

noise has been subtracted from the measurements at the output ports. This background
noise is found by performing a measurement where no light is inserted in the system.

From this data the time to complete a single ramp is cut out and is fitted with a
f(0) = a - cos®(fz). Notably when converting to the Bloch sphere § = 205 [32]. As the
ramp is linear it is possible to convert the time into the voltage applied at that instance.
This allows for a full description of (V) to describe the rotation impeded on the Bloch
sphere. A single ramp taken, for one of the inputs, can be seen in figure 3.10. Here it
is evident that more than a full switching is occurring over the voltage range form 0V to
7V. Here the resulting rotation on the Bloch sphere in this voltage range is found to be
6(V) € [0, 1.247] after converting to Bloch sphere rotation 6

Full Bloch sphere rotation

As the parameters ¢(V) and 6(V) has been estimated for discrete voltages between
0V and 7V, it is possible to evaluate the full rotation that this device is capable of on the
Bloch sphere. This rotation is seen in figure 3.11. It is evident from the estimation of the
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Figure 3.11: The resulting rotation on the Bloch sphere from a single initially
fabricated device operating between 0V and 7V: The resulting rotation on the
Bloch sphere when operating between 0 and 7 V for a single 2x2 device. This device is not
capable of only doing one of the rotations on the Bloch sphere as initially planned. Even
though it makes a full rotation in both parameters it is also not sufficient for reaching any
arbitrary point on the Bloch sphere.

2 parameters, that we are able to cover the full range needed in both parameters. However
as the parameters are co-dependent it is not possible to reach any arbitrary point on the
surface. In the ideal case any point on the Bloch sphere should be reachable with 2 devices,
where we would be able to reach {8(V1), ¢(V2)}, where 1 and 2 denotes the voltages at the
different devices. Instead we are in the situation where {6(V1), ¢(V1)} is reachable. Thus
this device in and on itself is not sufficient to do any unitary 2x2 operation. It might be
possible to do specific operations, but adding another device is necessary for any arbitrary
2x2 operation.

There are different ways in which the additional device could be functioning to obtain
an arbitrary rotation. If we are either capable of constructing a device only doing a ¢ or
0 rotation when actuated this will be sufficient along with the previously demonstrated
device which does both rotations. The most plausible solution is to create a device with
more symmetrical properties.

It might also be possible to reach any arbitrary point by solely using devices that does
both rotations. If 2 devices could do rotations that were orthogonal to one another, then
by simply considering a shift in the basis of the Bloch sphere it is evident that this should
also be able to produce any arbitrary rotation. However as the changes in parameters 6
and ¢ when actuating is non-linear, it might prove difficult to construct a device where
the rotation is always orthogonal in 2 distinct devices. Furthermore the effects are varying
over different structures, seemingly at random, which complicates this solution.

3.3 Symmetrical phase change

For the symmetrical phase change a simple setup was used as the interferometer was
build on chip, as a Michelson Morley type interferometer, this setup is seen in figure 2.8.
Thus one port was used for the input and one of the gratings was used as the output.
Consequently we can estimate the applied phase change on one arm compared to the other
directly from the output port
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I =cos’(A¢/2) +C (3.2)

with the addition of a term C arising from the initial beamsplitter not being perfectly
balanced as a 50/50 splitter.

However as the phase change was lower than expected, it was difficult to tell how large
the phase change actually was as we had no immediately clear way to estimate the maximal
and minimal power to calibrate the phase changes in between. Instead we opted to use an
approximate solution, which only worked for larger voltages where the phase change was
actually evident in the devices. Here we simply fitted the function in order to find the
approximate phase at the different voltages. The data that was analyzed is examplified in
figure 3.12, where it is evident that for low voltages, the signal to noise ratio is far to great
to give any valuable results.

The final results are shown in figure.3.13. Here it is evident that this device is not suf-
ficient as a phase shifter usable for the 2x2 unitary. The acquired phase shift furthermore
needs to be divided by a factor of 2 in order to account for the light traveling through the
NOEMS twice with the use of the mirror. There might be several reasons as to why the
experimental response provides a significantly smaller phase shift than what was simulated
in COMSOL. The simulations suggested that a device with these geometrical parameters
would be able to do a full 27 phase shift.

As has previously been discussed we are seemingly not able to fabricate the 2 parallel
waveguides in a symmetrical manner for the devices. asymmetries in the waveguide system
will limit how symmetrical the pumped mode will be. This will in turn lower the phase
change that can be obtained. It is however not straight forward for us to rule this as the
sole problem of the structures. Another aspect is the 50/50 beamsplitters used in front of
the NOEMS. These might have a couple of different challenges associated, firstly they are
designed as 50/50 beamsplitters based on COMSOL simulations, this might not be exact
as we know there are fabricational changes to the structures, and as the optical properties
of the MMI changes rapidly with an increase in either the length or the width of the
structures. Consequently not only the symmetrical mode will be pumped in the system,
but also some amount of the asymmetric, this will probably lead to increased losses and
a much lower phase change as well, depending on how off the splitting ratio is from being
50/50. Again we have no way of measuring this splitting ratio in the circuits that has been
build. Finally all optical structures has losses, however objects with sharper edges and
thus abrupt changes to the optical properties will often lead to greater losses. The MMI’s
are an object of such kind as will be studied in the following section. Another note to
this aspect is whether the MMI’s have other kinds of unwanted responses, such as cavity
effects which is discussed in greater detail by the end of this chapter.

3.4 Full rotation on width optimized devices

As was seen from the analysis of the waveguide dimensions the fabricated devices dif-
fered from the intended by ~ 30nm. consequently the optical properties of the waveguides
are vastly different than those simulated, the most important being that there is a much
larger An,yy for small variations in waveguide widths, this gives larger phase changes with
the increased asymmetry, and will likely also influence the amount of losses, as surface
roughness leads to more scattering in this case. Furthermore these largely asymmetric
devices are not sufficient for reaching any arbitrary point on the Bloch sphere, we are thus
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Figure 3.12: Data from the symmetric phase measurements: (a):photoelectric re-
sponse (blue) from driving the actuation from 0 to 8 V with a ramp signal (red) Here a
clear signal can be seen. (b): Photoelectric response when driving from 0 to 2 V. Here the
signal to noise ratio prevents us from extracting valuable results.
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Figure 3.13: Symmetric phase results: (a) Fit to the response at an actuation going
to 8V. This allows for extraction of the phase shift, in this case amounting to 0.3 7. (b)
Phase shift from the actuation of 4-8 V. This was the only range where an actual phase
shift was observable from the data. It generally follows the behavior we expect, where the
effects ramps up towards the higher voltages, due to the response going as V2. However
the result is lackluster in terms of the amount of phase shift. The phase shift is doubled
in this case due to the mirror in the end of the device.

interested in finding a device primarily doing 6 rotations.

A solution to this was to intentionally design the devices 30[nm] larger than the desired
outcome after fabrication. With this method we were able to obtain the sizes that were
initially intended.

In section 2.2 it was mentioned that a device with broader waveguides should lead to
smaller asymmetries in the effective refractive indices of the waveguides, thus constituting
a lower amount of phase shift. In turn there will generally be a lower amount coupling
between the waveguides as the overlap integral of the evanescent modes and the other
waveguide in the vicinity will be smaller. It was however furthermore seen from the
analysis of the geometry of these new devices, that the resulting gaps dy were smaller
in this configuration where the waveguides are broadened in the design process. This will
provide a larger coupling as the waveguides are now closer. By examining the results of the
full rotation on these type of devices it is evident that a larger change in the 6 corresponding
to the switching capabilities is obtained, combined with a lower ¢ corresponding to the
phase shift capabilities. These results are shown in figure 3.14. The resulting range from
0V to 8V which were reached in both parameters was found to be ¢(V') € [0,0.397] and
(V) € [0,1.61x]. The corresponding Bloch sphere rotation is seen in figure 3.15. It
is evident from this that when actuating from 0V to 6V a full 6§ switching is possible
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Figure 3.14: 6 and ¢ for width optimized devices with regard to the switching
capabilities: (a): 6 rotation on the Bloch sphere with actuation between 0 and 8V (b) ¢
rotation with actuation between 0 and 8 V

Figure 3.15: The resulting rotation on the Bloch sphere from a single width
optimized operating between 0 and 8V: The resulting rotation on the Bloch sphere
when operating between 0 and 8 V for a single 2x2 device with broader waveguides. Here
it is evident that the phase rotation ¢ is much lower than on the narrower waveguides.
Furthermore the 0 rotation is larger. When only actuating between 0 and 6V, a full ¢
rotation is impeded with only a small change in the phase between the arms

with only a small phase change ¢ attributed. This might be sufficient, in addition to the
narrower device which was capable of doing a full phase rotation, in order to perform any
2x2 unitary.

3.5 Full 2x2 operation

As was seen from the studies of the symmetrically pumped phase shifter the results
where lacking in terms of the performance, however it is still interesting to study the effect
of 2 independent actuators acting on different independent devices in the same circuit.
Control multiple electrically separated NOEMS structures in the same device is a strict
requirement for upscaling. This analysis does prove that we are able to isolate the electrical
responses well enough in order to have no cross talk between the actuators. There are how-
ever still problems that needs to be solved in this regard. When scaling up the system the
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complexity of the trenches and the wiring between the different bonding paths increases.
As we are yet to have a solution that allows for wires to cross we are limited with regards
to how the system can be scaled. In the results presented during this work 4 individual
bonding paths were required for a system consisting of 2 independently driven NOEMS
devices within the same system. Already a novel approach in the design is required when
comparing to that of the usual single NOEMS devices only requiring 2 bonding paths for
the electrical actuation of the system. The complexity arises as we require the different
electrical components constituting the device to be isolated from each other. The design
that was proposed and tested allows for a single qubit operation, given that the devices are
capable of sufficiently rotating the qubit on the Bloch sphere, however the exact system
analyzed here did not provide a sufficient ¢-rotation.

Firstly when testing the device we ensured that there was coupling through all the
different ports, and that both NOEMS structures could be actuated. The port situated
after the symmetrically based phase shifter proved to have a low out coupling, likely due to
the MMI’s in the system being lossy compared to straight waveguides. We were however
still able to get a response that could be analyzed to find the applied phase shift. First the
beamsplitting ratio was tested. Here the usual setup is used, by pumping the device and
then simply measuring the corresponding output in the arm without the NOEMS based
phaseshifter.

The first thing we are interested in however is to observe if there are any unwanted
effects arising from the phase shifter. Thus we simply observe the output power from the
phase shifting arm with a ramp actuation signal. Here there seemed to be some amount
of cavity effects as the amplitude of the corresponding electro-optical signal changes with
the voltage. by evaluating the ratio between the maximum and the minimum, as a mean
of 40 datapoints near 0V and 7V respectively, it is found that there is a 30% discrepancy
between the results, the effect can be seen in figure 3.16. This is however with a large
uncertainty associated as the noise constitutes around 10 — 20% of the signal, however it
is important to note that these effects are unwanted as the sole purpose is phaseshifting.
This will be necessary to analyze in greater depth when analyzing the ¢ rotation obtained
from the phase shifter. Here there are results in the range from 2V to 7V, with increments
of 1V. This is analyzed in the same vein as the phase shift in the asymmetric case where a
fast tukey drive is used between 0 and the desired voltage. Thus enabling us to estimate
whether the maximum of the compared sinusoidal fits are varying at different voltages.

For the phase shift measurements themselves in the 2x2 setup, a similar method to
previous phase shift measurements is used, this is schematically shown in figure 3.17.b.
Here we change the input and output ports, such that input is through the arm with the
phase shifter. Outside the setup the piezo is used, to get the setup corresponding to an
interferometer with a double phase shift included. Again this will correspond to a shift in
the phase of the sinusoidal waves that are fitted, which ultimately gives the phase shift
induced by this arm. The result can be found in figure 3.18. Here it can be seen that only
a small phase shift of 0.16 rad were obtainable.

For the measurements on the beampsplitting part of the setup constituting the 0 rota-
tion (which will likely also produce an unwanted phase shift in ¢ due to the fabricational
asymmetries that are created in the structures) the same method as the single devices is
used, with the schematics of the experiment being shown in figure 3.17.a. Here we simply
utilize the port without the phase shifter as the output port in order to obtain the best
signal to noise ratio, this will allow for determination of the splitting ratio and associated
phase shift. These results are presented in figure 3.19
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Figure 3.16: Cavity effects in phase shifter: (a) A ramp signal (blue) is send over
the MEMS in the phase shifting arm of the 2x2 unitary build. From the photoelectric
response (green) it is observed that there is a slight change in the amplitude of the signal
at different voltages. The signal to noise ratio is however not great. (b) the ratio between
the maximum at 0V compared to the maximum at the given actuation voltage squared.
Here a clear connection between the actuation voltage and the intensity measured can be

seen.

Figure 3.17: Experimental sketch of the 2x2 unitary measurements:(a) Method
used for the initial beamspitter/phaseshifter (b) experimental setup used for the symmet-
rical phase shifter, in the form of an interferometer with 2 phases
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Figure 3.18: Results of the symmetrically based phase shifter in the 2x2 setup:(a)
For to the 0-7V actuation. Here it is evident that there is some intensity modulation as
well as the phase shift (b) Result from all fits between 2 and 7V. At voltages below this
no effect was seen.
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Figure 3.19: Results of the Beamsplitter NOEMS in the 2x2 unitary:(a) The
beamsplitting phase 6 induced by the beamsplitter from 0-7V (b) The phase shift between
the 2 arms ¢pg induced by the beamsplitting part of the 222 circuit
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Figure 3.20: All rotations available on the Bloch sphere in the 2x2 unitary where
both devices can be actuated from 0 to 7V:(a) The 6 and ¢ rotations induced by the
beamsplitter, here the 6 rotation is sufficient, and the unwanted associated ¢ rotation is
almost negligible. (b) the ¢ rotation imparted by the symmetrically based NOEMS device.
Here only to points corresponding to 0 and 7V are shown for clarity purposes. It is evident
that this rotation is far from the desired full 27 rotation

Finally this allows for the reconstruction of the 2 different rotations on the Bloch sphere
that are independently available via the actuation of the 2 NOEMS devices in the circuit.
Here the result is shown in figure 3.20. Noteworthy the beamsplitting part of the device
gives more symmetrical results with a lower amount of phase shift ¢pg from this part,
while still being able to almost complete a full f-rotation

It is clear that the beamsplitter is sufficient, and that it has been an improvement to
make the waveguides wider in order to lower unwanted phase rotations due to fabricational
limitations. This agrees with the complete Bloch sphere rotation found from the improved
beam splitter. This did however also come with the cost of a generally lower beamsplitting
range, nevertheless better splitting ratios with the same NOEMS design has been shown
for the single devices. As of now the problem primarily arises in the phase change, it is
a novelty that both of these operations can be done independently, which is a promising
result even with the lacking ¢ rotation. It seems that the fabricational limitations in general
is an issue for designing symmetrical structures which is highly needed in order to obtain
a useful phase change with this method, thus another device needs to be implemented in



46 CHAPTER 3. RESULTS

the setup in its place. If a NOEMS based phase shifter is somehow realized however, it
can be directly ingerted in the geometry shown here in order to perform any arbitrary 2x2
unitary rotation on the Bloch sphere.

3.6 Mechanical Properties

On top of the different optical operations that can be done, it is necessary to investi-
gate the mechanical properties of the system. These will be the limiting factors in terms
of switching speeds, and the precision of the intended operations.

The maximal speed of the operations are limited by the mechanical resonance frequen-
cies in the system. As the system consists of 3 cascaded directional couplers, where there
might be asymmetries between the waveguides, it is expected that we can observe mul-
tiple resonance frequency for each of the modes. Furthermore the lowest resonant modes
are those that are moving opposite to each other, giving large optical responses. Thus if
these are excited, a rapidly oscillating signal will be seen optically at the output ports,
probably even if we are only actuating the mode with the lowest resonance frequency. The
relaxation time when oscillations are introduced is dependent on the Q factor, which is
inversely proportional to the line-widths of the frequency peaks. A larger Q-factor will
imply that the oscillations will continue for longer time periods before reaching an equilib-
rium position. As we are concerned about switching speeds, which will be of importance
when doing single photon experiments with the system, it is of interest to operate in a
region where these modes are not excited, as the relaxation times are much longer than
the time it takes to actuate the system below the resonant frequencies. Thus a study of
the resonances are conducted, this is done by sending a noise signal as the actuation over
the NOEMS, hereby a Power spectral density (PSD) measurement can be conducted as
described in section 2.5. The resulting resonance frequencies of the system can be seen
as peaks in the frequency spectrum of the applied noise. This is seen in figure 3.21 and 3.22.

Here it is evident that the lowest order modes, with the lowest resonance frequencies
are situated at ~ 1.3M Hz. The fastest switching time is inversely proportional to this
value seemingly leading to the conclusion that we are restricted to do operations slower
than ~ 0.7us. A curious result is that we are not seeing a mode from each of the cascaded
parts of the device.

Furthermore an analysis on the first set of devices was done, to estimate the relation
between the device length, the resonant frequencies and the Q factors. For this all the
functional devices on the chip was analyzed with the aforementioned PSD method. After-
wards the resonant modes for the lowest order modes was determined by fitting lorentzians
to the corresponding data. As the initial gap dy should have no influence on the mechanical
properties of the individual waveguides, we can bunch together devices of similar lengths
to obtain larger statistics for this analysis. Note however that different devices might have
slightly varying widths even though they are designed with identical properties, this leads
to fluctuations in the resonance frequencies. From figure 3.23 we can see the expected
behavior, that the mechanical resonance frequency follows of fy oc L? where all other geo-
metrical parameters are kept constant.

The limiting factors determining the mechanical resonance frequencies of the waveg-
uides are primarily related to the size of the waveguides. A larger waveguide, both in
terms of length and the transverse width, will have a lower resonance frequency. A cou-
ple of different solutions might be possible if we intend to make the system faster. One
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Figure 3.21: PSD scan of the first type of device with no cascaded devices: Full
PSD scan between 0 and 5 MHz for the first type of device that was analyzed. This was
mainly to get an idea of the modes for the individual waveguides in the system. The modes
show as lorentzian peaks in the spectrum. Artifacts from the laser and detectors will show
as sharp peaks without the lorentzian behaviour.
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Figure 3.22: Example of fits to the 2 peaks arising from the asymmetry in the
waveguides: For this type of device 2 lorentzians are always seen close to each other,
corresponding to the same resonant modes in the 2 waveguides with asymmetry in the
widths. The linewidths are listed, this is used to evaluate the Q factor which is inversely
proportional to the linewidths.

solution would be to use a larger number of cascaded devices, where in turn each of the
cascaded sections are shorter. The setbacks from such a solution would however a longer
total footprint of the device, as more tethers are needed between the different sections.
The geometry of the waveguides are at the lower limit of what is tolerable with regards to
losses. The fabricated and tested devices had waveguide widths of &~ 190 — 200 nm. From
earlier studies it is known that narrower waveguides will suffer intolerable losses. Another
solution would be to decrease the gap between the waveguides. From simulations it is
evident that the prospects of working in the regime below a gap of 100 nm are promis-
ing. This could lower the length of the devices, while still retaining the capabilities of
full switching in both parameters. All of the aforementioned solutions will however only
increase the resonance frequency with a factor of ~ 2 realistically.

When testing the limits of the fastest possible switching time, it is necessary to use
a well tailored function for the actuation signal. As mentioned previously and shown in
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Figure 3.23: Resonance frequencies of the lowest order modes for devices of dif-
ferent lengths: Resonance frequencies of devices designed with similar waveguide widths
of different lengths, evidently the resonance frequency seems to follow a # behavior. As
we are interested in using devices with a longer coupling region Lo while maintaining fast
switching speeds this leads to the use of cascading multiple shorter sections, thus having
multiple sections with short lengths.
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Figure 3.24: Q Factor as a function of resonance frequencies: All Q factors of the
working devices as a function of the resonance frequencies. There seems to be a relation
that the Q factors grow larger for larger resonance frequencies occurring with shorter
devices. There is however not sufficient data in order to make any conclusions

figure 3.1 a Tukey drive was used. Here the important measure for the switching speed
initial width of the cosine lobe, determined by the factor a. Examples of this is seen in
figure 3.26. This can be changed with the function generator, we simply drive it faster to
find the speed at which oscillations start occurring in the optical response. The minimal
rise time before oscillations will then be regarded as the fastest possible switching time.
And the time will be estimated from the 10 to 90 time. This gives the rise time from 10%
to 90% of the desired actuation voltage. Figure 3.26 show different speeds, and in figure
3.26.b it is evident that it starts oscillating. Here it can be seen that the fastest switching
speed is &~ 600ns, which is in good agreement with the speed estimated from the analysis
of the mechanical resonances.
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Figure 3.25: Q Factor as a function of the varying gap between devices: All Q
factors for the varying gap sized with the same waveguide widths. There seems to be
no clear correlation between waveguide widths and the Q factors which was the expected
result.
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Figure 3.26: Different Tukeys signals applied to find the maximal switching
speed:(a) an example of the fastest possible switching speed without inducing oscillations
in the system. the 10-90 rise time is ~ 650ns (b) a slightly faster switching which introduces
oscillations. It is obvious that the time it takes for the oscillations to dampen is far greater
than the time it takes to actuate slower.

3.7 Noise measurements

When estimating the noise and sensitivity of the structures it is important to note
that these values will depend on the setting of the structures. In order to estimate the
noise we calibrate the devices in order to find the setting with maximal noise levels. An
example of the calibration can be seen in figure 3.27. The aim is to find the voltage setting
for each of the devices where the splitting ratio is ~ 50/50. This is the region where the
slope of the output signal with respect to the changing voltage, and thus the change in
the gap, is largest. Thus this will be the most noisy area, meaning the largest response
in the frequency spectrum of the PSD will be found here. This was tested in depth for a
single device, where all the voltage steps was applied and the spectrum was analyzed. The
largest response was found in the expected area with a 50/50 splitting ratio as expected.
This will thus be the point where noise is estimated. Noteworthy the calibration measure-
ment (blue) in figure 3.17 is carried out individually for all devices, as the responses are
different. Hereby the 50/50 splitting response can be found for each device in order to
observe individual noise responses.



20 CHAPTER 3. RESULTS

0.007 -

0.006

0.005

0.004 -

0.003

transmission [a.u]

0.002 4

Mechanical response [a.u]

0.001 -

0.000 1
T T

0 2 4 6 8
Voltage applied

Figure 3.27: Sensitivity callibration and measurement: A ramp between 0V and 9
V is applied, the corresponding output photons in the transmission channel is measured.
Afterwards a sensitivity measurement is done at each voltage with a step of 1V. The
sensitivity measurements show the predicted outcome, that the noise ratio and thus the
amplitude of the mechanical mode has the largest optical response at the 50/50 splitting
intervals, and the lowest response where the derivative of the transmission curve is zero.

When completing the calibration and noise measurement for the maximal noise in the
device some curious responses were found. In some devices no clear resonance peaks were
found, even though we confirmed that the devices were indeed still active. This could lead
to the conclusion that some of the devices are indeed very stable in terms of oscillations
at a set DC voltage. Thus when dialing a certain combination of  and ¢ as all devices
will produce a rotation in both phases, these values will be very stable.

Another interesting property of the mechanical responses at different voltages is the
change in resonance frequency vs the applied DC voltage. It seems that there will be a
linear relation between the f2_ and V2, at least until the displacement start to become
noticeable at larger applied voltages. This is an interesting effect in and on itself, it might
however also be directly applicable and useful towards resonantly driving the system. If we
want to utilize the resonant driving of the devices, which will greatly increase the achiev-
able switching speeds, it is necessary to have devices responding to the same resonance
frequencies. As all waveguides designed are slightly different due to fabricational limita-
tions and errors, they will have different mechanical responses. Thus it will be unlikely
that 2 separately fabricated devices will have the same response. By applying a DC cur-
rent over the sample we can however bring the frequencies to match, as long as they are
within the frequency tuning range of each other. The tuninng range of device 1 can be seen
in figure 3.31 where the resonance frequencies as a function of the applied voltage is plotted.

Thus if the mechanical resonance frequencies are within ~ 0.05[M H z] it seems possible
to match resonances by simply applying an external DC voltage on top of the AC signal.

3.8 Resonant driving

We are interested in investigating the effects of resonant driving beyond what has pre-
viously been studied. This is done by applying an AC current over the sample. We chose
a current on the form V = 1+ cos(wt). The additional 1 is necessary as there for some
reason is no response for negative voltages in the system. The response from the NOEMS
will follow V2 thus this will be on the form 1 + cos?(wt) + 2cos(wt). From the mode
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Figure 3.28: Noise measurement of device 1: Minimal response in the frequency
spectrum of device 1. This was found at 1V. Curiously even though the device consists of
3 separately cascaded pars only 2 resonances show up for each of the modes, corresponding
to the 2 parallel sections that has slightly varying widths
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Figure 3.29: Maximal response of device 1: The maximal response for device 1 was
found at 4V, here the splitting ratio is ~ 50/50 as we expected. Here the resonances
are much clearer and the linewidths along with the actual resonance frequency is better
determined.
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Figure 3.30: lowest order resonance frequency of one waveguide with respect to
the voltage applied: The change in resonance frequency as a function of the applied
DC voltage. It is clear that for this particular device the tuning range is in the order of
~ 0.1[M H?z|
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Figure 3.31: Resonance frequency at the 50/50 ratio for device 6: The resonance
frequency of device 6 at the point of maximal sensitivity. This occurs at 2.9V. It is clear
that this frequency is within the tuning range of device 1. This means that we would
be able to set a DC signal over these devices which will bring them to similar resonance
frequencies. This show the possibility of driving different devices resonantly in a circuit at
the same frequency, possibly allowing for different demultiplexing schemes.

analysis of the different devices, we know the responding frequencies. Furthermore it is
known that there are at least a couple of different resonances which are optically active
in the systems. These are from the different modes in the 2 distinct parallel waveguides.
Furthermore it is known from section 2.5, that the responding amplitude is dependent on
the Q factor of the resonant mode that is excited. We thus vary the frequency of the
applied AC signal in order to reach the different resonances and observe the effect on the
splitting ratio. Previous studies of similar systems dealt with the response of the first
order resonance |7|, however if other modes are also capable of doing a full switch it is
likely more interesting to investigate those as these will be switching at faster rates due to
greater resonance frequencies.

Interestingly when scanning the frequency range, we found differences from the PSD
analysis. Specifically we found a resonance for device 11 at a frequency of 2.36 MHz, seen
in figure 3.34. As we also saw no peaks for this device when doing the sensitivity mea-
surements, and with the knowledge that this device can actually be actuated and thus its
not broken, it seems that the levels of noise are indeed very low, and that we are able to
actuate resonant modes that does not show clearly in the spectrum analysis. This compli-
cates the procedure a bit, as the Q factors are generally of interest in order to know how
strongly we can drive the resonant modes without breaking the devices. An estimation of
this factor is not possible without any resonance peaks. Another interesting property of
this exact mode is that it has a larger switching ratio than the lower order modes. This
mode is even capable of doing a 6 > 7 rotation for the splitting ratio, meaning that more
than full switching is possible. Furthermore this even increases the speed in which this
switching can be done, as it switches completely in about half a period compared to the
applied signal. All the possible resonant drivings that were observed are shown in figure
3.32-3.34.

It is however complicated to determine whether it is actually switching completely
from the minimum to maximum output in the transmission/reflection ports. This is due
to the fact that the photo detectors in use has a greater response at larger frequencies.
Thus the output signal when switching with the resonant driving is larger than for a ramp
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Figure 3.32: Resonant driving at 1.33 MHz: Resonant driving of the lowest order
resonance frequency. Here the switching time is ~ 0.25[us]
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Figure 3.33: Resonant driving larger frequency: Resonant driving of the second lowest
resonant that was found. Here the switching time is ~ 0.25[us]

signal used for calibration. One thing that can be said from this however, is that the
off-switching level is similar in the 2 cases, meaning that we can conclude that almost no
light is transmitted at this setting.

3.9 Phase stability

One important aspect is to be able to do the desired rotations on the Bloch sphere
on demand, another is the speed at which it can be done and finally we need to ensure
that the rotations are stable, in the sense that there is no instability in the phase (ei-
ther ¢ or 6) once these has been set in order to ensure that we are actually doing the
intended operation. These effects might be due to different phenonemons, one of which
has been discussed earlier is the optomechanical response, where the force from the light
source affects the position of the waveguides. It was however seen that the optomechan-
ical effects were quite low in most structures, and that it was even difficult to find the
mechanical resonance peaks that could lead to instabilities in the phases. Another effect,
which is likely to be the dominant effect are thermal effects causing movement in the setup.
Throughout this project we only experimented at room temperature, these effects can be
directly transferred to the cases of single photons, however in this case the temperature
dependent fluctuations should be much lower as a requirement for these experiments is
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Figure 3.34: Resonant driving: Resonant driving an even larger order mode. Here the
switching time is ~ 0.1[us]

cryogenic temperatures. It is still interesting to analyze the effects at room temperature as
this will at least serve as a reference on the maximal amount of noise we can expect. Other
effects such as the opto-mechanical motion and (Q factors of these resonances will likely be
increased in the case at cryogenic temperatures. We do however expect the thermal effect
at room temperature to still set an upper limit.

In general a varying amount of phase instability will be present, depending on the set-
ting of the phase shifter /beamsplitter. This will in general depend on the derivative of the
response signal, meaning that in the case of the cos?(6) response of the beamsplitter this
will be maximal at the 50/50 setting where the largest derivative is found. Furthermore
the lowest amount of phase noise will occur at the 100/0 splitting ratios as the derivative
is essentially 0 in this point, meaning that a bit of fluctuation in the position of the waveg-
uides will not affect the optical response. In order to estimate the phase noise we chose to
operate at the point of maximal transduction, specifically the voltage with a 50/50 splitting
ratio as we are mainly interested in setting the upper limit for the expected noise. This
calibration is seen in figure 3.35.a here a full voltage scan is performed to cover the entire
switching range. Evidently at around V2 = 40 the splitting is 50/50 in the output ports,
this is thus the position where we park the device in order to do the PSD measurement
used in figure 3.33.b where the maximal phase instability is found.

Here a PSD measurement is done over all frequencies of the device. All frequencies are
integrated, both for the signal itself and the corresponding background noise which stems
from the laser. Such that

50 = / s(f)df — / sn(F)df = 0.0037rad (3.3)

This result has mean that the variance is similar to that of current state of the art
thermal phase shifters, which is 107°[9]. Noteworthy is that this is the case at room
temperature. Thus we expect lower noise levels when operating at the single photon tem-
peratures of ~ 4K. Our hypothesis is that the phase noise is inversely proportional to the
temperature thus we can estimate how it will change for lower temperatures. In the future
similar devices will be operated at =~ 4K to support single photons. A crude approximation
is that the noise level is inversely proportional to the temperature. Thus, if the hypothesis
is true, when going to the cryogenic temperatures its supposed that the phase noise ends
up far superior to the case of thermal phase shifters. This does however need to be proved
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Figure 3.35: Phase instability: (a) Full switching here the § can be tuned between 0 and

27, the points of the maximal transduction is when the splitting ratio is 50/50, around

V2 =40 (b) Spectrum at the point of maximum transduction (blue) and the background

light noise (orange), here the light noise is subtracted and the rest is integrated giving a
phase noise of 6.5urad at a temperature of 300 K

experimentally.

The phase stability plays a critical role when upscaling the system as there will generally
be a limit on the amount of noise that can be tolerated under these circumstances while
still having a functional network. This is described in section 2.5 via the n-bit precision.
Here it was demonstrated that errors in the range of mrad’s was sufficient for large up
scaling of the system while still keeping a n=10 bit precision. Thus if the devices are
indeed capable of reaching lower limits they will be very compatible with larger networks.

3.10 MMI response

In order to get a better understanding of some of the effects induced by the MMI in the
system, this includes losses and possible side effects at different wavelengths. In order to
do this, structures with 2 MMI’s was compared to a similar structure with straight waveg-
uides. This was done by the use of the super-K laser (a supercontinuum laser) Where the
wavelengths are in the range between 900-1050 nm

The analysis show that the MMI structures are quite lossy, as 2 subsequent MMI’s give
approximately 40% of the output light compared to the straight waveguides. It would thus
be beneficial to optimize the transmission in the structure if these are utilized in the fu-
ture. However it is often the case with on chip beamsplitters that these will induce a much
larger amount of losses, meaning that the symmetrical pumping phase shifter is likely not
suitable for upscaling, even if the phase shift induced were satisfactory. Furthermore there
seem to be no extra cavity effects or extra reflections in the MMI’s at different wavelengths
compared to the straight waveguides as can be seen in figure 3.36.c, here we see that they
both have the same fringes, likely these are from the super-K laser itself.

It would have been interesting to analyze which splitting ratios the MMI’s are pro-
ducing. This would help with a better understanding about the limitations in the sym-
metrically based phase shifter. It is certain that something is different in the fabricated
structures compared to the ones simulated in COMSOL as the phase shifts are lacklus-
ter. It would be of interest to understand how much of this effect is due to an unwanted
splitting ratio from the MMI, and how much is due to the fabricational limitations in the
symmetry of the waveguides. From earlier analysis it seems likely that the asymmetry
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Figure 3.36: Analysis of MMI response: (a) Straight waveguide structure with MMI’s.
The compared structure is alike simply without the MMTI’s (b) The power measured
through the MMI waveguides (blues) and the Straight waveguides (green). It is evident
that the power is ~ 40% when going through 2 MMTI’s (¢) normalized spectrum with the
inclusion of the super-K spectrum. Here it can be seen that there are both fringes in the
MMI response and the straight waveguide resposne, which matches the fringes induced
from the super-K. Thus there should be no extra cavity effects arising from the use of the
MMT’s.

arising from fabrication is a problem that will always arise with the current fabrication
technology, thus if this is the main source of error the symmetrical phase shifter can be
ruled out as a viable option, as we will never reach a sufficient amount of symmetry in the
structures. However if the problem primarily arises from the MMUI’s in the design, then
this might be a solvable problem where a phase shift closer to 27 might be obtained. The
other limitation as has previously been mentioned is the losses arising from the use of an
MMI (and likely also other on chip beamsplitters). Thus inquiring an unbalanced amount
of losses in each of the 2x2 unitaries, thus impacting the up scaling capabilities greatly.
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Chapter 4

Outlook

Throughout this thesis promising results has been shown towards using the NOEMS
devices as both a phase shifter and beamsplitter simultaneously. it has been demonstrated
that it is possible to construct a device capable of doing a full 27 rotation in ¢ on the
Bloch sphere at as low as 7 V’s of actuation in devices shown in section 3.1. These types
of devices furthermore has a low amount of phase instability with a variance of ~ 107>
rad at room temperature, it is hypothesize that the variance will be even lower at cryo-
genic temperatures. Furthermore similar devices with broader waveguides are capable of
producing a full switching between the output ports meaning a full 6 rotation, while only
contributing with a small amount of phase shift, the ¢ rotation. These results are shown in
section 3.4. This, combined with the ability to independently actuate 2 separate NOEMS
devices might be used towards making any 2x2 unitary in the future as shown in section
3.5. However, in order to scale to larger operations new methods of wiring and bonding
the devices are necessary. Furthermore it has been demonstrated that a phase shift based
solely on the symmetrical pumping of the NOEMS devices is possible. However the results
obtained from this was rather lackluster as only a small change of 0.3 rad in ¢ could be
produced. It seems that current fabricational limitations are an issue towards realizing
a fully operational phase change with this method as asymmetries will seemingly always
arise in the fabrication process of the structures. It was however demonstrated that these
devices could be tested by using an on chip interferometer, thus not requiring sophisticated
external experimental setups.

A thorough analysis on the mechanical properties of the devices was also carried out,
showing the relations between properties of the mechanical modes in the system and the
NOEMS geometries, including resonance frequencies and quality factors along with the
instability of optical settings of the devices. Finally the prospects of resonant driving
was also investigated, it was shown that great switching speeds where attainable by driv-
ing higher order resonant modes of the NOEMS devices, however to much confusion the
resonant driving required much larger driving voltages than initially anticipated. As the
devices that were analyzed was the new cascaded version of the NOEMS devices, the ex-
act properties of new and complicated modes needs to be analyzed further in order to
completely understand the prospects of driving the devices resonantly towards the use in
demultiplexing schemes. It was however demonstrated that the resonance frequencies of
the devices can be tuned by applying a static voltage over the devices. Several devices
were analyzed this way and it was proven that some of the devices where within a range
where they could be tuned to the same resonance frequencies. This is crucial if the res-
onant driving is to be used in the future. As the resonant modes are dependent on the
exact geometry after fabrication, and as there proved to be limitations on this, it is not
likely that 2 devices designed with the same properties will have the exact same resonance
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frequencies. However if they are simply in close proximity we are able to set them in
resonance with each other.

There are however multiple challenges that needs to be overcome in order to obtain the
ultimate goal of producing any NxN unitary, or having a NOEMS device that works solely
as a phase shifter. First and foremost while a phase shift of 27 in ¢ has been shown with
these devices, they are based on the asymmetric design which also leaves us with a change
in the splitting ratio # when actuating the devices. It was seemingly possible to construct a
device with more symmetrical properties by making the waveguides broader, thus lowering
the amount of Anys between the waveguides. This did however still come with a small
phase shift, which would lead to uncertainties in the settings of a future 2x2 device based
on the 2 aforementioned devices. The aim for future developments is thus to construct a
device with as symmetrical features as possible, in connection with the asymmetric device,
since as long as the full phase shift can be produced, a device capable of producing the full
rotation in the 6 regime will be sufficient in order to put the output state on any point on
the Bloch sphere.

The limitations are however that the 2 operations are not done independently, thus
extra considerations needs to be taken into account when trying to achieve the full Bloch
sphere rotation where 2 devices are needed. This problem would readily be solved by with
the realization of a symmetrically pumped phase shifter only acting on one of the arms.
This work was not able to produce such a device, nevertheless it does seem possible given
the results from simulations. Thus if the fabricational issues are solved, and the devices
that can actually be produced are closer to the intended design, the effects from such a
device should be feasible to obtain experimentally as well. With such device the full Bloch
sphere rotation can be implemented with existing NOEMS devices and ready for testing.
If the production of such a device is not a possibility, it should still be possible to switch
basis in which the rotations on the Bloch sphere are done, where the phase-splitters are
now used with 2 subsequent devices as explained in section 3.2

Another current limitation of the system is related to the length and speed of operation.
This is dependent on the lowest order mechanical resonance frequencies in the system. It
was demonstrated in section 2.2, that this is dependent on the geometrical size of the
waveguides that are used. Making the waveguides narrower would increase the amplitude
of the evanescent fields of the waveguides, thus increasing the amount of light that will
couple between the waveguides and effectively decreasing the required length to observe
the wanted effects. This solution will however have limitations as the effective refractive
index of the waveguides varies rapidly in a more narrow region, thereby surface rough-
ness will impose larger losses in the system. This solution is thus not a feasible solution.
Another method would be to cascade the devices a larger number of times, while keeping
each of the cascaded parts shorter, thus decreasing the length of each part and increasing
the resonance frequencies. This could be a solution to be investigated further, but it will
increase the footprint of the devices, and will likely produce larger losses, as each of the
tethers are more lossy than the waveguides themselves. Furthermore this is not enough to
decrease the switching speeds drastically.

The gap between the waveguides is another effect that could be investigated further,
in terms of obtaining greater coupling and decreasing the lengths of the devices. At the
moment we are limited in terms of fabrication in a way where devices with gaps smaller
than =~ 100 nm. Thus we are already operating at the limit of what can be physically re-
alized. Another way to get larger effects would however be to change the direction of how
the waveguides are moving when they are actuated. If possible, larger effects would occur,
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when the waveguides are moving towards each other instead of being pulled apart. The
limitations with this method is that the waveguides can only go to 2/3dy where dj is the
starting position for the waveguides. This is a slightly smaller amount compared to how
much the waveguides are approximately moving apart. However the effects become much
larger in this region, possibly enough to get even larger effects at shorter coupling lengths
L¢. This does require a new design and architecture for the waveguides and actuation
process. This will already have an effect on the mechanical resonance frequencies. On
top of this much larger effects are observed, at least in simulations, when the waveguides
attracted instead of pulled apart. This can either be utilized to cascade the device fewer
times, or to decrease each of the cascaded parts, depending on whether the main interest is
to decrease switching speeds or to decrease the total length of the device drastically. The
simulated effects of these changes can be seen in figure 2.5, here it is evident that much
larger effects than previously observed are occurring when the gap d decreases below 100
nm.

This method does also have its limitations, it will likely have more losses than the
earlier structures, and as it is not a device that has been realized in the laboratories yet
it is uncertain how well it will actually perform outside simulations and whether it is even
realizable or not.

Phase rotation

One of the main goals was to construct a device acting solely as a phaseshifter for
direct implementation in a 2x2 unitary operation with existing beamsplitting techniques.
The method of performing only a ¢-rotation on the Bloch sphere was attempted with the
symmetrical setup. While this is seemingly an elegant solution, and feasible from a sim-
ulations perspective the obtained result was merely a phase shift of ¢ = 0.3rad, thus far
from the necessary 27. Solving this would require an enormous up scaling of the number
of cascations in the system, while this would have similar switching speeds, as this was
shown to be limited primarily by the individually cascaded NOEMS structures, the losses
amounting from the vastly increased footprint would not make this solution feasible.

As there are a couple of novelties included in this structure it is not that clear to
determine exactly what effects differs so drastically from the simulated example. Firstly
an attempt of making an on chip interferometer was done, however for comparison there
was also the phaseshifter in the 2x2 unitary and these gave similar responses so the issue
should not lie here. Asymmetries and general variations from the intended design arose in
all the structures where a sufficient SEM-imaging was performed to determine the prop-
erties of the systems. Sufficient data is not available to determine if this was also the case
for the symmetrically based phase shifters, however it is of course highly likely that similar
effects were seen. This is thus breaking the symmetric mode, which the phaseshift relies
on, its not clear how much of an effect this will have on the obtained phaseshift but it
might prove to be one of the answers to the difference between the simulated results and
the measured results. On top of the NOEMS themselves being symmetrical it was also
important to ensure symmetric pumping of the system, an attempt towards this was done
with the use of MMI’s as explained in section 2.2 and appendix A.2. The optical response
of these are nevertheless highly susceptible to geometrical variations, which are probably
also occurring here. Thus in conclusion it seems that we are both unable to construct a
perfectly symmetrical device, let alone actually pump it symmetrically. It is not clear as
of now which of these effects will have the largest impact on the achievable phaseshift, and
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this will thus need further analysis.

As the symmetrical approach is seemingly a hurdle towards making a full 2x2 unitary,
it seems to suggest that other methods might be favorable. The arising asymmetries in all
of the structures did however prove to give the ability of a full 27 phaseshift. This seems
to be a, perhaps less elegant, but at least feasible way to construct a phaseshifter based
on NOEMS structures. One of the limitations here however is the inability to predict
the exact amount of asymmetry that arises, from the simulated results in section 2.3 and
the study of both narrow and wider waveguide structures, it is evident that the amount
of achievable phaseshift is a highly variable property. It is thus still necessary to better
understand these effects in order to anticipate the magnitude of the effect.

Future work

Firstly it would be interesting to do further analysis of the devices at cryogeninc tem-
peratures. This is both to ensure that there will still be similar ranges available in 6 and
¢, but furthermore in order to investigate how the mechanical responses changes here.
The phase noise is hypothesize to decrease dramatically at cryogenic temperatures as the
effects are primarily thermal.

Furthermore as all the requirements for doing a full arbitrary rotation on the Bloch
sphere, including a 6 rotation of > 7 without substantial rotation on ¢ and another inde-
pendent device capable of doing > 27 rotation in ¢ it seems that a full 2x2 unitary can
be constructed. As it has also been demonstrated that doing 2 independent operations
is possible these can be combined much in the same manner as the try of doing the full
unitary that was shown here. Instead 2 NOEMS will simply be placed in series, one having
broader width of the waveguide to do primarily a #-rotation, while the other has narrower
waveguides, thus larger relative asymmetry, likely giving both a large ¢ and 6 rotation.
Now the 0 rotation is not of great importance as the wider device can simply move the
state back to the desired outcome. A sketch of such a setup can be seen in figure 4.1. This
architecture will require some changes in the trenching and bonding process, compared to
the attempt at making a 2x2 Unitary that was shown in this work.

Another, yet similar, approach is to return to the non-cascaded NOEMS devices. These
has a smaller footprint and earlier results show the ability to perform 6 > w. However
at this point the possible associated phaseshift due to asymmetries were not analyzed. It
would thus be necessary to perform similar measurements on these devices as the ones
shown in this report to fully determine this. This would likely be the favorable solution
as the overall footprint will decrease by only requiring one of the 2 NOEMS devices to
be cascaded A requirement is however that the initial 6 rotation can be made without
significant ¢ rotation.

Future work - mechanical modes

Another interesting prospect of the cascaded structures is the more complex mechanical
modes arising since the individual parts of the total devices are coupled - possibly leading
to coupled modes. For the lowest order modes we primarily observed similar results as for
the non-cascaded NOEMS devices, with 2 modes constituting the slightly asymmetrical
waveguides. These are primarily the limitation when needing on demand control over pho-
tons, as they set a "speed limit" on the operations. A small amount of effort was however
put into the study of resonantly driving the system. Here it was found that while driving
resonantly with the lowest order mechanical modes was possible, it might be even more
interesting to look into the larger order modes, as these can be much faster. We were able
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Figure 4.1: Proposed 2x2 unitary operation with existing structures a 2x2 unitary
that can possibly be achieved with the structures that have been shown in this report.
The first NOEMS device primarily constitutes the 6 rotation with the wider waveguides,
here a full m-rotation can be achieved at 6V. Afterwards the asymmetrically based phase
shifter with narrower waveguides are added, this can perform a full 27-rotation around ¢
at 8V

to drive with modes allowing for switching times in the order of = 100 ns, this might prove
to be interesting towards demultiplexing schemes and it is not unlikely that even faster
results can be produced.

The analysis of this was not however thorough enough to conclude whether or not this
is interesting in and on itself, and some curious results are still to be analyzed. From
theory it is clear that resonant driving requires much lower amplitudes, as the response
is proportional to the quality factor of the mode in question. However when actuating
these modes a comparable large amount of voltage of =~ 1V was needed to see the effects.
Thus further analysis of the properties of these exact modes are necessary in order to fully
understand the effects.

One of the challenges towards demultiplexing schemes is that similar resonance fre-
quencies are needed for the different NOEMS devices in the setup. A very interesting
feature of the devices for this was however found, it is clear that as there are fabricational
limitations and small variations in the geometries of the waveguides, different NOEMS will
have varying resonance frequencies. A feature is nevertheless that these can be tuned by
applying a DC voltage over the NOEMS due to frequency softening. It was found that
at least some of the different devices had resonance frequencies within tuning range of ea-
chother. It is thus an interesting future prospect to analyze whether this gives the ability
to perform resonant switching of 2 independent devices at the same resonance frequency
by simply applying a DC voltage on top of the resonant driving. Importantly however was
that not all modes of the systems had these features, it is thus again necessary to have
a better understanding of the modes as larger order modes are more interesting towards
resonant driving of the system.



Appendix A

Phase shift measurements

For the phase shift measurements the following signal was used for the on/off filtering

A.1 Optimizing tethers

When dealing with the cascaded NOEMS structures we will inevitably need a larger
number of tethers in order to keep the system fully suspended. when doing 3 cascaded
devices this increases the number of tethers from 1 to 3. The tethering is done by broaden-
ing the waveguides from the initial width of ~ 200 nm to a final width of 500 nm. In this
region of the structures they will be much less optically active, furthermore the waveguides
distances are fixed, meaning that the gap is not changing here, leading to no interaction
in this region. The tethers thus constitutes a "dead" region in the device, which only
increases the footprint without increasing the optical response.

A.2 MMI - theory

A method is needed to generate a 50/50 splitting between 2 input ports to be used in
the symmetric beamsplitter devices. One method of doing this is by the use of Multi-Mode-

0.8 o

0.4 +

NEMS On/off

0.2 +

o0 {UUULOUUUUUUULUULUULOUUULOUUUUL

Time [ms]

Figure A.1: NEMS actuation signal Signal actuating the NEMS system, when it is 0
no voltage is applied, when 1 the voltage is applied. This is applied with a fast Tukey
window, which ramps up in ~ 1us. This ensures that the NEMS system does not start
oscillating, as this is slower than the fastest resonant mode. This is used as a mask to filter
the signal between the NEMS being actuated and not actuated, such that the response at
each individual voltage can be determined.
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Figure A.2: Response to a tukey drive (a) Tukey drive and response (b) zoom in on
the response with corresponding curves.

Interferometers. Here a single mode waveguide is tapered into a multimode waveguide. In
this case a dual mode waveguide supporting the 2 lowest order TE-modes. The insertion
will cause both modes to be excited in the dual mode waveguide. These modes will have
different electrical fields and varying effective mode indices. As one mode is symmetric
and the other is asymmetric these will interfere with each other. As they have different
propagation constants the outcome of the interference will vary. This means that at dif-
ferent points in the waveguide the mode will be located at different positions, this effect
is called the beating and is a property of the 2 different effective mode indices. Thus if
we are stopping the multimode portion and coupling into 2 single mode waveguides at the
correct position, 50% of the light will exit through one of the port while the rest exits the
other port. Thus a 50/50 splitting of light through the 2 output ports can be obtained. A
limitation to this however is that the beat length is quite short, and is highly dependent
on the geometry of the waveguides. Thus small fluctuations in these parameters might
greatly influence the exact splitting ratio that is obtained between the ports.

A.3 Switching speed

Here more effort towards finding switching speeds not inducing oscillations is shown. It
is furthemore shown that the optical response of the system does not follow the actuation

signal but is rather a bit slower. This happens as the response does not go as V but rather
V2,

A.4 Mechanical modes simulations

Some examples of simulated mechanical modes of the individual parts of a cascaded
NOEMS device. Here it is seen that complex modes arise at larger frequencies. From these
modes it is difficult to estimate the exact optical effect, but they might prove valuable for
resonant driving of the systems.
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Figure A.3: Different mechanical modes having different frequencies The top
left shows the lowest order mechanical mode response. Here the waveguides are pulled
completely apart, thus this should make for a large change in optical parameters. The top
right panel show out of plane movement, which we should not be able to find experimentally
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