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Abstract

The interest in micro- and nanomechanical resonators has grown rapidly during
the last decade due to their broad applicability within metrology and fundamental
science. They have, for instance, been brought to the quantum regime and have
also been demonstrated to be incredibly precise detectors of small masses, forces, or
displacements. A micromechanical resonator’s motion can be detected via optical
means, where the resonator’s reflectivity enhances the coupling between it and the
light resulting in a more efficient read-out. High-reflectivity micromechanical
resonators can be achieved by alternating their in-plane dielectric constants with
structures known as photonic crystals. On the other hand, a precise read-out of the
resonator’s displacement requires low mechanical dissipation for the measurement
signal to exceed the thermal noise floor. Dissipation can be minimized by care-
fully selecting the appropriate material, design, and operating environment for the
resonator. Furthermore, mechanical dissipation can even be diluted by introducing
tensile strain to the material, which acts as additional storage of energy. The quality
factor, which is the ratio between the total energy stored in the system and energy
lost during one cycle, is commonly used to quantify mechanical dissipation.

This thesis uses highly tensile strained crystalline InGaP to realize micromechani-
cal resonators with low mechanical dissipation. Crystalline materials are promising
candidates for highly sensitive micromechanical resonators due to their potentially
low intrinsic dissipation, high intrinsic strain, and yield strength. The first part
of this thesis investigates the first two of these properties for InGaP by comparing
fabricated doubly-clamped strings with analytical models. It was inferred that the
stress depends on the crystal direction and varies between 200-500 MPa. Further,
the InGaP used in this thesis shows an intrinsic quality factor between 5700 + 1000
up to 7900 £ 1700. The second part of this thesis focuses on optimizing the geom-
etry of trampoline-shaped micromechanical resonators to enhance their mechanical
quality factor and their optical reflectivity. An improved optical reflectivity was
observed for fabricated devices patterned with a photonic crystal. FEM-based sim-
ulations were made to find dimensions of the trampoline that considerably reduce
mechanical clamping loss to the surrounding supporting structure. Implementing
these designs to trampoline-shaped micromechanical resonators showed a quality
factor of 7 - 10 at low temperatures, which was not limited by clamping loss. It
was instead demonstrated that the quality factor was limited by gas damping. The
mechanical and optical properties of micromechanical resonators fabricated from
crystalline InGaP demonstrated in this thesis have shown promising results and
provide all requirements for the resonators to be used in optomechanical systems in
the near future.
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1

Introduction

The interest and implementation of micro- and nanomechanical resonators have
grown rapidly during the last decade due to their many implementations within
metrology and fundamental science. For instance, they have been cooled to their
ground state, and thereby enabled investigation of the quantum behavior of me-
chanical systems. Furthermore, micromechanical resonators are good candidates
for ultrasensitive sensors due to their small mass. These sensors can detect feeble
forces, masses, displacements, radiation, and temperatures, only to name a few. For
instance, it can be used in chemical, medicine, and biological research by enabling
advances in mass spectrometry. Here, the resonator’s resonance frequency shifts as
a small mass, such as a molecule, is absorbed to its surface [8]-[10]. Even masses
as small as zepto grams have been detected with nanomechanical resonators [11]. A
signal must exceed the thermal force noise limit to be detected in classical sensing
applications. This requires a low mechanical dissipation to dilute the signal. The
mechanical dissipation is also of even more relevance for quantum measurement as
it determines the lifetime of the quantum states [12].

The external perturbation acting on the resonator changes its frequency and its
displacement, which can be detected by electrical or optical means [13]. One way
to detect the resonator’s motion with optical detection is by using coherent light,
which is reflected at the resonator’s surface. The reflectivity can be enhanced, and
the read-out can thus be more efficient by alternating the in-plane dielectric constant
of the resonator with structures called photonic crystals [14]. The coupling between
the electromagnetic radiation and the resonator can be enhanced even further, and
quantum mechanical motion detection can be achieved by cavity optomechanical
techniques. Here, the cavity enhances the intensity of the electromagnetic radiation
by confining it to a compact space [15].

The downscaling also comes with some drawbacks. Small dimensions of microme-
chanical resonators entail an increased surface-to-volume ratio. This enhanced ratio
results in mechanical losses at the resonator’s surface and enhanced dissipation [16],
[17]. However, the dissipation can be significantly reduced by choosing a suitable
material, design, and operating environment for the resonator. The most commonly
and former leading material for micromechanical resonators is highly stressed amor-
phous silicon nitride (SizNy), where the stress acts as additional storage of energy
and thus dilute the dissipation [18]. SizNy is often used as it can be deposited on
silicon and is thus compatible with commonly known nanofabrication equipment
and procedures. However, Si3sN, has received competition from crystalline materials
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such as silicon carbide (SiC) , silicon (Si) and indium gallium phosphide (InGaP)
during the last years due to their potentially low intrinsic dissipation and high yield
strength. Yield strength is a measure of the amount of tensile stress which a material
can be exposed to before it deforms beyond repair [19]. State-of-the-art microme-
chanical resonators have shown plenty of different one- and two-dimensional designs
to minimize dissipation. A selection of these is shown in Figure 1.1.

Figure 1.1: SEM images of different geometries used in state-of-the-art microme-
chanical resonators. a) is a string with alternating width taken from Ref. [18], b)
is a membrane taken from Ref. [20], ¢) is a trampoline taken from Ref. [21] and d)
consists of multiple branches of strings taken from Ref. [22].

1.1 Thesis organization

This thesis aims to design micromechanical resonators made of tensile stressed crys-
talline InGaP with low mechanical dissipation. Simultaneously, a low optical loss is
necessary for these resonators as their motions are detected via optical means. The
mechanical dissipation is minimized by introducing tensile strain to the material
and altering the resonators’ geometry. Furthermore, the resonators’ motions are
measured at low pressures to avoid dissipation from the surrounding medium. On
the other hand, the optical loss is reduced by implementing photonic crystals. The
aim of this thesis is accomplished through three steps:

o Firstly, the material’s intrinsic properties, such as inherited stress and dis-
sipation that originates from the material, are determined. This is done by
comparing the experimentally observed resonance frequencies and quality fac-
tors of fabricated strings to analytical models. The design of these strings can
be seen in Figure 1.2a.

e Secondly, the mechanical dissipation is minimized by altering the dimensions
of a trampoline-shaped micromechanical resonator, shown in Figure 1.2b. This
is done with finite element method simulations. The optimized design is then
fabricated and characterized at different pressures and temperatures.

o Lastly, the coupling between the resonator and light is enhanced by tuning
the design of photonic crystals via simulations. The design is then fabricated,
and its reflectivity is measured.
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Figure 1.2: Schematics illustration of the two kinds of resonators which are treated
in this thesis. a) shows a doubly-clamped string with height h, width w, length L
and cross-section area A shown. A trampoline-shaped resonator is shown in b),
consisting of a pad with with a,.q and four tethers with width w; and length L.
The window size of the trampoline is ayingow. 1he widening of the clamping points
between the tethers and the supporting structure are determined by 7., while the
radius 7;, determines the transition between the tethers and the pad.
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2

Theory

This chapter introduces the theoretical background necessary to understand this
thesis. Firstly, the behavior and characteristics of a mechanical resonator are pre-
sented, followed by a discussion of how these can be improved. Lastly, the concept
of photonic crystals is presented.

2.1 Basic concept behind a mechanical resonator

The first part of this chapter describes the standard description of a classical har-
monic oscillator. However, micromechanical resonators that operate in the quantum
regime and detect small distances and forces are affected by quantum limitations.
Hence, these limitations are also essential to take into consideration.

2.1.1 Classical description

A simple harmonic oscillator, illustrated in Figure 2.1, can be described by a system
with an effective mass m and spring with an effective spring constant k. The position
of the center of the mass is represented by z(¢). The mass oscillates around its
equilibrium with a resonance frequency (wy,):

Wm = \/E (2.1)

Figure 2.1: Schematic illustration of a simple harmonic oscillator with effective
mass m and effective spring constant k.
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The equation of motion for a damped harmonic oscillator, driven by a force Fyy; is:

d*xz(t) dz(t) B
(dt2 +T o —i—wmx(t))—Fext (2.2)

where the rate at which energy dissipates from the resonator is known as the me-
chanical damping rate (I'). The dissipation is often set in relation with the resonance
frequency of the resonator to see the amount of dissipation per oscillation. This is
known as the Quality factor (Q) and is given by:

Wm
Q=+ (2.3)

The simplest solution for Equation 2.2 is when the resonator is not driven, i.e.
Fext(t) = 0, and is expressed as [12], [23]:

2(t) = Age 2 sin [\/wfn - (F{t) +¢ (2.4)

where ¢ is the phase and Ay is the initial amplitude of the oscillation, i.e. Ay = |i—o.
For an underdamped resonator (I' < 2wy, ), Equation 2.4 can be approximated as:

I't

z(t) = Apcos(wt + ¢p)e” 2 (2.5)

and is illustrated in Figure 2.2.

Displacement [m]

Time [s]

Figure 2.2: Illustration of the motion of an damped harmonic oscillator as a
function of time, see Equation 2.5.
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The equation of motion for a driven oscillator can be described by the Fourier
transform ! of Equation 2.2 as follows:

F=m(w? —w? — iTw)i(w) (2.6)
and can be rewritten as: A
T(w) = xF (2.7)

XW)= s o) (2.8)

Thus, the amplitude of the resonator increases as w — wy, [15], [24].

The smallest signal a resonator can detect is determined on its sensitivity. According
to the fluctuation-dissipation theorem, the sensitivity to detect a physical quantity
A is given by /Saa(w). Here, Saa(w) is the noise power spectrum and is given for
the displacement x as [12], [23]:

Sew) = [ (a(ma(0))e (29)

The fundamental limit to detect a force is set by the thermo-mechanical noise which
is:

where kg is Boltzmann’s constant. Inserting Equation 2.10 into 2.7 gives us the
sensitivity of displacement due to thermal noise near the resonance frequency:

\/m -V |X|2Ft2h - \/m((wrzn EZ@?Z_ w2I'2) (2.11)

where T' is the temperature of the thermal bath and kg is Boltzmann’s constant.
Thus, both the force and displacement sensitivity depend on the dissipation of the
mechanical resonator [12]. It is therefore important to have a small dissipation and
thus a large quality factor to obtain highly sensitive resonators.

2.1.2 Quantum description

Harmonic oscillators can also be described from a quantum point of view. The
Hamiltonian for a harmonic oscillator is given by:

PR |
H = hw,b'b + iﬁwm (2.12)

where bf and b is phonon creation and annihilation operator respectively, described
by:
bt ! (# + ! p) and b ! (2 ! ) (2.13)
= T+ — an = T— .
2x7pF mwmp 2x7pF mwmp

Fourier transform defined as F'(w) = [*_x(t)e~™*dt
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where z,,¢ is the zero point fluctuation and is given by:

h
2Mmwp,

Typt = (214)

The zero point fluctuation quantifies the lowest possible amplitude of the quantum
mechanical resonator. Z and p are the position and momentum operator respec-
tively, and satisfies the commutation relationship [Z,p] > ih, which is known as
Heisenberg’s uncertainty [25].

In order to achieve measurement-based quantum control, the loss due thermal de-
coherence most be less than the frequency of the oscillation:

W > Al (2.15)

where 7 is the average phonon number and is given by 7 = (bfb) [15]. In other
words, the oscillation needs to undergo at least one coherent mechanical oscillation
before one phonon from the thermal bath enters the system. This can be translated
to [26]:

kgT

Qumfm > T (2.16)

Thus, both the classical and quantum limit for the sensitivity of a resonator is direct
affected by the quality factor.

2.2 Sources of Mechanical Dissipation

The most fundamental definition of () is the ratio between the total energy stored
in a micromechanical resonator (W) and the amount of energy that is dissipated
during one of its oscillations (AW)[13], [27],

w
Q=27 ATV (2.17)
In order words, () describes how well the resonator stores energy and how many
coherent oscillations it undergoes before its amplitude decays to a certain threshold,
namely e~™ [28]. As was seen in Section 2.1.1, a large quality factor is desirable as
it yields a more precise and sensitive readout [7], [29], [30]. @ can be divided into

an intrinsic (Qiy¢) and an extrinsic (Qey) quality factor as follows:
Q7' = Qi + Qi
(2.18)

Both of these two dissipation mechanics have contributions from various processes,
such as thermoelastic-, gas- and clamping loss. The largest source of dissipation sets
the limit for @ [7], [13]. In the following, the most important intrinsic and extrinsic
loss mechanisms pertinent to micromechanical resonators, particularly crystalline
mechanical resonators, are discussed. More detailed discussions can be found in the
reviews by Imboden [29] and Schmid [13].

8



2. Theory

2.2.1 Intrinsic dissipation

Intrinsic dissipation is material dependent and originates due to the most funda-
mental property of a resonator - oscillation. A direct consequence of oscillations for
a resonator is bending and deformation of the resonator. This results in oscillating
strain, stress, and friction between atoms within the resonator. During oscillation
the potential energy, stored as bending and elongation energy, is converted to kinetic
energy and vice versa. This alternating energy conversion generates heat and thus
energy loss. Hence, the intrinsic quality factor for a resonator is given by:

WElongation + WBending

Qine = 27
AVI/vElongation + AVVBending

(2.19)

where Wgending and Wiiongation 18 the potential energy stored as bending and elon-
gation, respectively, while AWgiongation and AWgending is the energy loss during one
oscillation.

The intrinsic quality factor has two main contributions: friction-(Qgyiction) and fun-
damental 10ss (Qrundamental). The former process originates from friction between
atoms that occurs during oscillation of the resonator. This results in a phase shift
between the strain and stress within the material which in turn results in energy
loss. Friction loss is largest for amorphous materials, in comparison with crystalline
materials, due to the large friction between molecular chains [13]. On the other
hand, fundamental loss originates from intrinsic properties of the material, such as
the thermoelastic coefficient. Thermoelastic damping and damping due to Two Level
System (TLS) are examples on fundamental losses mechanisms[13], [29]. These two
processes will be explained in the following.

2.2.1.1 Thermoelastic dissipation

During oscillation of a micromechanical resonator, a few regions are compressed
while other are elongated. The compressed regions are heated, while the stretched
regions are cooled [31]. This thermal gradient results in an energy transfer in the
form of phonons from the hot to the cold regions. The stream of phonons is an
irreversible process and thus generates energy loss [28]. This source of energy loss
is known as Thermoelastic disipation (TED). Qrgp is described as the following for
a double clamped beam 2:

Qil . Oé2TE WTTED
T =00, T (wren )
where T' is the temperature at the resonator’s surface, p is the mass density, C, is

the specific heat constant at constant pressure and E is Young’s modulus. 7rgp is
the thermal relaxation time and is given by:

hQPCp

T2K

(2.20)

TTED — (2-21)

2A few approximations are made to obtain Equation 2.20. Approximations such that the
boundary conditions were fixed and heat flow perpendicular to the surface were assumed to be
neglected.



2. Theory

where h is the thickness of the resonator and « is the thermal conductivity. « is the
Linear thermal expansion coefficient. The thermal expansion coefficient is material
dependent and is a quantification of how well the acoustic phonons are coupled to
the thermal phonons and is given by [29], [31]:

10L
= —— 2.22
“TIer (222)
Here, % is the change of length due to a temperature change and L is a characteristic

length. « for indium phosphide (InP), gallium phosphide (GaP) and InGaP in
relation to the temperature is illustrated in Figure 2.3 [32].

— GaP
InP
— InGaP

al10-6k-1)

50 160 lfl)O 260 2:")0 300
TIK]

Figure 2.3: The thermal expansion coefficient « as a function of temperature for

three different materials - GaP, InP and InGaP. Data points for GaP and InP are

taken from [32]. An interpolation between the two curves is then made to obtain

the curve for In; . Ga,P with a Ga content of x=0.58.

It can be seen in Figure 2.3 that «, and therefor TED, is more pronounced at room
temperature and decreases as a — 0 [32] Hence, the temperature significantly affects

Qrep [29]..

2.2.1.2 Dissipation through TLS

TED losses are expected to be negligible at low temperatures. However, for these
temperatures another source of intrinsic dissipation is more pronounced, namely
dissipation due to two-level systems (TLS). This dissipation mechanism is due to
quantum-mechanical phonon tunneling between metastable energy levels |u) and
|z), shown in Figure 2.4. Between the two metastable levels is a potential barrier
V', which is larger than the thermal energy (V > kgT). Therefore, an energy
transition between these nearly degenerated ground states is impossible at a classical
level. However, a phonon can tunnel between the two states. This tunneling results
either in a phonon ¢ being absorbed or emitted. Amorphous materials have a lot
of metastable energy levels due to the large amount of defects within them. Hence,

10
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more significant dissipation due to TLS is found in amorphous materials compared
to crystalline materials [29], [33].

V(x)

N

Figure 2.4: Schematic illustration of tunneling between two energy levels |u) and
|v). The phonon tunnels from a larger energy level to a lower, and emitting a phonon
q in the process. This figure is highly inspired by images from sources [29] and [33].

-
L

X

2.2.1.3 Surface losses

Surface loss is a pronounced source of dissipation for micromechanical resonators as
their surface-to-volume ratio is large. The dissipation is a result of surface roughness
and impurities. These often emerge during the deposition of the material but can
also occur later as the material reacts with the environment. For instance, dangling
bonds in SiN and Si bind to oxygen when in contact with air and form an oxide
layer on the surface. These surface defects can be the limiting loss process for the
intrinsic quality factor of the material. However, for single crystalline materials,
such as silicon carbide (SiC) or diamond, the surface loss is less pronounced as they
are not as prone as amorphous materials to react with their surrounding [13], [28].
The quality factor due to surface loss for a single clamped beam is given by [29]:

W ~ S
Qs = 25(310 h+ ) J;l(é)) (2.23)

where § and E° are the thickness and Young’s modulus for the surface layer, re-
spectively. On the other hand, F is the complex modulus of the bulk and A is the
thickness of the resonator [29)].

2.2.2 Extrinsic

Extrinsic dissipation depends on the geometry of the resonator and its surrounding.
A selection of the most pronounced extrinsic loss mechanics is discussed here [7].

11
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2.2.2.1 Clamping losses

Dynamic strain and elastic energy are generated near and at the clamping points
when a mechanical resonator oscillates. This strain will subsequently induce acous-
tic waves, carrying energy from the resonator to the supporting structure. This
dissipation is known as clamping or radiation loss. Clamping loss depends on the
acoustic impedance mismatch between the substrate and the resonator. A enhanced
mismatch makes it harder for the acoustic wave to propagate into the substrate. Fur-
thermore, clamping loss is heavily influenced by the geometry of the resonator, and
more specifically, the geometry at the clamping points [7], [13], [28], [29]. A sim-
ple analytical model to describe the clamping loss for a singly clamped string was
derived in [29] and results in:
w h

Qutamp ~ 0.313(5)4 (2.24)
where w, L, and h are the string’s width, length, and thickness, respectively. How-
ever, a general analytic equation for QQ¢jamp of stressed strings or more complicated
geometries such as trampolines is not straightforward [7]. It is therefore convenient
to use simulation based on Finite Element Methods (FEM) to determine the clamp-
ing losses for more complex structures, which is discussed in detail in Section 3.1.1

13].

2.2.2.2 Gas damping

Gas damping originates from the medium that surrounds the resonator. Microres-
onators have a large surface-to-volume ratio which makes the damping from the
surrounding more noticeable. Thus, gas damping is the dominant loss factor for
micro-resonators at atmospheric pressure. There are two different types of gas
damping: viscous and ballistic. The viscous regime describes the medium if the
gas can be treated as a fluid. On the other hand, the ballistic regime is valid for
systems where the medium consists of a small amount of particles and can thus be
described by individual molecules. The dissipation regime that the system is in can
be determined by the Knudsen number (K,), which is the ratio between the length
of the mean free path for the gas A\ and the characteristic length of the resonator
L, [13], [30], [34]:

At
K, = I (2.25)
The mean free path is the average length that gas particles can travel before they
collide with each other. All measurements presented in this thesis are in high vac-
uum (1073 — 1077 mbar), where the mean free path is in centimeters to kilometers.

Therefore, all the measurements are always performed in the ballistic regime.

Gas damping within the ballistic regime for a plate resonator is given by [13], [35]-

[37]:
2 4 M,
== \| = P 2.26
£as 7 phwy \ RT ( )

12
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where R is the universal molar gas constant, P is the air pressure, and M, is
the molar mass for the medium which for air is 29 g/mol [13]. Equation 2.26 is
derived from the difference in pressure between the front and back side of a plate
resonator when gas molecules collide with it [35], [37]. Thus, the dissipation due to
gas damping depends on the resonator’s size, as it affects the resonance frequency
(see Equation 2.1) and the pressure it is surrounded by.

2.3 Engineer and minimize mechanical dissipation

Most of the dissipation mechanisms discussed previously can be minimized by choos-
ing the suitable surrounding for the resonator to operate in. For instance, thermoelastic-
and gas damping can be reduced by operating the resonator at low temperature and
low pressures, respectively [13]. On the other hand, clamping loss can be minimized
by modifying the geometry to improve the shielding between the resonator and sub-
strate and thus encapsulate the acoustic waves within the resonator [7].

The intrinsic dissipation for an unstressed resonator always exists for the material
independently of its design and surrounding. @i, can be enhanced by choosing a
material with a small number of defects or by using the concept Dissipation Dilution
[7], [27], [28]. State-of-the-art resonators have employed this concept and reached @
up to 10 at low temperatures [18]. In the following, these methods to enhance the
intrinsic quality factor are described together with methods to minimize clamping
loss.

2.3.1 Minimizing clamping loss

The first way to minimize clamping loss, namely by increasing impedance mismatch
between the resonator and the substrate, was mentioned in Section 2.3.1. The
impedance mismatch can be a result of the large size and mass difference between
the resonator and its substrate [7]. Another way to increase the impedance mis-
match is by implementing periodic arrays with holes around the resonator known as
Phononic Crystal (PnC), which creates an acoustic bandgap. The acoustic waves
with eigenfrequencies f within this bandgap are not prone to propagate away from
the resonator. The design of the PnC is important for it to work as intended. The
length of a unit cell for PnC (apyc) should be [38]:

A v
appnCc — T = ﬁ (227)

2
where A is the wavelength of the acoustic wave centered in the middle of the bandgap
and v is the acoustic velocity in the material [38]. Thus, devices with eigenfre-
quencies in MHz would approximately have ap,¢ in millimeters. Furthermore, the
suppression of acoustic waves is exponentially dependent of the number of unit cells
within the crystal [7]. Hence, the total size of the resonator and its PnC should
at least be in centimeters to shield acoustic waves in the MHz range [38]. In other
words, PnC often requires a lot of space [7]. An example of a resonator with PnC
is illustrated in Figure 2.5. Here, the micromechanical resonator is in the center of

13
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the PnC, and each square corresponds to a unit cell [39].

membrane

ol o ol o ol o of
o.g.cﬂ-m.l..l-.l"l--l-.li..;.

Figure 2.5: A PnC used to minimize clamping loss with a resonator (membrane)
placed in the center of the PnC. Picture is taken from Ref. [38].

2.3.2 Strained resonators

The intrinsic quality factor can be increased by realizing the mechanical resonator
in a material with inherent tensile stress. This method to enhance () is known as
Dissipation Dilution. The concept behind dissipation dilution is explained in the
upcoming section, but the principle behind strain and stress is first discussed.

Intrinsic strain in the material originates from the growth process due to the differ-
ence in crystal lattice constant or thermal expansion coefficient between the alter-
nating layers [29]. The maximum amount of stress in the material is determined by
the yield strength, which is the largest amount of stress that can be deposited be-
fore the material is deformed. The in-plain strain (ell) that occurs due to the lattice
mismatch between two layers with lattice constants ag and ar,, which are shown in
Figure 2.6 [27], is given by [40]:

l(z) = —=, a'ﬂ = as (2.28)
ar,

Here, a‘ll is the lattice constant of the second layer when it is epitaxial grown on the

substrate with lattice constant a,. Thus, a, and a% is approximately the same. The
relation between the strain and the stress as given by Hooke’s law is:

o(z,0) = E(z,0)d(2) (2.29)

where F is Young’s modulus and is direction dependant for anisotropic materials
[27].
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Tax)

— —
ds ds

Figure 2.6: A schematic picture of the origin of strain from lattice mismatch. Gray
is the substrate and blue the device layer. Picture is taken from Ref. [27].

The equation of motion for an unstressed micromechanical string resonator with a
displacement field u, moment of inertia I, mass density p and cross-sectional area

A is given by:
4 2

0 0
Efﬁu(x t) —{—pAﬁu(ac t)=0 (2.30)

while the equation of motion for a resonator with an inherited stress of o can via
the generalized Euler-Bernouilli equation be expressed by [23], [28]:

o4 o? 0?

Elﬁu(x t) — Aa su(w,t) +pAﬁu(x t)=0 (2.31)
The first term in Equation 2.30 and the two first in Equation 2.31 contribute to
the potential stored energies, while the time derivatives contribute to the kinetic
energies. It can be seen by comparing the two equations that unstressed resonators
have an additional way to store potential energy, which depends on the stress. By
solving Equation 2.31 for a sinusoidal wave with mode number n and with fixed
boundary conditions:

Up(0) = Uy(L) = 0
o2 0?

@Un(o) = @Un([’) =0

the eigenfrequency of the 'n’th harmonic can be obtained and expressed as:

ocAL?
2.32
L2 \/ pA n27T2E I (2:32)
cAL?

For high stress, 327 > 1, Equation 2.32 can be approximated as[19], [40]:

£~ % \/i (2.33)
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There is no generalized analytical expression for f, for stressed trampolines. How-
ever, the fundamental resonance frequency for a trampoline can be approximated
by Equation 2.33 for a string resonator of length [41]:

L =+2L, (2.34)

2.3.2.1 Dissipation Dilution

It have now been shown that strain in a resonator affects its equation of motion and
thus the frequency and the energy stored in it. This extra storage of energy enhance
the quality factor by a factor D [7], [18], [27]:

Qp = QD (2.35)
where D is called the dissipation dilution factor and is given by [7]:
4% ensile
D=(1+ Tensi ) (2.36)

WElongation + WBending

which for a string with length L, height h, mode number n and tensile stress o can

be reformulated as [27]:
D = 2\ +n*mA?)7! (2.37)

A= Z\/ mféf) (2.38)

The potential tensile- (Wrensie), elongation- (Wgiongation) anid bending energies (Wgending)
are all dependent on the displacement field (u(x) in 1D), which is related to the mode
shape @, (x) [7]:

where

u(z) = ugpPn(x) (2.39)

up is the maximum amplitude for the displacement of the 'n’th mode. The mode
shape for a string is given by [7], [13]:

&, = sin(f,z) — g;(cos(ﬁam) — e_fBEx) (2.40)
where
nm gA
fo=—7 and fp=4 4= (2.41)

The fundamental mode shape (n=1) for a string can be seen in Figure 2.7a. The
relationships between u(x) and the potential energies stored as tension, bending and
elongation for a doubly clamped string can be seen in Equation 2.42, 2.43 and 2.44,
respectively [7].

1 Lz ,Qun2
WTensﬂe §O—A/0 (%) dz (242)
1 La 0%y 2
WBendlng §Ely/0 (%) dx (243)
1 Lo ,Qu\4
WElongation = gEA/O (%) dx (244)
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It can be seen in Equation 2.42 that Wrense is proportional to o, which is the
predominant factor when the tensile stress is enhanced. Hence, Wrengie increases
significantly more than both Wgiongation and Wgending @s the stress is increased. Ac-
cording to Equation 2.36, this increases the dilution factor. Furthermore, elongation
and the tensile energy depend on the first derivative of the displacement — the cur-
vature seen in Figure 2.7b. At the same time, the second derivative determines the
potential energy stored in bending. The bending is shown in Figure 2.7c. Thus, it is
desirable to have a small v”(x) as bending decreases D. It can be seen from Figure
2.7c that v”(x) is most pronounced near the clamping points of the string due to the
boundary constraints, u(0) = u(L) = 0. However, this can be decreased by applying
a method known as Soft Clamping which gradually decrease the amplitude of the
mode shape near the attachment points. Soft clamping is described in more detail
in Section 2.3.3.

1.00

0.75 4

0.50 4

u(x)

0.25 4

0.00 4

1.5

0.0 1

0.0 0.2 0.4 0.6 0.8 1.0
*/L

Figure 2.7: The mode shape of a tensile strained string resonator of length L and
its first and second derivative in a), b) and c), respectively. b) can be seen as the

curvature of the mode while ¢) shows the magnitude of bending. See also Refs. [7]
and [13].
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Lastly, for modes with a displacement field smaller than the thickness of the res-
onator, Wriongation can be neglected as Wgending > Whlongation. This is possible to
show by using Equation 2.39, 2.42, 2.43 and 2.44 to obtain :

2

WBending ~ 4h
~ 0,2
WElongation 9“0

(2.45)

Thus, Wgending > Whlongation as long as 2h/3 > uy.

2.3.3 Soft Clamping

The dissipation dilution factor can be enhanced by reducing the bending energy. In
other words, minimizing «”(x) near the attachment points. This can be done by
engineering the geometry of the resonator in such a way that the gradient of the
mode shape between the clamping point and the rest of the resonator undergoes a
gradual transition, shown in Figure 2.8a. The change in bending due to this grad-
ual transition is shown in Figure 2.8b. This method of enhancing the dissipation
dilution is known as soft clamping [7].

Soft clamping has been implemented in many ways for different shaped microme-
chanical resonators. For instance, highly stressed trampolines have shown to utilize
soft clamping as the radius of the curvature at the clamping points R are widened.
This is shown in Figure 2.9a, where the mode shape for four different trampolines
with R = 0,5,10 and 20 um are shown. In the same figure, it can be seen that the
gradient of the mode shape near the clamping point decreases as R increases [28],
[41].

PnC has also been shown to induce soft clamping. In comparison with the previ-
ously mentioned PnC used to minimize clamping loss, PnC used for soft clamping
utilizes defect modes to localize the highest amplitude of the mode in the center of
the structure, far away from the clamping points [7]. Thus, no rigid clamping is
imposed, and nearly no bending occurs near the clamping points. An example of
a PnC that uses soft clamping together with a cross-section of its mode shape is
shown in Figure 2.9b [42].

Lastly, hierarchical tensile structures are a recent approach to induce soft clamping.
Resonators made of hierarchical structures utilize repeated segments with branches
of different sizes to minimize the curvature of the mode near the clamping points[7],
[22]. This method to implement soft clamping has resulted in @ up to 10° at room
temperatures for SigNy resonators. An example of a hierarchical structure together
with its mode shape is shown in Figure 2.9c.

3Where the wave is treated approximated as a sinusoidal wave and contains not the second term
in Equation 2.40. This is a reasonable approximation for this purpose as the overall amplitude is
of interested and not the mode shape near the clamping points.
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1.0 4 — Not soft clamped
—— Soft clamped
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Figure 2.8: The influence soft clamping has on the mode shape and the bending
(u”(z)) in a) and b), respectively.
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Normalized diagonal of the trampoline
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Figure 2.9: Example of different resonators that implement soft clamping. a)
shows a trampoline with curvature R at the clamping points. The influence R has
on the mode shape is also illustrated for R = 0,5,10 and 20 pgm. This picture is
taken and adapted from Ref. [5]. b) shows a PnC with a defect mode and its mode
shape, taken and adapted from Ref. [42]. A hierarchical structure is illustrated in
¢) together with its mode shape. The red line drawn in the hierarchical structure
defines the length, which is the x-axis for the mode shape. c) is taken and adapted
from Ref. [22].

2.3.4 Strain engineering

Another way to enhance the dissipation dilution factor is to increase the stored
tensile energy. Tensile stress is often incorporated during the growth of thin films
[7]. However, stress relaxation occurs during the fabrication of the device. The
magnitude of the relaxation is given by the relation [7]:

Odevice = (1 - V)Uinitial (246)

where v is the Poisson ratio, ;. is the initial tensile stress after deposition,
and Ogepice 1S the stress in the resonator after suspension. Hence, the stress after
relaxation is always smaller than the initial stress as 0 < v < 1. However, by
altering the geometry of the resonator, tensile stress can be redistributed within the
resonator while keeping the total tensile force (Fr) constant. This results in some
regions exhibiting larger tensile stress than the initial. The tensile force is given by:

FT = Aadevice (247)
where A is the area that the force is acting on. The stress redistribution depends on

the geometry of the resonator, where wider regions are exposed to less stress than
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the smaller regions due to the size of the cross-section area. Figure 2.10a illustrates
an example of a string with localized stress. This way to enhance the stress within
specific regions is known as Strain engineering. Strain engineering had been done
chiefly for strings [18], [43], [44], but the idea has also been implemented for other
structures such as trampolines [5]. For instance, it has been shown that trampolines
with broader clamping points and pad sizes relative to the width of their tethers
have an enhancement of tensile stress in the tethers and thus an increase in ). Fig-
ure 2.10b shows a schematic illustration of a trampoline that uses this technique.
This resonator has demonstrated @ as high as 10® [5].

In conclusion, dissipation dilution is a method in which tensile stress is incorporated
to enhance the quality factor for micromechanical resonators. The increased strain
increases the tensile energy and, thus, the dissipation dilution factor. Increased
bending energy, which is most pronounced near the clamping points, decreases Q).
There exist two methods to enhance the dissipation dilution by increasing the local
tensile stress or minimizing the bending near the clamping points, which are known
as Strain engineering and Soft clamping, respectively.

Figure 2.10: Resonators that uses strain engineering. Strain engineering for a
string is shown in a). Here, strain is localized in the smaller regions denoted with ’a’
and decreased in the larger regions 'b’. The cross-section area for the small and large
region is denoted A, and Ay, respectively, see Ref. [43]. b) shows a trampoline with
decreased strain at the pad and at the clamping points while strain in the tethers
is increased taken from Ref. [5].
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2.4 Optical read-out of mechanical motion

Optical detection of mechanical motion of micromechanical resonators has shown
to be a quick and simple testing method for MEMS prototypes. Interferometric
technique is an optical read-out detection where two beam paths, usually from the
same light source, with the same well-defined phase, are used. Here, one of the beams
is a reference signal, while the other beam reflects off the measured resonator. The
change in length that the light travels based on the movement of the resonator x(t)
induces a phase shift between this beam and the reference beam (A®) [45]:

_ 2w Ax(t)

AD
A

(2.48)

Here, Az(t) is the extra length which the reflected signal travels in comparison with
the reference arm due to movement of the resonator. To obtain a clear readout,
enough light must be reflected from the resonator. The reflectivity of the mechanical
resonator can be tailored with the help of Photonic crystals (PhC)[46].

2.4.1 How the reflectivity of a mirror can be improved

Photonic crystals are periodic structures in the material, which result in periodic
change of the dielectric constant [5]. These PhC structures can, for instance, be air
holes illustrated in Figure 2.11a. The refractive index n gives the dielectric constant:

€ =n? (2.49)

The variation of the refractive indices at the media interfaces results in Fresnel re-
flection of light out of the plane, causing waves to propagate in-plane of the PhC.
These waves constructively or destructively interferes with the incoming out-of-plane
propagating waves resulting in transmission or reflection of the light [46]. The in-
and out-of-plane propagating waves that interfere with each other are illustrated
in Figure 2.11b [47]. This interference results in a photonic band gap, where all
wavelengths within the bandgap are reflected from the PhC * [14], [39].

The design of the PhC which are used in this thesis is shown in Figure 2.11. Here,
apnc and rppc are the lattice constant and the radius of the PhC respectively. The
incoming beam is either s- or p-polarized and its direction can be described by the
polar angle ¢ and the azimuthal angle . The photonic bandgap can be designed
for a specific wavelength with the appropriate values of apn,c and rppe. The values
for apnc and rppc are obtained through optical simulations. However, some general
rules for designing PhC exist in the broadband regime. For instance, a higher ratio
between the radius and lattice constant (rpnc/apnc ~ 0.4) have shown a greater
reflection than smaller ratios (rpnc/apnc ~ 0.1) [48].

4Note that PhC and PnC are not the same. The first mentioned treats photons while the second
treats phonons
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Figure 2.11: Illustration of PhC. All necessary properties of the PhC and the
incoming light beam shown are shown in a). The in- and out of plane propagating
waves that interfere with each other are illustrated in b) [47].

The incoming laser beam can be described by a Gaussian beam that propagates in
the longitudinal direction, i.e., a direction parallel with the z-axis in Figure 2.11a.
The beam size at a position z for a Gaussian beam is determined by:

w(z) = w1+ (,:0)2 (2.50)

where

A
2% (2.51)

Wy =

and wy is the minimum value of the beam radius, also known as the waist of the
beam. A is the wavelength, and zj is the Rayleigh range. In other words, z; is the
position where w(z) = v/2wg and can be described as the divergence of the Gaussian

beam. Clipping loss always occurs to an extent, as the mirror is finite, and it is given
by:

(2.52)

where Dyjiror is the diameter of the mirror, which in this case is the size of the
PhC shown in Figure 2.12. In the same figure is an illustration of the beam with
a diameter Dpgam = 2wg shown. It can be seen from Equation 2.52 that the loss
decreases exponentially as the ratio between the diameter of the mirror and the
beam increases[49).
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Figure 2.12: A SEM image of a PhC with a diameter of Dy from the top
together with a drawing of a beam with a diameter of Dgeapn,.
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Methods

The micromechanical resonators are realized in multiple steps. First, the resonators’
designs are decided. The designs are optimized via analytical models and simula-
tions to obtain micromechanical resonators with low mechanical dissipation and a
fundamental mode within the kHz-MHz range. Also, the resonators should have
high reflectivity at the wavelengths of interest — A = 1550nm. This will be realized
using a PhC with appropriate parameters calculated via optical simulations. Res-
onators with the optimized geometries are then fabricated, and the mechanical and
optical properties of the micromechanical resonators are characterized to obtain @)
and the reflectivity, respectively.

Figure 3.1a shows an illustration of the cross-section of the wafer used to fabricate
the resonators in this thesis. The substrate is made of gallium arsenide (GaAs),
while the epitaxially grown layer is indium gallium phosphide (In;_,Ga,P) with a
Gallium concentration of x = 0.58. InGaP is an anisotropic material. Thus, the
crystal direction affects the material’s properties, such as the etch rate and stress
distribution. An illustration of the crystal directions for a {100}-plane wafer used
in this thesis is shown in Figure 3.1b.

[110]

[010]

Device layer: In1«GaxP, x = 0.58 $73nm

110
Substrate: GaAs [110]

{100} [100]

Figure 3.1: Schematic illustration of the wafer used in this thesis, in a side- and
top view for a) and b), respectively. The substrate and device layer are illustrated
together with the height of the device layer in a). b) illustrates all relevant lattice
directions for a {100} plane wafer.
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3.1 Simulations

As mentioned in Section 2.2, the mechanical resonance frequency and quality factor
of micromechanical resonators depend on their design and can be described by an-
alytical models. However, these analytical models are often approximated and only
valid for simply or doubly clamped strings. Therefore, different simulation tools are
often used to determine the mechanical properties of resonators with complicated
geometries. Similarly, analytical calculations of the reflectivity, such as the transfer
matrix, do not consider all physics of the PhC. Instead, the reflectivity for PhC is
more closely obtained by optical simulations. All relevant data and properties used
for the simulations are reported in Table 0.2 and Appendix A.1.

3.1.1 FEM simulations of mechanical properties

It was discussed in Section 2.3.1 that there is no general analytic function to describe
clamping loss for resonators with intricate geometries. Therefore, finite element
method (FEM) solvers are often used to calculate clamping loss [7], [13]. FEM is
used to solve partial differential equations (PDEs) numerically. PDEs are often used
to describe time and space-dependent problems and have no analytical solutions. In-
stead, the PDEs are solved analytically by approximated equations constructed for
different discretizations [50].

COMSOL Multiphysics is a FEM simulation program that combines different physics
modules to analyze complex physical problems and is used in this thesis to simulate
the mechanical properties. The discretization of the geometry in COMSOL is made
by meshing. There are plenty of ways to mesh models in COMSOL. The different
types of mesh used for all the computations done in this thesis are illustrated in
Figure 3.2. The choice of mesh depends on multiple factors, such as the dimension
of the structure. Morover, the ratio between the largest and smallest features influ-
ences the mesh and whether the geometry is symmetric. Lastly, the size and type
of mesh used also affects the computational time [51].
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Figure 3.2: The different kinds of mesh are used in this thesis. a) shows an one-
dimensional mesh called Fdge. b) and c¢) are two-dimensional meshes named Free
triangular and Mapped mesh, respectively. The three-dimensional meshes are called
Sweep and Free tetrahedral and are shown in d) and e), respectively.

The solid mechanics Physics module is used in this thesis where a combination of
Stationary and Eigenfrequency solvers are used to calculate the mechanical prop-
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erties. The stationary displacement as a result of intrinsic stress is calculated by
stationary solvers. Furthermore, the redistribution of the stress due to the geome-
try of the resonator is also a stationary calculation. On the other hand, eigenfre-
quency study is used to obtain the resonator’s resonance frequencies. Furthermore,
an eigenfrequency study determines the mode shape for the resonance frequencies.
This provides an essential insight into how the mode shape is influenced by the
geometric design of the resonator. Thus, the clamping loss and the magnitude of
soft clamping can be estimated [52]. Lastly, the mechnical modes’ quality factor can
also be obtained by an eigenfrequency study if combined with a perfectly matched
layer (PML). The finite PML absorbs the elastic wave that propagates away from
the resonator. In other words, the energy which propagates across the clamping
point would be reflected back at the end of the device if a PML was not present.
Thus, no energy would dissipate, which is an ideal but inaccurate representation of
reality [13]. PML is not a boundary condition but can be seen as a domain with
an anisotropic and complex-valued permittivity and permeability. Hence, no elastic
wave should be reflected if the PML is designed correctly. The design for a PML
should consider the mesh, size, and placement of the PML. The width of the PML
wpmi, should be at least:

WpML = /\PzML = 2®f (3.1)
to absorb all elastic waves. Here, v is the velocity at which the acoustic waves
propagate within the material, f is the resonance frequency at the mode of interest,
and Apyyg, is the wavelength of the acoustic wave. Furthermore, the placement of the
PML is also important; if the PML is close to the radiation source, reflection at the
PML’s interface occurs. This can be avoided by placing the PML with a distance

of Whuffer = ’\Pé‘“ from the radiation source [53].

3.1.2 Simulations of optical reflection

A PhC can improve the reflectively and thus the optical read-out of the resonator’s
motions. Reflectively of periodic dielectric structures can be simulated with Stanford
Stratified Structure Solve (S1). S? is based on Rigorous Coupled Wave Analysis
(RCWA), and the scattering matrix formalism [54]. RCWA is a semi-analytical
form of Maxwell’s equation in Fourier space [55] and applies to systems with periodic
changes in the dielectric constant, such as PhC. In other words, for systems that are
inhomogeneous in the xy-plane but homogeneous in the z-direction, see Figure 2.11a.
The main advantage for RCWA in comparison with only using the transfer matrix
is the way to handle anisotropy within the material [56]. However, one limitation
with the software S? is that it assumes that the transverse direction periodicity is
infinite. Furthermore, the software only simulates plane waves, whereas a Gaussian
electromagnetic wave is used for measurements. However, a Gaussian beam with a
finite waist wy can be reconstructed by multiple plane waves from different angle of
incidence. The reflection is then given by [57]:

S S |rep(8,0,0) Pem 2 mok=in(@) dgdp

Rs,p()‘aw()) ffefé(wokrsin(@)?d(ﬁde

(3.2)
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Here 6 and ¢ are the azimuthal and polar angle illustrated in Figure 2.11, respec-
tively. 75, is the reflectivety of a s-polarized plane wave, wy is the waist and £, is
the wave number.

3.2 Fabrication

This section consists of an overview of the steps involved in fabricating the microme-
chanical resonators. The wafers used to fabricate the resonators in this work were
obtained from Professor Strittmatter’s group (Magdeburg, Germany). The fabri-
cation included pre-processing, patterning, pattern transfer, and realization of the
devices. All the fabrication steps are illustrated in Figure 3.3.

2 b, < 9 e, O

Figure 3.3: An illustration of the chip after each fabrication step. The chip at
the start consists of a GaAs layer (blue) and an InGaP layer (green). An adhesion
promoter (yellow) and resist (red) is spin-coated to the chip in a). The exposed
regions of the resist are then removed in b) by developing. This is followed by dry-
etching of the GaAs layer in ¢). The resist and adhesion promoter is then removed
by a remover and hydrofluoric acid, respectively, in d). The resonators are then
suspended in e) by wet etch with citric acid and hydrogen peroxide and dried with
a critical point dryer.

The first step of the fabrication process was to dice the wafer into chips, which was
done mechanically with a diamond scriber along the [110] and [110] directions. The
cleaning afterwards was done in acetone, isopropanol (IPA), and deionized water
(DIW) to remove dirt and residues.

The diameter of the holes in the PhC, which is in the sub-micron range, is the small-
est feature of the pattern. Hence, electron beam lithography (EBL) is necessary as
photolithography can not treat components smaller than the wavelength of visible
light. To avoid that the EBL-resist would curve for the long and thin patterns used
here, an adhesion promoter was added before it. The adhesion promoter was TI-
prime, and the EBL-resist was UV60-0.75(pum). Both these were spin-coated onto
the chip and pre-baked. After exposure of the resist, the chip was post-exposure-
baked to amplify the resist chemically. The lithography process was then concluded
by developing the resist with MF-CD-26.

The pattern transfer was then done by inductively coupled plasma reactive ion etch
(ICP-RIE) with the active gases silicon chloride (SiCly) and argon (Ar). Argon is
used for ion milling. In other words, bombard the surface and physically remove
one or multiple atoms. On the other hand, chlorine in SiCl; etches the layers hor-
izontally while the silicon is used as a passive layer for the vertical surfaces. This
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process result in sharp vertical walls. After dry etching, the resist is removed by
remover 1165 and followed by O,-plasma to ensure no resist residues are left. How-
ever, this is not enough to remove the adhesion promoter. Instead, etching with HF
was necessary to remove TI-prime.

The GaAs layer is then etched to release the resonators. This is done by wet etching
with citric acid and hydrogen peroxide used in a ratio of 5:1. These compounds are
used as they result in a slow and controlled etch [58]. The sample is cleaned with
DIW and IPA after the wet etch. It is essential during the wet etching to keep the
chip in a liquid at all times. Otherwise, it is a risk that the resonators will collapse
due to capillary forces. This is done by always keeping the sample in a Teflon holder
filled with liquid. The sample is then dried with a critical point dryer (CPD). The
resonators are then observed in scanning electron microscopy (SEM) to ensure they
are fully suspended.

3.3 Characterization set-ups

The mechanical displacement of the fabricated resonators is detected by optical
means, such that relevant mechanical and optical properties can be characterized.

3.3.1 Characterization of mechanical properties

Homodyne detection is an interferometric lock-in technique that, in its simplest
form, consists of a coherent beam, a beamsplitter, and two photodetectors. The
homodyne set-up used in this thesis is shown in Figure 3.4. The reference signal
used in homodyne detection is denoted as a local oscillator (LO). The intensities
measured at each of the two photodetector (D1 and D2) are:

It = |ap1|* and  Ipy = |aps|’ (3.3)

ap; and apy are the fluctuating amplitude of the light field at detectors 1 and 2,
respectively, and are given by:

api(t) = \/galo(t) + ;as(t)

aps(t) = ;Oélo(t)— ;as(t)

(3.4)

where as(t) and a6(t) are the fluctuating amplitude from the LO and reflected arm.
Both ay(t) and oy, (t) can be described by their respectively steady-state amplitude
(cuo and ) together with a fluctuating imaginary and real contribution,

as(t) = as + 6 X (1) +i0Ye(t) and  aye(t) = (e + 6X1(t) +i0Yi(1))e™®.  (3.5)

where the real contribution 60X (¢) is the amplitude quadrature and the imaginary
part is the phase quadrature 0Y(¢). The amplitude and phase quadrature obey
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Heisenberg’s uncertainty and do not commute [59]. Hence, the phase and amplitude
of the light wave cannot be measured with great accuracy simultaneously. Given
that |a|” > |a|?, the difference in intensity between the two photodetectors can
be calculated by substituting Equation 3.5 into Equation 3.3:

I(t) = Ip1(t) — Ipa(t) = 2cos(P)aeas + 2a0[cos(P) - 0 X (1) + sin(P) - Y;(¢)] (3.6)

DC AC

Thus, the difference in the intensity depends on a DC and an AC term. In the AC
term, only one quadrature can be obtained with high accuracy at a given time. The
quadrature of interest can be obtained by modulating the phase ®. In this thesis,
the phase shift and thus quadrature §Y(¢) is of interest. Hence, the phase is tuned
to ® = w/2. The phase can be tuned in multiple ways. The set-up used here, illus-
trated in Figure 3.4, uses a proportional-integral-derivative controller (PID) and a
phase modulator (PM) to tune the phase. The PID uses an error signal from the
DC output to lock the phase to the set-point. The set-point is manually set to the
maximum slope of the error signal, where the maximum sensitivity for the phase
is obtained. The output voltage from the PID is then sent to a phase modulator.
The phase modulator interacts with the LO-signal, keeping the set-point locked [12].
The outgoing RF-signal is then visualized in a noise power spectrum (NPS) by a
Spectrum Analyzer.

A few measurements were also made for cryogenic temperatures to see if thermoelas-

tic damping limited the quality factor. A similar set-up as the one shown in Figure
3.4 was then used, but with an additional cryostat.
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Figure 3.4: Schematic illustration of the homodyne used in this thesis. The laser
beam, set to a wavelength of 1550 nm, is first divided into a LO and a signal arm with
a ratio of 99:1. The weak laser beam in the signal arm is then transported through
a circulator and a collimator. A lens then focuses the beam before it reaches the
sample. The sample is in a chamber with a minimum pressure of 107> mbar. The
sample reflects the beam, and the signal is transported back. It passes through the
lens, collimator, and circulator again before it goes into a 50/50 beam splitter with
the signal from the LO-arm, which the PID already modulates. The two signals
are then detected by two photodetectors and visualized in a Spectrum analyzer.
Courtesy of Sushanth Kini, Chalmers University of Technology.
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3.3.1.1 Lorentzian fit

The resonance frequencies of the mechanical modes can directly be seen as the peaks
in the NPS. An example of a NPS with a wide and a narrow frequency span is shown
in Figure 3.5a and b, respectively. I', and thus (), can be obtained by fitting the
spectrum to the Lorentzian curve [13]:

c T
m7F7 = -
flw,w °) 4w — wy)? + 172

(3.7)

where c is a fit parameter. This method is a time convenient and straightforward way
to measure @, but it has some limitations. For instance, the fit can only be evaluated
if the bandwidth of the curve is larger than the smallest possible bandwidth of the
spectrum analyzer.

a) b)

Power [a.u.]
Power [a.u.]

Frequency [Hz] Frequency [Hz]

Figure 3.5: Example of NPS from a homodyne measurement for a large and a
small frequency span in a) and b), respectively. In b) is a mechanical mode (blue)
shown together with a Lorentzian curve fitted to it (red).

3.3.1.2 Ringdown

A more reliable way to determine ) is the ringdown method. At the start of the
ringdown measurement, the mode is driven at its resonance frequency. As the actu-
ation is stopped, the amplitude decays. The decay follows Equation 2.5. By taking
the natural logarithm of the decay, I' can be extracted from the linear function:

log(P(1)) = log(Fy) — 5 33

where P(t) is the amplitude of the power at time ¢ and Py is the amplitude at the
beginning of the measurement. An example of a ringdown measurement together
with its linear fitted curve is shown in Figure 3.6 [13].
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Power [a.u.]

0

Figure 3.6: Example of a ringdown measurement (blue) together with a linear
curve fitted to the measured data by Equation 3.8 (red).
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3.3.2 Characterization of optical reflectivity

The reflectivity of the fabricated PhC is measured to verify that the optimized
pattern and geometry of the PhC simulated in S* are accurate. The full set-up is
illustrated in Figure 3.7. Here, a coherent light beam is produced by a tunable laser.
The light is then transported to a collimator!, transmitted through a linear polar-
izer and reflected by a Dichroic mirror?. The light is then rotated by a \/2 wave
plate. The light is then divided into two by a polarizing beam-splitter (PBS)3. The
reflected beam is then detected by a photodetector, creating a reference signal. The
transmitted beam is circularly polarized by a A\/4 wave plate!. The circular light is
focused on the sample by a lens with a waist of 7.4 ym. The beam is either reflected
or absorbed as it hits the sample. The reflected signal is transmitted back to the
PBS where it is directed to another photodetector. The light signal from both pho-
todetectors is then converted to a voltage signal and visualized in an oscilloscope.
By tuning the wavelength, the reflectivity of the sample for multiple wavelengths
can be collected. To ensure that the right device on the sample is measured, white
light is used to image the sample.

To account for the optical loss which occurs within the set-up, a reference measure-
ment is made to normalize the reflected signal of the resonator. Here, the reference
measurement is made with a silver mirror with a known reflectivity R™°", The
normalized reflectivity of a sample is then given by[57]:

‘/reﬂected / ‘/reference mirror
R = Vmirror Vmirror R (39)

reflected reference

1A collimated beam has parallel oriented rays, which results in minimal scattering and loss
during propagation

2 A Dichroic mirror reflects light of certain wavelengths while the remaining light is transmitted
through it.

3The horizontally polarized light is transmitted through the PBS while the vertically polarized
light is reflected by it.

4)/4 wave plate shits the linearized light by a quarter wave, resulting in circularly polarized
light
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where the voltage obtained from the reflected- and the reference signal power arm
are Vieflocted a0d Vierence, respectively. On the other hand, VT is the reflected
signal from the mirror and V3™ s reference signal for the mirror.

reference
Reflected
Power
? f=254 0,0
Dichroic 1
f=35 f=300 Mirror % PBS );/4
--~.-._....._____/ __________ "- ____________ I . '
------------------ !E’_ Wixesees ===z |y|z
g : #! T 1 v
Polarizer -E -
Collimator s I f=254
J\ Reference
Power
B O
Tunable Laser Power
1550nm Meter

Figure 3.7: Schematic illustration of the set-up used to measure the reflectivity of
PhCs. The light source is a tunable laser whose wavelength can be tuned between
1510-1620 nm. The laser beams penetrate a circulator, a collimator, and a polarizer
in respective order before a Dichroic Mirror reflects it. Thereafter, it is transmitted
through a A\/2 wave plate. The beam then reaches a PBS, where half of the signal is
reflected and measured by a photodetector while the remaining light is transmitted
through it. The transmitted beam continues through a \/4 wave plate and then
through a lens before it reaches the sample. The reflected signal propagates back
to the PBS, where it is directed to a photodetector. A more detailed explanation
of each component is described in the text. Courtesy of Sushanth Kini, Chalmers
University of Technology.
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Results

This chapter presents and discusses the design, fabrication, and characterization of
micromechanical resonators made from InGaP. First, one-dimensional strings are
treated, which are designed and fabricated to obtain the material’s intrinsic proper-
ties — o and Q. The reaming part of this chapter treats two-dimensional trampo-
lines, where the design of these is first optimized to minimize mechanical dissipation.
The mechanically optimized trampolines are then fabricated and characterized to
investigate the limiting mechanical loss mechanisms. Lastly, the optimization of the
PhC is discussed and implemented to enhance the optical read-out.

4.1 1D resonators - Strings

The intrinsic properties were extracted from the material by utilizing analytical
modelling presented in Section 2 applied to the fabricated InGaP strings. The first
step to realizing the string resonators was to choose a proper design for them.

4.1.1 Design of strings

The frequencies of interest were between 100 kHz to 5 MHz. Equation 2.32 was
used to see which lengths of strings had a fundamental mode within this span. The
stress used for this calculation was set to 500 MPa. This stress is the epitaxially
grown stress based on the gallium content in In;_,Ga,P, which here is x=0.58. The
result is plotted in Figure 4.1a. It can be seen that strings with lengths between
30-150 pum have a fundamental mode within the frequency span of interest. Hence,
the fabricated strings had the lengths: 20, 30, 45, 65, 90, 120, and 155 pum, with
four different widths: 0.2, 0.5, 1, and 2 um. Furthermore, each set of strings was
fabricated for three different crystal directions since InGaP is anisotropic and the
stress varies along different crystal axes. The mask including all of these strings is
shown in Figure 4.1b.

35



4. Results

a) b)
5 2pm
4l
1pm
¥
£
r
_ _ 0.5 um
N . .
[110] ' ' 0.2 pm
N .
. - r - - - - r : : 150 ym
40 60 80 100 120 140 160 180 _—
L fum] [110]

Figure 4.1: Design of the strings. a) shows a graph illustrating which length
the string with a stress of 500 MPa must have to obtain a fundamental frequency
between 100kHz-5MHz. b) shows the mask used for the fabricated strings.

4.1.2 Mechanical characterization of strings

The strings were observed in optical- and scanning electron microscope after fab-
rication, to ensure that they were suspended and were free from residues. Figure
4.2 shows images of fabricated string resonators. Additional SEM images for strings
with different widths are shown in Figure 4.3. It can be seen from all SEM images
in Figure 4.2 and 4.3 that all strings, independent of width, are suspended and are
thus free to vibrate.

It can be seen from Figure 4.2 that the etch rate of GaAs was anisotropic. From
InLens SEM images, the etch rate was determined to be 0.3 and 0.5 pum/min along
the [110] and [010] direction, respectively. This is faster then the etch rate reported
in literature (0.2 pm) for the same ratio of citric acid and hydrogen peroxide [58].
This resulted in a large under-etch for the [110]-strings, which can explain the dam-
aged under-etch for the strings in Figure 4.2c.

The characterization of the mechanical properties of these strings was performed and
an example of a NPS of a string is shown in Figure 4.4a, along with the mode shapes
for each peak obtained from COMSOL. The peak of interest here is the fundamental
mode. A compilation with all fundamental frequencies for all strings along the [110]
is shown in Figure 4.4b. Here, it can be seen that the frequency increases with an
decreased length of the string, which agrees with Equation 2.33.
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150 pm
|

Figure 4.2: Image of fabricated suspended strings. a) shows multiple strings with
different directions, length and widths taken with an optical microscope. b) and c)
are SEM pictures of a string along the [110] and [010] directions, respectively.

Figure 4.3: .
|Image of strings with different width oriented along [110]. The width of the strings
are 0.2, 0.5, 1, and 2 um for a)-d), respectively.

The measured fundamental frequencies were used with Equation 2.33 to extract the
intrinsic stress in the InGaP layer and the result is presented in Figure 4.5. The
measured frequencies for strings along [110] with a width of 0.2 ym are shown in
Figure 4.5a, together with the analytical model presented by Equation 2.33. This
procedure was performed for each width and each direction and the result is shown
in Figure 4.5b. The obtained stress is anisotropic; this is a result of the anisotropic
Young’s modulus. The same behaviour has also been reported in [40].
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Figure 4.4: Measured frequency dependence of strings. In a) is an NPS obtained
for a string together with images from COMSOL showing each mode of the peak. b)
shows the measured fundamental frequency for multiple strings with different length
and widths. All these strings are along [110].
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Figure 4.5: Extraction of stress from strings. In a) is measured data for multiple
string with varying lengths shown together with a curve which is fitted to it based
on Equation 2.33. Here, the width (0.2 ym ) and direction ([110]) for the strings are
fixed. Extraction of the stress was made for different widths and crystal direction
and the result is shown in b). The rotation angle is illustrated in 3.1b.

The quality factors for the fundamental modes were extracted for the same strings.
The effect the width and the length of the strings have on the @) for the fundamental
mode is shown in Figure 4.6a for vertical strings. Longer strings result in a enhanced
quality factor, which is a sign that the string’s quality factor might be limited by
clamping loss, based on Equation 2.24. It can also be limited by TED or gas damp-
ing. However, gas damping can be ruled out as a possible damping mechanics at
the operating pressure (~ 107° mbar) due to the result shown in Figure 4.6b. Here,
the analytical calculation of Qg from Equation 2.26 is shown together with the
measured () for the same string at increased pressures. The () for the measured
data is not linear dependent and follows not the analytical (Qgas for pressures less

than 5 - 1072 mbar. Hence, the system is limited by gas damping for P > 5- 1072
mbar but not for lower pressures.

The intrinsic quality factor for the material was then determined by fitting the mea-
sured @) for different lengths of strings together with the experimentally measured
stress to Equation 2.35. This is done for strings in the vertical and horizontal direc-
tion in Figure 4.7 a and b, respectively. Qi is here anisotropic and showed to be
570041000 for the vertical strings and 7900+ 1700 for the horizontal strings. These
values for Qi are larger than @, for InGaP obtained by other research groups,
2400 [27]. However, Qi depends on the growth conditions which can explain the
difference. Since Qi is a measure of the number of defects in a material, it would
mean that the growth used in this thesis has few defects [27]. These defects can also
occur later if the material is oxidized. Furthermore, the gallium content for InGaP
was also different in the two works and could explain the difference. The intrinsic

Qint obtained here is also in the same range as other materials such as SizNy, see
Table 0.2.
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Figure 4.6: Measured @ for strings. In a) is @ shown for multiple widths and
lengths for strings along [110]. Missing values are shown as white squares. b)
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Figure 4.7: Extraction of Qi from Equation 2.37 and measured ) from strings
with varying lengths. a) shows the extraction made for vertical strings while it is
done for horizontal strings in b).
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4.2 'Trampoline-type micromechanical resonators

This section presents the results obtained for the two-dimensional trampoline res-
onators. Here, the design of the trampolines was split into two parts. First, the
resonator was designed to enhance (), while the second part focuses on enhancing

the reflectivity by alternating the design of a PhC.

40




4. Results

4.2.1 Optimizing the design for trampolines to enhance me-
chanical Q

It was shown in Section 2.1 that a high sensitivity would be obtained for resonators
with large (). Also, in the context of quantum experiments, a large @ is pivotal to
ensure long coherent times of quantum states. Thus, it is essential to get a large @
and a high frequency simultaneously.

The stress used for the simulation is based on the stress given by the growth of the
InGaP layer on the GaAs-wafer. Furthermore, only a fourth of a trampoline (and
PML) together with a symmetry condition to simulate the full structure shown in
Figure 4.8 was used for the simulations. In the same figure, a) shows the PML and
b) is a magnified picture of the trampoline located in the center of the PML. Lastly,
remember that the COMSOL simulations made here only consider the dissipation
due to clamping.

The geometry of the trampoline was optimized to enhance ) by varying the pa-
rameters Tout, Tin, Qwindow, Gpad ald wy, all of which are shown in Figure 4.10e. One
parameter was probed at a time, and the remaining parameters were set to a con-
stant value. The fixed values are shown in Table 4.1. Each sweep was done in two
directions; one where the tethers were along the [110] axis and another with a ro-
tation of 45° around the z-axis, see Figure 4.9. The simulated fundamental mode’s
frequency and @ for the different parameter-sweeps for the first mentioned direction
is shown in Figure 4.10.

b)

Figure 4.8: Geometry of the trampoline resonators used for COMSOL simulations.
a) shows the PML with the trampolines located in the middle and b) shows a close
up of the trampolines.

Tout ‘ Tin ‘ Qwindow ‘ Qpad ‘ Wy
20 pm | 60 pm | 700 pm | 100 pm | 5 pm

Table 4.1: Reference values of the parameters for COMSOL simulations.
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Figure 4.9: Orientation for trampoline in simulations. a) and b) shows a trampo-
line with 0° and 45° rotation, respectively.

The mass of the micromechanical resonator significantly increases as the size of the
pad increases. According to Equation 2.1, this increase in mass results in a decreased
frequency, which is also seen in the simulations shown in Figure 4.10d. Furthermore,
the frequency can also decrease due to a reduced spring constant. This occurs, for
instance, for longer and less rigid resonators, which are also observed in the simula-
tions shown in Figure 4.10c.

A similar trend as the analytical formula for clamping loss of a string explained
by Equation 2.24 can also be seen for the simulations; () increases for longer and
thinner strings, i.e. tethers. The tethers can be longer by increasing the window
or decreasing the pad size. For larger ayindow, in Figure 4.10c, and narrower wyg, in
Figure 4.10b, a significant increase of ) between data points can be observed. For
both parameters, () increases with at least a factor of 10 between their minimum
and maximum. ap.q also affects () but not to the same extent. Based on the same
argument as before, () should decrease for larger ap.q as these result in shorter teth-
ers. However, this is only true for pads larger than 225 pym in Figure 4.10. For
(pad > 225pum () decreases as apaq decreases.

There is no significant change in the frequency as ry, varies, shown in Figure 4.10e.
Here, the quality factor changes less than +20%. Furthermore, r;, has no signifi-
cant impact on the resonance frequency. On the other hand, r,, affects both the
frequency of the fundamental mode and its (). The frequency follows the same
trend that also has been reported in other works [5], [16]; the frequency increases
for larger clamping points. Furthermore, the quality factor decreases for increased
values of r4,. This contradicts the trampolines presented in [5], where a widening
of the clamping points resulted in soft clamping and thus decreased (). For the
simulations made in this thesis, soft clamping could also be observed for wider 7,y
by taking the cross-section of the mode shape along a tether, see Figure 4.11a. The
simulated mode shapes are shown in Figure 4.11b for trampolines with 7, of 5, 20,
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and 40 pm. Here, the bending near the attachment points decreases for resonators
with wider clamping points. However, this does not explain why the () obtained
here decreases for larger clamping points. The quality factor instead follows the
same trend as for strings with widening clamping points presented in [16] and [60].
The reason why it increases for smaller regions could be due to strain engineering,
where the strain is delocalized from the bulk to the small clamping points [60].
Furthermore, the large area of the clamping for larger r.,; enables larger radiation
from the resonator to the supporting structures which also can be the reason for the
decreasing Q).
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Figure 4.10: Result of the quality factor and the fundamental frequency from
simulations for different parameter-sweeps. a)-e) shows the sweep of the parameter
Tout, Wt,Gwindows pad and Tin, respectively. f) shows the variables which are varied in

the simulations.
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As mentioned earlier, the simulations were done for two different orientations. The
simulations from the two directions are compared by evaluating () - f for them. The
result is shown in Figure 4.12. @ - f is used as a comparison as it was shown to
be of considerable interest for quantum experiments. The same trends can be seen
in both directions for all sweeps, except for r;,. Furthermore, the simulated @ - f
for trampolines which are rotated by 45° are always higher than the trampolines
which are not rotated. Possible due to higher stress in the tethers in this direction
based on the result shown in Figure 2.6. The mechanical quality factor also have
the largest impact on @) - f for these simulations. However, one interesting difference
is for apaq, where the maximum for @) - f occurs at apaq = 100pum while it occurs at
Apad = 175pm for Q.

/
/
/
/

a) [ | b) S

o 50 100

150 200 250
Arc length (pm)

Figure 4.11: Investigation of clamping for different ro,. The red line in a) with
origin in the center of the trampoline illustrates the cross-section used to obtained
the mode shapes shown in b). In b) is the mode shape of a trampoline with rqy =
5, 20 and 40 pm shown.
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4.2.2 Mechanical characterization of trampolines

Several trampolines were then fabricated based on the result obtained from the
simulations. The design for the PhC used here is discussed in more detail in Section
4.2.3. For these trampolines, the width and length of the tethers were varied, while
the remaining parameters were set to be constant. The tethers’ width and length
were here changed as they have the strongest impact on (). Further, the fabrication
can also limit these as thinner and longer strings are harder to fabricate. Table 4.2
shows the parameters’ range and fixed values. The mask for this is shown in Figure
4.13a. It was also shown in the simulations that a larger () - f was obtained for
trampolines with tethers oriented parallel to the [110] direction. However, this was
not implemented here in order to save space on the chip which was diced along [110].

Tout |pm] 5

Tin [pm] 100

Upad [pm] 100

wy [pim] (0.5,1,2]
Awindow [ | [400, 600, 800]
Dhtirror [p1m] 100
appc [nm] 1323
rphc [Dm)] 550

Table 4.2: The parameters used for the first generation of fabricated trampolines.

In the first generation of fabricated trampolines, all trampolines broke at the end
of the PhC, which can be seen in Figure 4.13 b and ¢, which was probably due to
immense stress in these regions. To avoid this for the next generation of trampo-
lines, Dyfirror Was increased. The values for the different parameters for the second
generation of trampolines are shown in Table 4.3, and an optical image of the result
is shown in Figure 4.14.

[
2
e

70 "
-

Figure 4.13: First fabrication of optimized trampolines. The mask used for the
fabrication is shown in a). b) and c) are optical microscope images of one fabricated
trampoline which broke at the end of the PhC. ¢) is here a magnified image of b).
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Tout [pm] 5

Tin [pm] 100

Upad [pm] 100

wy [pm] 0.5,1,2]
Qyindow |[(110)] 400
Dhtirror [,um] [120 ,140, 160, 180, 200]
appc [nm] 1323]

TPhc [NM] 550

Table 4.3: The parameters used for the second generation of fabricated trampo-
lines.

In Figure 4.14, multiple trampolines with all different w; are intact and suspended
for Dytirror €qual to 160 or 180 pum. These trampolines’ fundamental frequency and
() were then characterized. An example of a NPS for one trampoline is shown in
Figure 4.15.

120 140 160 180 200 [Pz

wy

Figure 4.14: Optical images of the result from the second fabrication of optimized
trampolines.

The COMSOL simulations showed trampolines with wider tethers resulted in higher
frequencies. This statement is still valid for the fabricated resonators, as shown in
Figure 4.16a for data measured at 300 K and 5 K. The same figure shows the
simulated values for these devices for comparison. The measured and simulated
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eigenfrequency matches well. However, this cannot be said for the () plotted in
Figure 4.16b. Here are two critical points worth noticing. First, the simulated qual-
ity factors are much larger than the measured ones. Secondly, ) for the measured
resonators does not increase as the width of the tethers decreases, which does not
agree with the simulated values. Instead, () is relatively constant for all the widths
measured at the same temperature. These two factors indicate that the trampolines
are not limited by clamping loss but by another damping mechanism, such as TED,
gas, or intrinsic dissipation.

—

Power [dBm]

T
0.6
Frequency [MHz]

0.2 0.4 0.8 1.0

Figure 4.15: NPS for optimized trampolines with w, = 0.5um together with an
insert of the COSMOL image of the fundamental mode and which peak it corre-
sponds to.
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Figure 4.16: w,; impact of the mechanical properties. a) shows how the measured
and simulated fundamental frequency depend on w;, while b) shows how ) depends
on w;. The stress used for the simulations was 500 MPa.

The same procedure to measure gas damping for strings was then done for trampo-
lines and the result is shown in Figure 4.17 together with the analytical calculation
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for Qgas based on Equation 2.26. It can be seen that the resonator is heavily gas
damped for larger pressures (P > 2-107% mbar) as it follows the analytical model
very well. For small pressures, the quality factor of the trampolines are still influ-
enced by gas damping, but not to the same extent.
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Figure 4.17: Pressure dependence of () for the fundamental mode of a trampoline
resonator and analytical model of Qgas from Equation 4.17

One of the resonators was then measured at different temperatures in another cham-
ber to investigate two phenomena. Firstly, it was used to see if it could reach lower
pressures by changing the temperature and thus not be limited by gas damping.
Secondly, it was also interesting to investigate if TED would be present. The result
is shown in Figure 4.18. In an ideal scenario, the pressure would be kept constant
during the temperature sweep. However, this was not possible for all measurements
done here. The pressure varied between 1072 — 1075 mbar for the datapoints de-
noted i’ in Figure 4.18, and the pressure was relatively constant at ~ 10~° mbar for
the points marked as ’ii’. Here, () increases as the temperature decrease for higher
temperatures. This signifies that TED might be present. However, this might not
be entirely true in this case as the pressure also increases for these measurements
and has a starting point at ~ 1072 mbar and decreases to at least ~ 10~° mbar.
Furthermore, the analytical Qrgp based on Equation 2.20 show a Qrgp ~ 10% at
room temperature and even higher for lower temperatures. This result indicates
that the measured decrease in () is not a result of TED. However, it is essential to
remember that this model is formulated for a string. Lastly, for low temperatures
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all the measured @ are larger than 5 - 10° independently of the temperature. Thus,
TED is at least not the limiting factor for temperatures below 80 K. However, fur-
ther investigation must be done to say with certainty that TED does not limit the
resonators at room temperature. In the future, it would be interesting to simulate
TED for complicated geometries with COMSOL.

A A .
A, AA A
AA v i
A
v
v
6 4
o 10 :
A/ w
vy
A J v v
v v
v w
v v
¥ Wy
v?
105 - M
0 50 100 150 200 250 300
T[K]

Figure 4.18: () measured at different temperatures. The pressure varied between
1073 — 10~° mbar.

4.2.3 Design of PhC

A single planar wave was used for the first simulations in S*. These computations
were fast and used to get an idea of which values of apnc and rpy¢ that would result
in a high reflectivity at A = 1550 nm. For these simulations, the radius and the
lattice constant were varied between 0.1\ > rppc > 0.5A and 0.6\ > appc > 1.1,
while the wavelength was fixed. The result is shown in Figure 4.19a. It can be seen
that several regions have large reflectivity. A magnified picture of a region with a
large reflectivity can be seen in Figure 4.19b. Within this region, apn,c = 1323 nm
and rppc = 550 nm were chosen as a guideline for the remaining simulations.
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Figure 4.19: Simulated reflectivity of PhC at A = 1550 nm with respect to apnc
and rppc. In a) is 0.1\ > rpye > 0.5X and 0.6\ > apyc > 1.1\, while a magnified
plot for values around appc ~ 1300 nm and 7ppc ~ 500 nm is shown in b).

The wavelength was then varied between 1400-1700 nm for these fixed values for
appc and rpyc to see the reflectivity was affected. The result is shown in Figure
4.20a. Here, the reflectivity peak occurs at 1575 nm. The same simulation was then
done for multiple rpyc to see if it influenced the location of the peak. The result is
shown in Figure 4.20a, where it can be seen that the reflectivity peak drifts to larger
wavelengths as rppc decreases.
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Figure 4.20: Reflectivity dependence on wavelength. a) shows the reflectivety
spectra for rppc = 550 nm while b) shows for numerous simulations with varying
TPhC-

The size of the PhC, i.e. Dypinor Shown in Figure 2.12, is necessary to consider to
minimize clipping loss. The largest waist used here for the characterization set-ups
is 7.4 pm. The clipping loss for this waist calculated with Equation 2.52 is shown
in Figure 4.21. It can be seen that Dy > 20um results in a optical loss which
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can be neglected.
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Figure 4.21: Clipping loss for different Dy, With a waist of 7.4 pym .

4.2.4 Characterization of reflectivity for PhC

Resonators with varying rp,c were fabricated to verify the result from simulations.
For these in total seven resonators were a appc set to a fixed value of 1323 nm while
rpnc Was varied between 450-600 nm. Three of these resonators are imaged with an
optical microscope in Figure 4.22 together with SEM images of their PhC. Theses
SEM images together with the program ProSEM were used to see if the rp,c and
apnc given in the mask agreed with the fabricated values. The fabricated devices’
rpnc showed to be 20-50 nm larger than the radius given for the mask. For apyc, no
significant difference between the SEM images and the mask was observed.

150 ym

rppe increases

Figure 4.22: Optical and SEM images of devices with PhC with varying size of
TPhC-
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The reflectivity was then measured for the suspended devices, and the result for a
device with rppc=550 nm ! is shown in Figure 4.23a and the compiled result from all
measurements are shown in Figure 4.23b. Note that the radius reported here are the
rpnc given by the mask. It can here be seen that the reflectivity is high and between
40% — 100% for all wavelengths and rp,c. One noticeable difference exists between
the measured result in Figure 4.23 and the simulations in Figure 4.20; the measured
reflectivities have two peaks. The additional peak is probably due to a guided or
cavity mode that coincides at or near the reflectivity peak. The guided mode is a
photonic mode inside the PhC, see Figure 4.24, and arises from a Gaussian beam.
Furthermore, a cavity is created as an GaAs layer is located below the InGaP layer.
The simulations made until now have not considered these additional contributions,
but are included in the following simulations.
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Figure 4.23: Measured reflectivity of PhC. In a) is the reflectivity for onde devices
shown while multiple devices is shown in b).

O Cavity mode

Figure 4.24: Schematic illustration of a guided and cavity mode.

The distance between the realized resonator and the substrate was measured to

IThis is the value set for the mask. The actual measured radius was determined to be closer to
600 nm.

54



4. Results

be ~ 15um with a profilometer. This value was then used as a guideline for the
simulations, which results are presented in Figure 4.25 2. The different kinds of
simulations shown in Figure 4.25 were performed to see if the additional peak was
due to a guided or cavity mode. The simulations presented by the orange graph
consider the underlying substrate, while the green curve also considers a Gaussian
beam. The simulated reflectivity which considers the underlying substrate, has
multiple peaks similar to the measured data. Hence, the shape of the experimental
data is due to a cavity mode. The impact the guided mode has on the simulations
can be seen by comparing the green and orange curves. At a wavelength of 1520
nm, an additional dip can be seen for the green curve. However, this dip can not be
seen in the experimental data. These simulations can be improved even further by
using an exact refractive index of the InGaP layer.

@® Experimental
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Figure 4.25: Comparison of reflectivity obtained from simulations and measure-
ments. Three different kinds of simulations are shown here. The blue curve uses an
InGaP device layer and a planar wave with an incident angle normal to the surface.
The same light source is also used for the simulations presented by the green curve,
but here is an underlying GaAs substrate also included. The orange curve considers
the underlying substrate and uses a Gaussian beam as a light source.

2For the simulations shown here, the distance between the substrate and the device layer is 15.6
pm
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Conclusion

Micromechanical resonators have many applications that require low dissipation and
a high quality factor. This thesis has examine the mechanical quality factors of mi-
cromechanical resonators that were fabricated from crystalline InGaP. Further, the
resonators’ motion were here detected via optical means, and it was thus of interest
to have a large reflectivity.

Crystalline materials have shown promising inherited properties, such as high in-
trinsic quality factor, inherited stress, and yield strength. The first part of this
thesis investigated the first two of these. Both of which were detected by comparing
fabricated strings to analytical models. A high intrinsic quality factor which varied
between 5700 £ 1000 up to 7900 £ 1700 could be demonstrated. The stress was
anisotropic and ranged between 200-450 MPa for suspended strings.

The next generation of resonators was trampoline-shaped, and their dimensions
varied to enhance the total quality factor. This was done with simulations made in
COMSOL Multiphysics to obtain a structure that resulted in minimized radiation
loss, enhanced soft clamping, and strain engineering. The simulations showed that
trampolines with longer and thinner tethers were more favorable for enhancing the
quality factor. Soft clamping was here observed but resulted not in an enhanced
quality factor for larger clamping points. Instead, smaller clamping points were
more desirable due to stress engineering, which delocalized stress from the bulk to
the attachment points. The trampolines with the optimized dimensions were then
fabricated. The fabrications were not limited by the window and tether size but
instead by the size of the diameter of the photonic crystals. A too small diameter
of the photonic crystal resulted in high stress and breakage. This was taken into
consideration for the next generation of trampolines and multiple of these survived.
For these trampolines, the quality factor was measured for different temperatures
and pressures. A quality factor as high as 7 - 10° was measured at low pressures
and temperatures. The trampolines showed no signs of being limited by clamping
loss and the geometry of the resonators. Instead, it was demonstrated that the res-
onators were gas damped and thus limited by the characterization set-up.

The last part of this thesis focused on the optical loss and if it could be avoided by
implementing photonic crystals to the resonators. The dimensions of the photonic
crystal such as its radius and lattice constant were here varied to enhance the re-
flectivity at a wavelength of 1550 nm. A high reflectivity at this wavelength was
obtained in simulations for a lattice constant of 1323 nm and a radius of 550 nm.
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These values were used as a guideline for the fabricated devices, which all showed
high reflectivity but never at the desired wavelength. However, the high reflectivity
was also due to cavity effects and not the design of the photonic crystal.

Future works, includes improve the mechanical characterization set-up to reach even
lower pressures, to get a mechanical quality factor for the trampolines which not
are limited by gas damping. Even trampolines with longer tether can be made
and phononic crystals can be implemented to enhance the quality factor even fur-
ther. Lastly, these types of trampolines can then be implemented in optomechanical
cavities to reach the quantum regime.
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A

Appendix

A.1 Data for simulations

All simulations made in this thesis is based on system shown in Figure 3.1 which
consists of an InGaP and a GaAs layer. The optical and mechanical properties used
for these simulations are presented here.

For the mechanical simulations, the material properties for GaAs were taken from
COMSOL Library while the most of the data for InGaP was taken from the reference
[27], [40] and [1]. The data taken from these works are:

Stiffness matrix [40]

011(1’) Clg(ﬂf) 612(1') 00 0 0

Cm(l’) 011(1') Clg(l’) 00 0 0

00 0 0
C(x) _ Cu(l’) Clg(Z‘) 011<I> (A 1)

0 0 0 044(13) 0 0

0 0 0 0  cu(z) O

0 0 0 0 C44<£L‘) 0

Poisson ratio [1] .
y=—2 (A.2)
€11 + Ci12

Elastic constants [1]  ¢15 = (5.61 +0.59z) 10" dyn/cm?
e = (10.11 + 3.942) % 10" dyn/cm®
ey = (4.56 +2.47x) * 10" dyn/cm?

Acoustic velocity [1]  2500-5000 * m/s

!Direction dependant but is here approximated to be 4000 m/s in all directions.
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