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Tensile-strained crystalline aluminium nitride nanomechanical resonators

LAURENTIUS RADIT NINDITO
Department of Microtechnology and Nanoscience
Chalmers University of Technology

Abstract

High-Q., nanomechanical resonators have proven to be a promising platform for advancing
quantum technology. Resonators with Qy, X f, products exceeding 6.2x10'2 Hz can sustain
at least one coherent oscillation at room temperature, enabling their use in emerging
quantum applications such as engineering long-lived quantum states and quantum sensing.
Silicon nitride has become the favored material in this regard due to its great mechanical
properties. However, it is an amorphous material that lacks additional functionalization
capabilities beyond its admirable mechanical characteristics.

We therefore explore crystalline aluminum nitride (AIN) as a promising alternative plat-
form for high-@Q,, nanomechanical resonators. Like other crystalline nitride materials, we
expect AIN to possess robust mechanical properties. Moreover, the lack of centrosymmetry
in its crystal structure gives rise to its piezoelectricity, making it a particularly versatile
material for electromechanical applications.

In this thesis, we studied four tensile-strained crystalline aluminum nitride samples with
thickness ranging from 90 nm to 295 nm. We extracted their elastic properties, including
Young’s modulus, residual stress, and intrinsic quality factor. We then designed and
realized phononically-shielded high-Q,, nanomechanical resonators out of them. Our best-
performing device achieved a quality factor of 8.6 x 106 and a Q, x fm product as high
as 1.5 x 103, sufficient to provide a coherent oscillation at room temperature.

Keywords: high-Q, quality factor, crystalline, aluminium nitride, aln, quantum, nano,
mechanical resonator, soft clamping, phononic crystal, pnc, bangap.
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Below is the list of acronyms that have been used throughout this thesis listed in alpha-
betical order:

AIN Aluminium nitride

fm Mechanical resonance frequency
PnC Phononic crystal

Qm Mechanical quality factor
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1

Introduction

Mechanical resonators are everywhere around us. From tiny trapped particles to massive
suspended bridges, these objects can be seen as resonators - systems that oscillate at certain
frequencies [1]. The motion of these objects stems from a non-zero net force that acts on
them. For instance, at finite temperature, this motion arises from the thermal energy
present in their environment [2]. We can analyze the oscillation of the resonator using the
Fourier transform technique [3], which will decompose the resonator’s seemingly random
movement into vibrations of well-defined frequencies and amplitudes. These frequencies
are called eigenfrequencies of the oscillator.

In mechanical structures the eigenfrequencies depend on material properties (e.g. elastic
properties), geometry of the resonators, and forces acting on it [4]. Due to this fact, fre-
quency shifts of a resonator can be utilized to probe changes in various physical quantities,
such as force [5, 6], mass [7, 8], or displacement [9, 10].

Mechanical resonators come in vast variety of shapes and sizes (see Fig. 1.1). With the
extraordinary advancements in the semiconductor industry there has been a growing trend
toward developing mechanical resonator-based sensors in increasingly compact forms. This
miniaturization enables these sensors to be seamlessly integrated into integrated circuits
(IC), giving rise to devices such as microelectromechanical systems (MEMS) and nanoelec-
tromechanical systems (NEMS). Yet, size and integration are not the only benefits here.
The fundamental equations governing the resonator behavior tell us that scaling down a
resonator also offers other benefits, i.e. increased frequency, reduced mass, and lowered
thermal force noise, all of which improve its utility as a sensor [1, 2].

On the downside however, reducing the size of the resonator used to also lower a crucial
resonator parameter known as the quality factor, Qn, (see Fig. 1.1). Fortunately, this
situation changed with the discovery of high-Q,, nanostrings made from tensile stressed
thin films two decades ago [11] and progress has been steadily advancing ever since.

If we pluck a guitar string, it will start to vibrate and produce a sound. Over time however,
its vibrations will gradually fade and eventually stop. This occurs because the guitar
string, like all vibrating systems, experiences energy loss; in other words, the mechanical
excitation energy dissipates. There are various dissipation mechanisms and the magnitude
of each mechanism’s contribution depends on a large number of variables [1].

For sensing applications, the precision of a mechanical resonator-based sensor will be
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Figure 1.1: The trend of the quality factor with the miniaturization of mechan-
ical structures. The black diagonal trend line illustrates that, for resonators without
high stress, the quality factor scales proportionally to the cube root of their volume. How-
ever, high-stress mechanical resonators break this trend, enabling the realization of smaller
volume resonators while achieving high quality factors. Figure taken from [12].

determined by how well we can resolve its frequency shift, which in turn, depends on its
dissipation rate. In order to attain a high resolution of the frequency shift, the resonator
is therefore required to possess a low loss rate [13]. The total dissipation rate of energy is
often described via the quality factor, Qy,, which can be written as

Qm =Q/T, (1.1)

where 2 and I' are the eigenfrequency and total energy dissipation rate of a mechanical
resonator system, respectively. Intuitively, @, can be understood as a measure of how well
a system is isolated from its environment, that limit both the dissipation of the system’s
energy into its surroundings as well as external noise sources from affecting/entering into
the system. To achieve high-Qy, resonators, techniques such as acoustic isolation [14], soft
clamping [15], dissipation dilution [16], and strain engineering [17] can be used.

Remarkable advancement in @)y, over the past decade have enabled mechanical resonators
to be utilized not only for classical sensing applications but also, more intriguingly, in
emerging quantum technology applications such as engineering long-lived quantum states
[18] and in quantum sensing [19]. For these type of applications however, one not only
needs to maximize @Qy,, but also the @y, X fi product. This is because a fundamental
requirement for such applications would be that the utilized resonator must be able to
perform at least one coherent oscillation before a single phonon from the environment can
enter the system, which is expressed mathematically as [20]
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kT

Qm X fm > ——, (1.2)

where f, is the mechanical frequency of the system, kp is the Boltzmann constant, T
is the temperature, and h is Planck’s constant. At room temperature, % is equal to
6.2 x 10'2 Hz. Recently it has been demonstrated that a key ingredient in realizing high
Qm X fm product is using nanometer-thin, highly stressed films [15, 17, 21|, with silicon
nitride (SiN) emerging as the go-to material, that reached Qy, of 10 and Qu, X fu, product
of 10'% at 6 K temperature [21].

From both performance and fabrication perspectives, SiN offers numerous advantages,
making it a highly desirable material. However, its amorphous nature introduces inherent
challenges, as defects are distributed throughout the material, leading to intrinsic loss [22].
Furthermore, the absence of a crystalline lattice limits its functionalities, restricting its
potential applications.

Efforts have focused on exploring various crystalline materials, such as silicon carbide
(SiC) [23, 24], indium gallium phosphide (InGaP) [25], and silicon (Si) [26]. At the mo-
ment, the state-of-the-art record is hold by 14 nm-thick strained Si resonators that reach
Qm of 10'° and Qu, x fum of 10 Hz at 7K temperature [26]. One major advantage of
crystalline over amorphous materials is that their crystal structure can give rise to many
interesting phenomena, such as superconductivity [27], piezoelectricity [28], magnetism,
etc. Unfortunately, crystallinity in silicon doesn’t give any added benefit other than robust
mechanical properties.

1.1 Aim of this thesis

In this thesis, we explore a new direction by investigating crystalline aluminum nitride
(AIN) films to develop high Qu X fm product nanomechanical resonators. Like other crys-
talline nitride materials, AIN exhibits robust mechanical properties and excellent chemical
stability. Additionally, the lack of inversion symmetry in its crystal structure introduces
piezoelectricity, providing an additional electric degree of freedom for further functional-
ization.

Specifically, we aim to design, simulate, fabricate and characterize high-() nanomechan-
ical resonators utilizing epitaxially grown aluminum nitride on silicon. A soft clamping
technique, known as phononic crystal engineering, will serve as the primary approach for
achieving a high mechanical quality factor. As a key measurable objective, their Qm X fm
would need to surpass 6.2 x 102 Hz for the fabricated resonators to enter the quantum
regime at room temperature.

1.2 Thesis Organization

This thesis consists of six chapters.

The introduction (chapter 1) provides background information of the core topic of this
thesis, as well as discusses the state-of-the-art achievement in the field of nanomechanical
resonators.
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The theory (chapter 2) provides an overview of the fundamental concepts behind
understanding nanomechanical resonators that are utilized throughout this thesis.

The method (chapter 3) elaborates on the methods of design and fabrication through-
out the thesis.

The material characterization (chapter 4) discusses the characterization of the ma-
terial properties of the aluminum nitride thin films used in this study.

The result (chapter 5) presents the results from the design, fabrication, and charac-
terization of the phononically-shielded nanomechanical resonators realized in aluminium
nitride.

The conclusion and outlook (chapter 6) offers final remarks and insights gained
throughout this work.



2

Theory

This chapter presents essential concepts of nanomechanical resonators serving as the foun-
dation for this thesis. It begins by introducing the concept of eigenfrequencies of mechan-
ical resonators. The discussion continues with the elaboration of the mechanical quality
factor, as well as techniques to maximize its value. The chapter ends with an exploration
of the concept of phononic crystals for increasing Q.

2.1 Eigenfrequencies of a mechanical resonator

Eigenfrequency refers to the inherent natural frequency at which a structure vibrates
without any energy dissipation. In this section, two models of mechanical resonator, i.e.
continuum mechanics and lumped-element model, will be used be able to describe its
motion.

2.1.1 Continuum mechanics

For small deformations, a mechanical resonator is considered to be an elastic continuum
mechanical structure, meaning a continuous object with the ability to return to its original
shape after being deformed. There are many ways mechanical resonators can vibrate,
which we refer to as vibrational modes. Each of these modes corresponds to a specific
eigenfrequency and vibrational pattern. To determine the eigenfrequency of a mechanical
resonator, we therefore need to first identify these vibrational modes which can be done
by constructing and solving the mechanical resonator’s equation of motion.

Consider for example a resonator in the shape of a beam (see Fig. 2.1). Under the as-
sumption that the beam is slender (length > thickness) and the rotational inertia and
shear deformation can be neglected, the equation of motion of this beam takes the form
of the Euler-Bernoulli equation [29]

0?u(x,t) Otu(x,t) 0?u(x,t)
bending elongation

where u(x,t) is the beam’s displacement as a function of position z and time ¢, p is the
mass density, A is the cross-sectional area, F is Young’s modulus, I, is the geometric
moment of inertia with respect to the y-axis, and o is film stress.
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Figure 2.1: Euler-Bernoulli beam model, with length L, width w, and thickness h,
clamped at both ends. The displacement u(x,t) indicates the oscillation direction of the
beam as a function of position x along the beam’s length and time ¢. Adapted from [31]

For the different cases, there are different derivations and solutions to this equation which
can be found in textbooks, e.g. Ref. [30]. The case we are particularly interested in is the
free vibrations of a tensile-stressed beam, for which the bending term is much smaller than
the elongation term, thus can be neglected. The boundary condition for a tensile-strained
and doubly-clamped beam is

0? 0?
Un(0) = Un(L) = 5—5Un(0) = = Un(L) =0 (22)
Assuming a sinusoidal mode shape with wavenumber
Uy (z) = sin(Brx), (2.3)
the general solution (eigenmodes) can be written as
u(z,t) = Z U () cos(Qt). (2.4)
n=1

where €2,, are the corresponding eigenfrequencies and n denotes the modal number. By
choosing wavenumbers that satisfy the boundary condition (3, = "), the n-th eigenfre-
quency is

Q,="2 /2. (2.5)

Eq. 2.5 shows that the eigenfrequency of a stressed beam is proportional to the square root
of the stress and inversely proportional to the length. This insight is a handy takeaway
to keep in mind as it also appears in the eigenfrequency formulas for other stressed 2D
membranes as well as in the dissipation dilution formula introduced later on.
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Figure 2.2: A lumped-element model of a resonator, consisting of a mass m, a
spring with spring constant k;, a damper with damping coefficient ¢;, and a sinusoidal-
profiled external force F'(t). The position of the mass in the z-direction is denoted as z(t).
Adapted from [1].

2.1.2 Lumped-element model

The lumped-element model is a method for simplifying a complex system by representing
its overall behavior using a single element, or ’lump’. The lumped-element model for
mechanical systems consists of four components, shown in Fig. 2.2: mass (m), spring
constant (k;), damping coefficient (¢;), and external force (F'(t)). They represent the
effective inertia, the effective restoring force, energy dissipation, and any external forces
acting on the object of interest, respectively.

The equation of motion for the lumped element model can be written as

d?z(t) dz(t)
a2 g

m +ka(t) = F(b). (2.6)

There are three important cases to consider [30]:

1. Free undamped vibration refers to the mechanical system that vibrates without
energy loss or external forces acting upon it (¢; = 0, F(t) = 0). In this case, the
energy stored within the system remains constant, and the system will oscillate
indefinitely at the eigenfrequency Q = /k;/m.

2. Free damped vibration refers to the mechanical system that vibrates without any
external force, but with energy loss present (¢; # 0, F'(t) = 0). In this scenario, the
system will experience gradual energy dissipation resulting in exponential decay of
its oscillation amplitude over time. Two important metric related to this dissipation

€l

are the damping ratio ¢ = NG and the damping rate I' = 2¢€2. In Fig. 2.3a one

can see that on the harmonic function we get an exponentially decaying envelope at
a rate g An important parameter to characterize damped mechanical oscillators is
the quality factor Qu,, as it describes the number of cycles the oscillator undergoes
before the amplitude decays to 1/e of its initial value (more on Sec. 2.2). This

definition translates to @, = % = %

3. Driven damped vibration refers to the mechanical system in which both energy
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Figure 2.3: Response of a damped harmonic oscillator. (a) Without an external
force, z(t) shows an exponentially decaying oscillation with an envelope e 5t (b) With
the presence of an external force, the system’s frequency response zo(w) shows the presence
of resonance peaks that vary with damping coefficient.

loss and an external force are present (¢; # 0, F(t) # 0). The solution to Eq. 2.6 in

frequency space is given as
F(w) 1
m Q2 —w?+ Wl

z(w) =

As plotted in Fig. 2.3b, the equation shows that the presence of an external force with
frequency close to the eigenfrequency induces an amplitude magnifying phenomenon
that we call resonance, provided the damping ratio is low.

(2.7)

2.2 Mechanical quality factor

The mechanical quality factor (Qy,) serves as a metric to quantify how well a resonator is
isolated from its environment, essentially representing the inverse of the total dissipation
occurring in the given system. @)y, is defined as

w
Qm = 27Tm, (2.8)

where W represents the total stored energy in the system, and AW represents energy that
is lost per oscillation cycle.

2.2.1 Loss mechanisms

Mechanical resonators can lose their energy through numerous different mechanisms.
Three main energy loss mechanisms specified in this work are gas damping, phonon tun-
neling loss, and intrinsic loss, which correspond to the gas-limited quality factor Qgas,
radiation-loss-limited quality factor Qaq [32], and intrinsic quality factor Qin [33], re-
spectively. The overall mechanical losses add up incoherently, thus @, can be written
as

1 1 1 n 1 n 1 n 1
Qm Qz ans Qrad Qint Qother .

(2.9)
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Gas damping arises from the interaction between mechanical resonators and the sur-
rounding gas molecules, which can be viewed as behaving like a viscous medium. When
a resonator vibrates, it displaces the gas around it. As the gas molecules collide with the
resonator’s surface, momentum transfer occurs from the resonator to the surrounding gas,
resulting in the dissipation of the resonator’s energy.

When a mechanical resonator placed in vacuum with pressure that corresponds to the so-
called Knudsen number Kn > 1, it can enter the ballistic regime where gas molecules travel
distances comparable to or longer than the characteristic dimensions of the resonator with-
out colliding, resulting in reduced damping due to fewer gas molecule-resonator collision.
In this regime, Qgas for a square membrane resonator is [34]

phw [T [RgasT 1
as, s - “ — 2.1
Qe walp) = 232 5 P (20)

where p is material density, h membrane thickness, w is the angular velocity of the oscil-
lation, T" is temperature, M, is molar mass of the gas, Rgas is the universal molar gas
constant. The Knudsen number itself is defined as

Kn=2L (2.11)

where As is the mean free path length of the gas, and (L) is a representative length scale
of the resonator.

107

?10° 1

ans sq

1027

T ' 10" ' 10°
Vacuum pressure (mbar)

Figure 2.4: The plot of (4 of a square membrane resonator as a function
of vacuum pressure, illustrating how @4, increases linearly as the vacuum pressure
decreases.

Fig. 2.4 shows the evaluation of Eq. 2.10 for a square membrane resonator made from
300 nm-thick AIN film oscillating at 1 MHz at varying gas pressures. At atmospheric
pressure (10% mbar) Qgas is ~10, which will limit the total mechanical quality factor of
the resonator. Fortunately, this condition can be easily improved by reducing the gas
pressure, by using a high vacuum (~10~" mbar) or even an ultra-high vacuum chamber
(< 10~ "mbar) to perform the study of high-Q mechanics.
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Phonon tunneling loss is a type of loss that happens when phonons from a resonator
propagate out into the substrate through its clamping points. The formula for Q,.q for a
square-shaped membrane is [1, 35]

n2m?2 L

(n2 +m2)3/2 b’ (2.12)

Qrad,sq =1 -5&773
Pr

with ps and p, are the mass densities of the substrate and resonator, n and m are n-
th and m-th eigenmodes of the substrate and resonator. Acoustic mismatch n can be
approximated by %, where Fjs refers to the Young’s modulus of the substrate and o

is stress of the resonator.

Qrad,sq for 300nm AIN film on silicon with n,m = 11is 1.5 x 105. To evaluate Q,aq for a
particular resonator design however, can be tricky as it highly depends on the exact design
of the clamping points, making Eq. 2.12 no longer applicable. Therefore, Q;,q is typically
evaluated using finite element method (FEM) simulations.

Intrinsic loss is an umbrella term that encompasses various types of losses that can occur
within the resonator itself, such as [30]

1. friction loss, which is associated with the time lag between the propagation of strain
and stress within the material,

2. thermoelastic damping (TED), which arises due to the coupling between thermal
and elastic effects within the resonator,

3. Akhiezer damping, which occurs due to the interaction between phonons within a
material when it is deformed.

The overall value of Qi can vary significantly between different materials. Therefore,
Qint needs to be determined experimentally.

2.2.2 Loss minimizing strategies

Several techniques to reduce mechanical loss have been developed in recent years, with
the most notable ones being dissipation dilution [36, 16], soft clamping [15], and strain
engineering [17].

Dissipation dilution is a phenomenon of (), enhancement in mechanical resonators due
to the tensile stress of its material. The key secret of this boost is that a tensile stressed
material provides a lossless energy storage medium in the form of tensile potential energy.
It has been shown in [36] that Qm of a tensile stressed beam can be modeled as

Qp = DqQint; (2.13)

where @Jp is the diluted internal quality factor and Dq is the dissipation dilution factor,
which furthermore can be written as

Uelongation (2 1 4)
Ubending ’
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Figure 2.5: Curvature of the fundamental mode of a 170 pm-long uniform
doubly-clamped beam. (a) The displacement profile as a function of position along
its length, normalized to its maximum displacement. (b) The square of its curvature
normalized to the kinetic energy, signify the magnitude of bending loss at its clamping
points. Figure taken from [38].

with Uslongation and Upending are the total potential energy stored in beam’s elongation and
bending, respectively. As Uelongation > Upending i tensile stressed beams, Dg becomes
much greater than unity and thus enhances Q. If we see it from the opposite side, Dq
"dilutes’ the internal loss mechanisms present within the resonator, hence the name.

Through further derivation, Dq for beams is given as [16]

-1

Dgeam — \22\/ + (nﬂ')2)\2 , (215)
edge shape sine shape

where the stress parameter A = %(%)1/ 2. In high aspect ratio mechanical resonators

made from thin films, A is significantly less than 1, making the edge shape term significantly
bigger than the sine shape term.

This key insight is well-captured in Fig. 2.5b, which shows the evaluation of the normalized
squared curvature of the fundamental mode of a doubly-clamped beam, representing the
magnitude of bending loss present at each point along its length. The main takeaway from
the plot is that bending loss at the edges is several orders of magnitude higher compared
to any other point within the structure.

Since this issue has been identified, significant efforts have been put to overcome it, leading
to new resonator designs such as hierarchical structures [21] or perimeter modes [37].

Soft clamping is a technique aimed at eliminating the hard clamping point between the
resonator and its substrate. This approach involves designing a resonator in such a way
that can shift its motional amplitude away from the edges, leaving the clamping points
with minimal vibration (see Fig. 2.6b).

The way to realize this concept is through the utilization of phononic crystals which create
a so-called phononic bandgap (see Sec. 2.3). A defect, or a pattern different from those of
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Figure 2.6: Soft clamping concept and realization. (a) A realization of a soft
clamped mechanical resonator utilizing phononic crystal structure, with an inset illus-
trating the simulated displacement of the localized defect mode. (b) Illustration of soft
clamping concept, demonstrating a soft decaying vibration amplitude toward the edge,
avoiding the formation of hard clamping points. Taken from [30].

the phononic crystal pattern, is then placed within it. This arrangement creates a localized
vibrational mode as the phononic bandgap reflects phonons of the defect mode entering
its structure, resulting in a soft decaying amplitude of defect mode vibration towards
the edge. This phenonenon gives two fold benefits: (i) @p enhancement by substantially
decreasing bending at the clamping point (ii) Qaq enhancement by practically eliminating
phonon tunneling loss [1].

Strain engineering is a technique used to enhance the performance of resonators by
controlling the strain (€) distribution within the material. The core idea is to engineer the
strain to be in areas where the most significant bending—and therefore the highest energy
loss—occurs. From Eq. 2.15, A is proportional to the square root of %, or in other words,
the square root of strain. By increasing the strain in the high-loss regions, we effectively
enhance the dissipation dilution locally there.

This concept is implemented in [17] in the form of a tapered highly stressed soft-clamped
phononic crystal beam (see Fig. 2.7). This demonstrates that by tapering the beam, the
strain can be redistributed based on the geometry of the beams, creating a region of locally
enhanced strained in the center of the beam. This strain focusing aligns with where the
defect mode is localized. The enhancement in the @y, X fi, product is significant, allowing
the beam to reach a performance that would not be achievable with soft clamping alone.

2.3 Phononic crystal

A phononic crystal (PnC) is a repeating structural pattern that exhibits periodic varia-
tions in effective elastic properties. The periodic elastic properties are the crucial factor
that gives rise to the phononic bandgap. A phononic bandgap can roughly be described
as a range of frequencies within which acoustic or elastic waves are unable to propa-
gate through. This phenomenon has attracted significant research interest and has been
exploited in many different applications, such as in the realization of soft clamping in
nanomechanical resonators [15] or PnC mirrors [19].

PnCs are made up of unit cells, the smallest repeating structures that define the phononic
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Figure 2.7: Concept of strain engineering. (a) Theoretical quality factor achievable
using 20 nm thick SiN beams using three different design strategies: strain engineering,
soft clamping, and uniform stress. (b) Three mode shapes representing strain engineering
(red dot), soft clamping (purple dot) and uniform stress (blue dots). The color on the
mode shapes represents the film stress. Taken from [17].

crystal overall structure. In the context of a nanomechanical resonator, these unit cells can
be arranged in one-dimensional or two-dimensional configurations, enabling the control of
wave propagation in those respective dimensions.

2.3.1 Toy model of PnC’s bandgap formation

To provide a more intuitive understanding of the underlying physics, we can represent
a PnC using a toy model of spring and mass chains. Consider an infinite chain of two
alternating masses, denoted as m; and me, connected by a spring with a spring constant
ks, as shown in Fig. 2.8. For such a system, its dispersion can be written as [36]

O, = \/(Q% +03) + \/(Q% +02)° — 40202 sin?(k/2), (2.16)

where € and Q_ are the upper and lower bound frequency of Fig. 2.8, 0 = 7’;”751, Qo = :12
are the natural resonance frequency of each mass, and k is an angular frequency in the
wave propagation direction. Eq. 2.16 tells us that if m; is different from ms, then ; and
Qo would also be different, which leads to the formation of a bandgap, depicted as a gray

area in the band diagram. The width of the bandgap (AQp) is given by

AQp = V2|0 — Q. (2.17)

2.3.2 PnC bandap engineering

In a real material, the periodic structure of the crystal lattice dictates how phonons can
propagate within it. For a given crystal periodicity, phonons can only have momentum
within a specific range of values. The key to determining this range of momentum values
lies in the first Brillouin zone, which is the fundamental region in reciprocal space contain-
ing all unique wave vectors (k) that reflect the periodicity of the crystal. Within this zone,
phonons can propagate through the crystal, whereas outside this range, the momentum
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Figure 2.8: Toy model of PnC’s bandgap formation. A dispersion relation for an
infinite chain of alternating masses m, and ms connected by springs with a spring constant
ks (shown by the schematic on the right). The gray area depicts the bandgap, a region
where phonon propagation is not allowed. A phonon entering it will get exponentially
damped. Taken from [36].

values are not allowed. The construction of the Brillouin zone can be found in numerous
references, e.g, Ref. [39, 40].

Once this range of momentum values are known, a band diagram can be constructed by

evaluating the dispersion relation, which can be done using FEM simulation software. The
obtained band diagram can then reveal whether or not a bandgap is present.
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Methods

The realization of nanomechanical resonators comprise three major parts: simulation,
microfabrication, and characterization. This chapter elaborates on the steps involved in
each of them.

3.1 Simulation

We design our resonators through a four-step process:

1. PnC unit cell bandgap simulation, to identify a PnC unit cell that exhibits a bandgap
within the MHz frequency range,

2. PnC defect engineering, to engineer a defect with a mechanical resonance frequency
that lies within this bandgap,

3. Complete PnC nanomechanical resonator assembly, to assemble the two parts into
the final 2D PnC membrane design, and

4. Evaluation and optimization of f, and Q.

In performing all the steps, the eigenfrequency study in Comsol Multiphysics serves as our
FEM-based simulation tool, which identifies vibrational modes and their corresponding
frequencies from a given input structure (see Fig. 3.1). It works by conducting a two-step
simulation process: a stationary analysis that determines the stress distribution within
the structure based on a given initial stress, and then the eigenfrequency analysis that
computes the eigenmodes using the stress distribution information from the static analysis
result. This approach allows Comsol to accurately determine the resonance frequency of an
arbitrary-shaped structure. For the evaluation of Q,, we incorporate the formula of both
the diluted internal quality factor (Eq. 2.13) and the dissipation dilution factor (Eq. 2.14)
directly into the simulation.

3.2 Microfabrication

The overview of the microfabrication process is shown in Fig. 3.2: the AIN chip first un-
dergoes a SiOy hard mask sputtering deposition, followed by a resist spin-coating process.
Electron-beam lithography is then performed to pattern the resist layer with the desired
resonator design. This pattern is transferred into the hard mask and then into the AIN
film through ICP-RIE. Finally, the remaining resist and SiOs hard mask are removed, and
the chip undergoes a dry XeFs release process to etch the silicon substrate beneath the
AIN film.
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Figure 3.1: FEM-based eigenfrequency simulation, performed on the input geom-
etry (left) in two sequential steps: a static simulation (middle) to determine the stress
distribution within the structure based on a given initial stress, and the eigenfrequency
simulation (right) that computes the eigenmodes as well as the corresponding Q.
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Figure 3.2: The microfabrication overview for AIN nanomechanical resonator,
which consists of SiOs deposition, lithography, ICP-RIE, hard mask removal, and XeFs
release processes.

3.2.1 Detailed fabrication process

Dicing. Wafer dicing is the first step in our fabrication workflow. This is because, while
the AIN wafer has a diameter of 2 inches, our work focuses on millimeter-sized chips.
Thus, the wafer is diced into smaller chips, typically measuring 10mm x 7mm or 7mm
X 5mm.

Hard mask. Cly gas will be used as the primary etchant for AIN. The resist we use is too
thin to withstand the entire etching process. To address this issue, we sputtered a SiOs
layer onto the AIN film to serve as a hard mask.

Resist coating and Electron-Beam Lithography (EBL). The next step in the fab-
rication process is the resist spin-coating. We use UV60 (3k rpm, 60s; pre-bake 130°C,
60s) as the resist and Ti-suspension (Ti-prime, 4k rpm, 20s; pre-bake 120°C, 120s) as
the adhesive layer beneath it. UV60 is selected for its high resolution and fast expo-
sure time. The patterning is performed using the EBL Raith EBPG 100kV system (23
1C/cm?, 5nA). Following lithography, secondary exposure (130°C, 60s) and development
(MF-CD-26, 75s) are carried out immediately .
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Inductively Coupled Plasma Reactive Ion Etching (ICP-RIE). At this stage, the
pattern of our design is already transferred onto the resist but not yet onto the AIN thin-
film. To transfer the pattern into the hard mask and AIN film, a dry-etching process
is performed using an ICP-RIE tool. The process is carried out in two stages: first,
the pattern is transferred to the SiOs hard mask using a mix of CF4 and CHF3 gases
(30 sccm/20 scem ), and second, the pattern is transferred to the AIN thin film using Cly/Ar
(30 scem /15 scem).

Resists, fences, and hard masks removal. Before the final releasing step, the re-
maining resist, fences and hard mask must be removed. First, the resist is removed using
Remover-1165 (85°C, 300s) followed by oxygen plasma treatment (100W, 180s). Second,
the fences—redeposited amorphous AIN on the sidewalls of the etched profile formed dur-
ing the ICP-RIE step—are etched away using MF-CD-26 (120s)’. Finally, the SiOy hard
mask is removed using an HF solution (2%, 90s).

XeF, release. The final step of the fabrication is the dry etch-release. We used XeFs
etchant (whose concentration is determined by the nitrogen and hydrogen gas pressure
and flow rates; Ng = 25 scem, Hy = 25 scem, p = 1.2 torr), that can perform an isotropic
etch of the silicon substrate beneath the AIN thin film with excellent selectivity [41].

3.2.2 Film cracks and the chocolate bar method

During the dicing process, some AIN wafers experience severe cracking issues caused by
chipped edges formed during the dicing (Fig. 3.3b). These localized cracks subsequently
propagate across the samples during the release process, following the hexagonal lattice
structure of the AIN film, resulting in cracks oriented at 120° angles relative to one an-
other (Fig. 3.3a).

To address this issue, we implemented the so-called chocolate bar method, as detailed
in [42]. The core idea here is to segment the whole AIN wafer into discrete rectangular
patterns with some separation distance, typically 50-100 pm, which makes them look like
a chocolate bar. This design allows the dicing saw to cut directly through the silicon
substrate without contacting the AIN film (Fig. 3.3¢c), ensuring that the AIN remains un-
touched during the dicing process. As a result, crack formation during dicing is effectively
prevented (Fig. 3.3d).

3.3 Characterization

Several tools were used to perform device and wafer characterization in this thesis, such
as an optical microscope (Olympus MX50) to take images, scanning electron microsocpy
(Zeiss Supra 55) to measure the actual dimension of our fabricated devices, ellipsometer
(J.A. Woollam RC2) to measure the film thickness, and a Raman microscope (WITec al-
pha300 R) to determine the film stress. The primary characterization tools used to evaluate
both the resonance frequency and mechanical quality factor of the fabricated nanomechan-
ical resonators is the homodyne detection setup, as shown in Fig. 3.4.

! Amorphous AIN can be dissolved using base, such as KOH or TMAH.
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Figure 3.3: Standard and the chocolate bar method dicing. (a) Standard dicing
process where the saw comes into contact with the AIN film. (b) Dicing process of the
chocolate bar method, where the saw is positioned within the pre-made trench, allowing it
to directly access the silicon substrate. (¢) The pristine edge of the AIN film is preserved
and crack formation is prevented. (d) Cracks in the AIN film originating from chipped
edges formed during the dicing process (red rectangle), propagate along the crystal lattice
during the release process (red arrows). Adapted from [42].

3.3.1 Homodyne detection

Homodyne detection is a highly sensitive technique used to extract an amplitude or phase
information from a weak optical signal. It operates on the principle of mixing a weak
signal beam with a strong reference beam, known as the local oscillator (LO), to produce
an interference signal. This interference signal is detected using balanced detection, and
the resulting signal is processed by a signal analyzer, which applies a Fourier transform to
analyze and resolve the frequency components of the signal (see Fig. 3.4). To gain a deeper
understanding of how this setup can be utilized for precise displacement measurements, it
is essential to explore the governing equations that describe its operation.

Suppose we denote the time-dependent displacement of the fabricated resonator as Ax.
When the laser beam from the signal arm, with a steady-state amplitude a;(t), is reflected
by the resonator surface, the displacement of the resonator causes a modulation in the
phase quadrature of the signal beam. The resulting amplitude and phase fluctuations are
represented by 0 X,(t) and 0Y;(t), respectively, and can be expressed as [43, 44]:

as(t) = o + 0 X, (1) + i6Ya(t), (3.1)

In a similar way, the laser beam in the LO arm can be written as

aro(t) = [aLo + 0X1o(t) + i0YLo(t)]e, (3.2)

where ¢ represents the phase difference between the signal arm and the local oscillator
arm. Subsequently, the two signals are combined and mixed at the 50:50 beam splitter,
resulting in the beams detected by the photodetectors (denoted as PD1 and PD2) being
expressed as
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Figure 3.4: The homodyne detection setup, consists of a tunable telecom laser source
(1510-1620nm), generating a laser beam that is split into the signal and local oscillator
(LO) arms by a 90:10 beam splitter (BS). In the signal arm, the beam is directed through
a circulator to interact with the sample placed in a room-temperature high-vacuum (RT
HV) chamber with XYZ position control. In the LO arm, the beam passes through a phase
modulator (PM) before being recombined with the reflected signal beam at a 50:50 beam
splitter. The resulting interference is measured by balanced photodiodes and analyzed
using a spectrum analyzer (SA). A feedback signal is sent to a PID controller to achieve
phase lock control. Polarizer controllers are placed in both the signal and LO arms to
adjust the beam polarization. Adapted from [43].

apy(t) = \/gaLo(t) + \/gas(t) (3.3)
aps(t) = \/gaLo(t) - \/gas(t) (3.4)

Since the beam amplitude from the LO arm is much stronger than that from the signal
arm, the difference in intensity between the two photodetectors can be expressed as [45]:

i(t) = ip1 — ip2 = 201,005 €08 @ + 2a1,0 [0 X (t) cos ¢ + Y;(1) sin ¢ (3.5)
| ——
DC AC

Equation 3.5 indicates that this intensity difference includes a DC term proportional to
the intensity of the laser source, as well as an AC term that depends on ¢. Looking at
the AC term in particular, it tells us that different quadratures of the signal will be mea-
sured depending on how we set ¢. The amplitude quadrature is proportional to cos(¢p)
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Figure 3.5: A typical result of the ringdown measurement, where the X-axis
represents time, and the Y-axis shows the photodiode signal strength of the homodyne
detection setup.

whereas the phase quadrature is proportional to sin(y). For displacement measurement,
the phase quadrature is our quadrature of interest. Therefore, ¢ is set to 7/2, which can
be achieved using a phase-locking mechanism, implemented with the help from propor-
tional-integral—derivative (PID) controller and a phase modulator (PM) that maintain the
beam phase at this specific angle. With ¢ locked in place, the resulting AC term is passed
to the spectrum analyzer and displayed as a noise power spectrum (NPS) measurement.

3.3.2 Ringdown

Leveraging the noise power measurement provided by the homodyne detection setup,
we can perform @)y, measurement using a technique known as the ringdown. Ringdown
involves exciting the resonator of interest by driving it at its resonance frequency for
a short period of time, allowing it to undergo free damped vibration after the external
driver is removed (see Sec. 2.2). In this condition, the resonator’s oscillation amplitude
exponentially decreases over time and the noise power measurement of homodyne detection
setup can be written as

log(P(1)) = los(Fy) — . (3.6)

where P(t) is the power as a function of time, Py is the initial maximum power, and T’
denotes the decay rate of the resonator. By the fitting the ringdown data to Eq. 3.6, T’
can be extracted, and thus Qn, (see Fig. 3.5).
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4

Material Characterization

As a thin film, the elastic properties of crystalline AIN vary depending on the growth
condition, substrate orientation, and film thickness. Characterization of these properties
is therefore a crucial first step needed to be taken before one can start with the design,
simulation and fabrication of mechanical resonators from AIN thin films.

In this thesis we studied four AIN thin film samples with thickness ranging from 90 nm to
295 nm (grown by our collaborators [46]). This chapter details the characterization process
of four samples on three key properties important for our nanomechanical resonator design:
Young’s modulus, residual stress, and intrinsic quality factor.

4.1 Young’s modulus

Young’s modulus, also known as the elastic modulus, is a measure of the material’s stiff-
ness. It refers to the material’s ability to deform elastically when subjected to an applied
force. A material with high Young’s modulus will only deform slightly even under a
large external force, whereas a low Young’s modulus material will significantly lengthen
or shorten with just a small amount of applied stress. Mathematically, the linear Young’s
modulus (F) is defined as

E=-, (4.1)

where o is the applied stress in the linear elastic region of a given material (see Fig. 4.1),
and e is the induced strain.

In general, methods for evaluating Young’s modulus can be grouped into two categories:
static and dynamic. The static method is arguably the more commonly used approach,
which typically involves applying a range of loads to the material while continuously
measuring its deformation. In this thesis however, we characterize our AIN samples using
the dynamic method instead due to its simplicity.

The Young’s modulus characterization that we use is based on the measurement of the
resonant frequencies of a cantilever-shaped structure. It has been derived analytically that
the resonant frequencies of cantilever resonator (f.) can be formulated as [30]

A2 [ER?
L= —n o 2 4.2
Je= 5rr2 12p (42)

where Ay = 1.8751 for the fundamental mode, h is the film thickness, L is the length of
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the cantilever, and p is the material density. A set of cantilevers with different lengths can
then be used to determine the material’s Young’s modulus value by measuring and fitting
their resonant frequencies to Eq. 4.2, given that exact dimensions of the structures and
material density value are known.

(0)
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point
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Figure 4.1: The typical shape of ductile materials’ stress-strain characteristic.

Based on this concept, we fabricated cantilever-shaped resonators with lengths between
45pm and 95 pum. We performed homodyne measurement to obtain their fundamental
resonance frequency f.. Then knowing the cantilever’s dimensions and the value of AIN
density (see Tab. A.1) we did the fitting and evaluated the Young’s modulus of all our AIN
samples. The results are presented in Fig. 4.2 and Tab. 4.1. Note that AIN 295 nm-thick
samples shows lower Young’s modulus compared to thinner films, which can be attributed
to it being so close to the 300 nm critical thickness of crystalline AIN when grown lattice-
mismatched [47].
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Figure 4.2: (a) Tilted SEM image of the fabricated cantilevers from 295 nm-thick AIN.
(b) Mechanical frequency of the fundamental mode of the cantilevers (dots). Young’s
modulus is calculated from the fit (dashed line) for the different AIN film thicknesses.
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h (nm) FE (GPa)

90 313
145 308
195 329
295 272

Table 4.1: Calculated Young’s modulus (£) for different thickness (h) of AIN films.
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Figure 4.3: Wafer bending and film stress. (a) The shape of wafer bending for
compressive and tensile stressed thin film wafers. The arrows show the directions of the
expansion or contraction of both the thin film and its substrate. (b) Illustration of different
components in Stoney’s equation.

4.2 Residual stress

Residual stress, also called as-grown stress, is a measure of internal tension within a
material, which can occur after growth of a stressed film on top of a substrate. There are
two types of stress the material can undergo: compressive or tensile. In wafers containing
only a single layer of thin film material deposited onto a substrate, the type of film stress
is directly related to the shape of the wafer bending. As shown in Fig. 4.3a, wafers with
compressively stressed thin film bend outwards whereas those with tensile-stressed thin
film will bend inwards.

In addition to that, the degree of the wafer bending is linked to the magnitude of stress the
film experienced. The higher the stress is, the more bending will occur. The relationship
between film stress and wafer bending is well captured by Stoney’s equation [48]

E,t?

6(1 — vs)tfR’ (43)

of =

where oy is the stress in the thin film, E, is Young’s modulus of the substrate, t, is
thickness of the substrate, v is Poisson’s ratio of the substrate, ¢ is thickness of the thin
film, and R is radius of curvature of the substrate (see Fig. 4.3b).
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In any thin film, stress is a parameter of paramount importance. Having a thin film
with a particular stress can be crucial to the success or failure of the given application.
For our application, we would like to have high tensile stress as it gives us three-fold
benefit: increased fi,, @, and the size of phononic bandgap. However, growing crystalline
AIN with high tensile stress is challenging due to the material’s tendency to develop
cracks, which will be detrimental to the performance of mechanical resonators. Therefore,
significant effort has been made to grow these high quality samples, obtaining residual
stress as high as 1.4 GPa for 295 nm-thick AIN.

In the process of growing AIN films, residual stress has two origins: lattice mismatch and
the difference in coefficients of thermal expansion (CTE) between AIN and Si. Lattice
mismatch between cystalline AIN and Si (111) are 16.7 % [49], which is huge for an
epitaxial grown material. Additionally, the high growth temperature of our AIN films
(1100°C) further amplifies the stress as the sample cools down.

In regards to the characterization process, the most common method to characterize wafer
stress typically involves measuring the wafer’s bending shape. However, we could not de-
termine the stress using this method due to the lack of necessary initial wafer parameters.
Instead, we use two alternative methods to evaluate the stress in the AIN films: (i) via
mechanical frequency of the AIN beam and (ii) phonon frequency shift from Raman spec-
troscopy. In both methods we assume a single layer of AIN film on Si substrate. In the
first approach the released stress, oyeleased, iS determined from the mechanical frequency of
the uniform beam. In the second approach the phonon frequencies can be observed for the
suspended and as-grown AIN film (that are shifted by oreleased and Oresidual, respectively).
However, the conversion from phonon frequency to in-plane stress is approximated with
the parameters for a single-crystal case.

4.2.1 Mechanical frequency method

We can utilize a particular shape of the mechanical resonator to determine the released
stress, which in this case is the form of a uniform doubly-clamped beam. The analytic
formula for its fundamental resonant frequency is [30]

1 Oreleased
= —,/—. 4.4
Jb 57 \/ P (4.4)

As the resonant frequency is coupled to stress, measurement of the fundamental modes
of beams of varied lengths can serve as a means to determine the material stress. In
doing so however, one needs to pay attention to Poisson’s ratio, v, which is a measure of
the material’s deformation in the direction perpendicular to an externally applied force.
During resonator releasing process, stress in the thin film material undergoes a stress
redistribution due to not anymore attached to its substrate. The term for the stress that
we measure in the suspended film is 'released-stress’, oyeleased, il contrast to the initial
thin film stress 'residual stress’, oyesiqual- In beams, the relation between the two can be
written as:

Oreleased — (1 - V)Uresidual (45)

In the experiment, we fabricated doubly-clamped beams of width 2 pm and slightly curved
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edge profile (see Fig. 4.4b), with varied lengths, ranging from 75um to 200 pm. The
slightly modified edge profile was introduced to avoid cracks that our initial beam design
experienced during the release process (see Fig. 4.4a).
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Figure 4.4: Film stress characterization via doubly-clamped beams. (a) An SEM
image of a doubly-clamped beam without round edge profile experienced cracks during the
release process. (b) An optical image of the revisited beam design incorporates round edge
profile. (c) Released stress is calculated from the fit (dashed line). (d) Plot of AIN thin
film released stress as the function of in-plane orientation with respect to the substrate.

As AIN is a crystalline material, we also varied the beams’ orientation with respect to
the crystalline orientation of the substrate to evaluate film stress as a function of in-plane
orientation. Finally we repeated the process for all of our AIN thin film thicknesses. We
performed homodyne measurements, and fitted the measured f; to Eq. 4.4. The result is
presented in Fig. 4.4d. It shows a slight orientation-dependence of the released stress with
60 degree periodicity for 195 nm and 145 nm samples, which is expected from a wurtzite-
structured material due to its crystal symmetry. However, the 295 nm sample shows three
extra peaks, making them appear to be 30 degree periodicity which we suspect to be caused
by crystal twinning (an intergrown structure with a mirrored orientation). In addition to
that, the 90 nm sample doesn’t show any obvious orientation-dependence trend, which
can be attributed to the minimal crystalline layer above the defect rich bottom layer [47].
All in all; the orientation-dependence is not so strong. We therefore use the average of
these orientation-dependent stress to get a single value for the released stress for each AIN
thickness. Finally, we used the AIN Poisson’s ratio (see Tab. A.1) and Eq. 4.5, to evaluate
the residual stress shown in table 4.2 below. The numbers reveal that the thicker AIN
films posses higher residual stress.

Table 4.2: .

h (nm) Oreleased (GPa) Oresidual (GPEL)
90 0.52 0.73
145 0.68 0.95
195 0.83 1.16
295 1.02 1.40
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Figure 4.5: Film stress characterization via Raman spectroscopy. (a) Measured
Raman spectra for different AIN film thicknesses. The black dashed lines mark the E?
mode of an unstrained AIN film whereas the gray dashed lines are the E? mode for each
AIN film thicknesses which is lower in energy due to the stress in the film. (b) The
calculated residual stress of different AIN thicknesses.

4.2.2 Raman spectroscopy

Raman spectroscopy is a spectroscopy technique used to probe the vibrational energy
modes of a sample. It is based on the phenomenon of inelastic scattering (Raman scatter-
ing) that occurrs when monochromatic light interacts with molecular vibrations, shifting
the energy of the incident photons to either higher or lower energy. This energy shift pro-
vides information about the energy of the vibrational modes in the system. Stress within
a material directly affects these vibration modes. Compressive stress reduces the distance
between atoms, resulting in higher vibrational frequencies, whereas tensile stress increases
the atomic distance, leading to lower frequencies. Due to its ability to directly probe these
changes, Raman spectroscopy has been widely used in thin film stress determination.

Using our Raman microscope, we measure the Raman shift of the different AIN film

thicknesses using a 532 nm laser. The measured frequency shifts (see Fig. 4.3a) were then
converted into 'residual stress’ values shown in Fig. 4.5b using the formula

Aw = 2090Y, (4.6)

where Aw is the Raman shift, «g is the proportionality constant, 021, is the stress in the
x-direction, and 20 = 4.423 cm™!/GPa [50].

The result shows the same trend obtained from the previous method, confirming that

thicker AIN films have more residual stress. Moreover, the two outcomes show a good
agreement with a maximum discrepancy of only 8 percent.
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4. Material Characterization

4.3 Intrinsic quality factor

Every material has its own intrinsic mechanic loss mechanisms and a figure of merit is an
intrinsic quality factor. It is therefore required to determine for a new material this value
of Qint- To determine the intrinsic quality factor of our AIN thin film, we use the concept
of generalized dissipation dilution of double-clamp beams described in Sec. 2.2.2.

Using the same beams from the stress characterization, we measured each individual
beam’s quality factor and plotted their values as a function of beam orientation (see
Fig. 4.5a). Due to the not so strong orientation-dependent stress attained in the previous
section, we average their values and plot them as a function of length and film thickness
(see Fig. 4.5b). The intrinsic quality factor, Qin¢, can then be fitted from the data using
equation 2.13 and 2.15. The results shown in Tab. 4.3 suggest that 195nm thick AIN
possesses the highest Qiyt.
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Figure 4.6: Intrinsic quality factor characterization. (a) Quality factor of beams
of different lengths as a function of beam orientation for 195nm thick AIN. (b) Quality
factors of beams of different lengths and thickness. Intrinsic quality factor is calculated
from the fit (dashed line) for the different AIN film thicknesses.

h (nm) €released (%) Qint

90 0.17 7.5 x 103
145 0.22 9.8 x 103
195 0.25 1.23 x 10%
295 0.38 7.7 % 103

Table 4.3: Evaluation of released strain (€peleased) and intrinsic quality factor (Qint) as a
function of AIN film thickness (h).
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4.4 Summary

Tab. 4.4 shows the compiled results obtained throughout this chapter. Note that here
we report our final oyegiqual Using the average values of the oresiqual acquired from the
mechanical frequency method and Raman spectroscopy.

h (nm) E (GP&) Oresidual (GPa) €released (%) Qint

90 313 0.76 0.17 7.5 x 103
145 308 0.91 0.22 9.8 x 103
195 329 1.19 0.25 1.23 x 104
295 272 1.41 0.38 7.7 x 103

Table 4.4: Summary of elastic properties of different thicknesses of AIN film: Young’s
modulus, residual stress, and intrinsic quality factor.
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Results

This chapter deals with the results from the design, fabrication, and characterization of
three types of phononic-shielded nanomechanical resonators realized in tensile-strained
AIN. We present the results in such a way that allows a direct performance comparison
between different designs at each development step.

5.1 Design

5.1.1 PnC unit cell bandgap simulation

Working with a crystalline material, we select the PnC unit cell patterns that preserve the
inherent wurtzite crystal symmetry of crystalline AIN to avoid unwanted stress discrepancy
between areas within them. We investigated three different PnC patterns: honeycomb,
snowflake, and dandelion.

The honeycomb PnC pattern [15] (Fig. 5.1a) consists of periodic circular holes arranged
in a honeycomb-like pattern with only two crystal parameters: lattice constant a and hole
radius r. Although widely featured in numerous studies, to the best of our knowledge, the
honeycomb PnC has not been realized in any tensile-stressed crystalline material so far.

The snowflake PnC pattern [51] (Fig. 5.1b) is characterized by repeating snowflake-like
holes arranged in a hexagonal lattice. It has three parameters: lattice constant a and
leg width wy, and leg separation distance wy. In addition to that, we introduced an
additional variable, fillet radius ry that we fixed at 2pm to mitigate the formation of
cracks as discussed in Sec. 4.2.1.

Finally, the dandelion PnC pattern [52] (Fig. 5.1c) is a close resemblance of the honeycomb
PnC pattern, except that it features rounded triangle-shaped holes instead of circular ones.
The pattern is defined by three parameters: lattice constant a and tether width wi, and
fillet radius 7. Unlike the snowflake PnC pattern, the fillet radius r¢ in this pattern serves
as a strong parameter for driving the formation of a phononic bandgap.

As discussed in section 3.1, the engineering of the PnC starts with the analysis of the
band diagram in w-k space. As our unit cells are in the shape of a rectangular, the high-
symmetry points I'-X-M were used to define their Brillouin zone. The band diagrams are
then obtained via Comsol as following:
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Figure 5.1: The three different PnC patterns. (a) Honeycomb, characterized by
circular holes with radius r, arranged in a honeycomb-like pattern. (b) Snowflake, fea-
turing snowflake-shaped voids in a hexagonal lattice with varying leg widths wy and leg
separation ws. Additional fillet radius ry is introduced to avoid edge-cracks during the
fabrication process. (c) Dandelion, described by a hexagonal grid of rounded triangular
cuts with central openings defined by tether widths w; and fillet radius r;. Lattice con-
stant parameter for all the patterns are denoted by a.

PnC ‘ a (pm) ‘ r (pm) ‘ Ty (pm) ‘ wy (pm) ‘ wy (pm)
Honeycomb 110 0.245a - - -
Snowflake 110 - 2 15.4 17.6
Dandelion 110 - 5 6.35 -

Table 5.1: Crystal parameters used in FEM simulations of the fabricated PnC
patterns. The lattice constants are fixed at 110 pm to ensure similar center frequencies
of the bandgaps across all three PnC designs.

1. set the PnC parameters (r, a, wy, wy ),
2. define the boundary condition (Floquet periodicity'),
3. simulate the dispersion relation for the chosen k-vector directions.

Simulation results in Fig 5.2 show the band diagram obtained via Comsol simulation for
each pattern using particular crystal parameters detailed in Tab. 5.1. Note that each
diagram features a colored region that highlights the frequency range where phononic
bandgaps are present. Yet, they are not complete gaps as there are still modes that cross

! A boundary condition that treats object of interest as an infinitely repeating structure in space [53]
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Figure 5.2: Band diagram of the fabricated PnC patterns. (a) Honeycomb, (b)
snowflake, (¢) dandelion. Out-of-plane modes are denoted with solid lines whereas in-plane
modes are denoted with dashed lines. The relative bandgap for honeycomb, snowflake,
and dandelion PnC pattern are 0.14, 0.33, and 0.32 respectively.

near the I' point. They are therefore referred to as quasi-bandgaps which suppress only the
out-of-plane modes. Fortunately, these out-of-plane modes are precisely the ones we are
focused on in this work, making this quasi-bandgap function perfectly for our application.

When analyzing multiple band diagrams, the relative bandgap is a commonly used metric
for comparing bandgaps across different diagrams. This metric offers a more universal way
to describe bandgaps by normalizing the bandgap size relative to the central frequency of
the gap, which can be expressed as:

relative bandgap = Jiop = foottom (5.1)

fcenter

where fiop is the upper frequency limit of the bandgap, fhottom is the lower frequency limit
of the bandgap, fcenter is the central frequency of the bandgap, calculated as m.
Using this metric, the relative bandgap for honeycomb, snowflake, and dandelion band

diagram particularly shown in Fig 5.2 are 0.14, 0.33, and 0.32 respectively.

Going further, Fig. 5.3 presents the results of a systematic study on how the bandgap varies
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Figure 5.3: Relative bandgap of the three PnC patterns as a function of their
crystal parameters. (a) Honeycomb, (b) snowflake, and (c) dandelion.

with different crystal parameters. The lattice constants were fixed at 110 pm to ensure
similar center frequencies of the bandgaps across all three PnC designs. In Fig 5.3a, the
honeycomb PnC pattern shows no bandgap for hole radius below 0.18a, a growing bandgap
size between 0.18a and 0.28a. The value 0.285a represents the maximum hole radius,
beyond which two adjacent circles begin to overlap. Throughout these range however,
increasing the bandgap comes with the trade-off of higher film maximum stress. Due to
fabrication constraints that will be discussed in the following section, we chose to limit
the stress of our design to 3 GPa. Based on this requirement, a hole radius of 0.245a was
selected.

In the snowflake PnC (Fig. 5.3b), the 2D map displays the relationship between the relative

bandgap with both w; and ws. The plot reveals that the widest bandgap is at points with
a specific combination of wy and we. The PnC parameters chosen for the snowflake PnC,
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Figure 5.4: Defect geometry for each PnC pattern (a) the defect in the honeycomb
PnC pattern is made by fusing several unit cells and shift holes in the center outwards. (b)
Defect in snowflake PnC pattern comes in the form of hexagonal trampoline, introduced
in the middle of a snowflake void, described by tether width w; and the width of the pad
wp. (c) The dandelion defect is made by combining several unit cells and modifying the
tether widths w’ and w” of highlighted unit cells as well as introducing six hexagonal holes
dp,.

as shown in Table 5.1, are close to this optimal point.

A simpler relation can be observed in the plot for the dandelion PnC pattern (Fig. 5.3c).
Here, the bandgap increases with the reduction of w; and the increase in r. For fabrication
purposes however, we choose to limit r¢ to 5 pm, as a larger radius would result in a bigger
pad and longer etching time.

5.1.2 PnC defect engineering

While simulating the bandgap of a PnC pattern is a straightforward process, designing
a defect with a specific frequency and mode shape is more complex as a high degree
of flexibility is inherent to the process. Nevertheless, the commonly used strategy is
to take the PnC unit cell as a base template and modify it so that one or more of its
resonance frequencies shift into the bandgap. An example of this approach is the defect in
a honeycomb PnC pattern shown in Fig. 5.4a which is formed by combining several unit
cells and shifting the central hole outward, resulting in a large central pad with highly
tapered tethers at the edges.

Another example is the defect of the dandelion PnC pattern (Fig. 5.4c), created by com-
bining multiple unit cells together and introducing three changes: taper the tether widths
w’ and w” to 1/4/2 and 1/+/3 of that of w; respectively, and introduce six hexagonal holes
dp, at six pads around the central area. These modifications result in 1) an increase in the
stress of the tethers 2) a reduction in motional mass, and 3) a shortening of the center pad
tethers. Together, these changes shift the mechanical resonance frequency of the central
pad into the bandgap.

Conversely, the snowflake defect was created differently (Fig. 5.4b). In this case, the defect
takes the form of a hexagonal trampoline introduced into the empty area at the center of
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Figure 5.5: The complete structures of the three PnC patterns and the
displacements of their corresponding defect modes. (a,d) Honeycomb, (b,e),
snowflake, and (c,f) dandelion.

the structure, described by tether width w; and the width of the pad w,.

5.1.3 Membrane assembly

With both PnC patterns and their defects have been defined, the complete membrane
structures can then be constructed. This is done by placing the defect design in the middle
and layering several units of PnC unit cells around it, resulting in the full structures shown
in Fig. 5.5a-c.

In a well designed phononic shield the defect exhibits its resonance frequency inside the
bandgap. Then, the isolation of the defect mode from its clamping boundaries can be seen
as an exponential decay of its out-of-plane displacement towards the edge of the resonator.

Shown in Fig. 5.5d-f are the displacement profiles of the localized modes, the hallmark of
soft-clamping.
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5.1.4 Evaluation and optimization of mechanical quality factor

As explained in Sec. 2.2, the evaluation of (), requires the values of both Qp, and Q,aq.
To acquire these values, we conducted an eigenfrequency study in COMSOL on all three
PnC patterns. Additionally, the analysis was performed as a function of the number of
unit cells, providing a comprehensive view of how QQp, and Q;,q vary with changes in the
number of unit cells.
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Figure 5.6: Diluted internal quality factor (Qp and radiative quality factor
Qraq as a function of the number of PnC unit cells for all three PnC patterns
(a) Honeycomb, (b) snowflake, and (¢) dandelion.

The simulation results in Fig. 5.6 indicate that ();.q increases with the number of PnC
unit cells for all three PnC patterns, while Jp remains relatively constant. This increase
in Qaq is expected, as a higher number of unit cells provides better suppression of phonon
radiation toward the support. Given that Qr.q already exceeds Qp by more than an order
of magnitude in all patterns we chose to focus the rest of optimization process to three
PnC unit cells.
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5.1.4.1 Defect optimization

As shown in Fig. 5.4, several free parameters were used to define the defect in both
snowflake and dandelion PnC patterns. As the design of the defect significantly impacts
its Qm values, defect optimization is therefore needed to make sure that we obtain the
highest @, possible.
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Figure 5.7: Optimization of defect design for snowflake and dandelion PnC
patterns. (a) For the snowflake PnC pattern, the resonance frequency and Qp are plotted
as a function of wy, with wy, fixed at 20 pm. The plot shows that Qp reaches its peak when
the resonance frequency is closest to the central bandgap frequency. (b) For the dandelion
PnC pattern, the resonance frequency and Qp are plotted as a function of dj,. An optimal
hole size can be observed where the p enhancement from the increase of stress and the
reduction of bending are maximized.

For the snowflake PnC pattern, the optimization was performed by varying w;, with w,
fixed at 20 pm. The result (see Fig. 5.7a) indicates an optimal hole size that yields the
highest ()p, occured when the resonance frequency is closest to the center of the bandgap.
This aligns with expectations, as the performance of the bandgap is determined by the
proximity of the defect’s resonance frequency to the nearest mode outside the bandgap. If
the resonance is not centered, the distance to these modes becomes smaller, reducing the
effectiveness of the PnC shielding.

For the dandelion PnC pattern, the optimization is carried out by evaluating @, for

different hexagonal hole radii dj,, yielding Fig. 5.7b. We observe that changes in dj affect
both @p and frequency. Not as simple as in the snowflake case however, Jp in this PnC
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pattern doesn’t only depend on the proximity of its resonance frequency to the center
frequency of the bandgap, but also the distribution of stress and bending within the
defect area. Thus, the peak QQp reflects the value of dj that maximizes the impact from
those three factors.

5.1.4.2 Thickness dependence

As predicted by the dissipation dilution formula (see Sec. 2.2.2), film thickness plays a
major role in determining the achievable @)n,. We therefore performed the simulation
utilizing the AIN material parameters acquired from the previous chapter. Table 5.2
presents the simulation results for the different PnC patterns for various AIN thicknesses.

As the thickness decreases, several trends can be observed:

1. As the stress decreases, the resonance frequencies also decrease with thinner AIN
films.

2. @Qm generally increases for thinner AIN films, although the exact value depends also
on both stress and @iy, as indicated by the simulation result for 145nm AIN.

All in all, the best results for both Q. and Q, X fi, for all three PnC patterns are obtained
with 90nm AIN.

h [nm] PnC ‘ Bandgap [MHz] ‘ fm [MHz] ‘ Qm ‘ Qm X fm [Hz]

HC 1.75 - 2.05 1.8 6.5 x 109 1.2 x 1013
90 SF 1.47 - 2.04 1.62 4.6 x 10° 7.4 x 101!
Dan 1.41 - 1.97 1.63 6.7 x 109 1.1 x 1013
HC 1.91 - 2.20 1.96 4.1 x 108 8.1 x 102
145 SF 1.44 - 1.84 1.70 1.8 x 10° 3.2 x 1011
Dan 1.52 - 2.15 1.72 4.1 x 106 7.2 x 1012
HC 2.19 - 2.52 2.25 3.6 x 106 8.0 x 1012
195 SF 1.57 - 2.11 1.95 2.4 x 10° 4.6 x 101
Dan 1.77 - 2.46 2.04 4.0 x 108 8.3 x 1012
HC 2.33 - 2.75 2.45 1.4 x 109 3.5 x 1012
295 SF 1.77 - 2.45 2.14 1.3 x 10° 2.8 x 101!
Dan 1.93 - 2.68 2.1 1.5 x 108 3.2 x 1012

Table 5.2: Simulated results of fi,, Qm, and Qun X fu for different AIN thickness.

5.2 Fabrication

5.2.1 Honeycomb PnC

The Honeycomb PnC was the first design we attempted to fabricate using a 295 nm-thick
AIN film. Despite having a working process flow for fabricating other nanomechanical
resonator designs in AIN films, the honeycomb samples consistently failed to be released
during the XeFs etch release process (see Fig. 5.8). Numerous efforts were made to identify
the root cause of this issue, including attempts to reduce the maximum stress in the
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structure below 2.5 GPa, a stress level that had been achieved in successfully fabricated
devices, according to our simulation result.
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Figure 5.8: Optical images of Honeycomb at different etching times. Top panel:
without additional etching holes, bottom panel with additional etching holes on the pads.

Due to limited time and wafer availability however, we eventually decided to discontinue
the fabrication attempts for the honeycomb design and focus on other PnC patterns. As
a result, no honeycomb devices have been successfully fabricated.

A plausible explanation comes from a simulation of the release process dynamics. Simu-
lation results suggest that the isotropic release of XeFy could create sharp edges in the
etched substrate beneath the structure, resulting in locally stressed points that can reach
a stress as high as 10 GPa (see Fig. 5.9). This excessive stress likely causes the structure
to fail. Based on this finding, it might then be possible to realize this device by using
an anisotropic release process instead of an isotropic one to avoid the formation of these
high-stress edges.

>©< :w \ Gﬁar:
>©< ,)( jk

Figure 5.9: Simulation of the release process. FEM simulation indicating the
maximum stress of the structure during the release process.

etching time
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Figure 5.10: Optical images of two successfully fabricated snowflake PnC devices on
295 nm-thick AIN films

5.2.2 Snowflakes

The snowflake PnC pattern was the second design we attempted to fabricate, also using the
295 nm-thick AIN films. In contrast to the challenges faced with the honeycomb devices,
the fabrication process for the snowflake chips proceeded smoothly, including the previ-
ous problematic XeFs etch release. As a result, two functional devices were successfully
fabricated. Our hypothesis for this successful fabrication is that the flexible tips of the
snowflake pattern act as a stress-relief mechanism, preventing stress from accumulating
within the structure during the release process. One notable point from the optical images
of the successfully fabricated devices (see Fig. 5.10) is that the tips of the snowflake pattern
sagged downwards, contrary to our initial expectation that they would buckle upwards.

5.2.3 Dandelion

We successfully realized dandelion devices using 295 nm and 90nm films, resulting in
several fully functional devices. Optical and SEM images of one of these devices can be
seen in Fig. 5.11.
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Figure 5.11: Optical and SEM images of fabricated Dandelion PnC devices.
(a) Optical image of a fully fabricated Dandelion device, showing the hexagonal lattice
structure with a well-defined central defect.(b) SEM image of the entire Dandelion PnC
device. (c¢) Zoomed-in SEM image of the center defect area.
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5.3 Characterization

5.3.1 Snowflake

Characterization of (), and resonance frequency of the snowflake devices were performed
on the successfully fabricated samples. Fig. 5.12 presents the experimental results along-
side COMSOL simulation results for validation.

The top plot shows the noise power spectrum (NPS), where resonance peaks are observed
across a frequency range of 0.2 to 2.5 MHz. There, the strong peaks correspond to the
device’s mechanical resonances whereas the background levels between the peaks represent
the noise floor of the measurements. In the lower plot, @)y, is plotted against the resonance
frequency. The open circles represent FEM simulation data, and the solid markers show
the measured results from two snowflake devices. The open and solid starts represent
the simulated and suspected localized mode. Overall, the experimental and simulation
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Figure 5.12: Snowflake characterization result. The top plot shows the noise power
spectrum, highlighting resonance peaks between 0.2 and 2.5 MHz, corresponding to the
mechanical resonances of the device. The lower plot compares the @), as a function of
resonance frequency for both measured data (solid markers) and COMSOL simulation
results (open circles). The open and solid stars represent the simulated and suspected
localized mode. The shaded green region represents the frequency range in which the
bandgap is to be expected.
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Figure 5.13: Characterization of the 295 nm dandelion PnC devices. The top
plot shows the noise power spectrum, highlighting resonance peaks between 0.2 and 2.5
MHz, corresponding to the mechanical resonances of the device. The lower plot compares
the Qn, as a function of resonance frequency for both measured data (solid markers)
and COMSOL simulation results (open circles). The open and solid stars represent the
simulated and suspected localized mode. The shaded blue region represents the frequency
range in which the bandgap is to be expected.

data show good agreement. However, the frequency discrepancies between the FEM and
measured results suggest the presence of stress differences between the fabricated devices
and the simulated model.

5.3.2 Dandelion

Characterization of dandelion devices was carried out on several fabricated samples.

As before, Fig. 5.13 presents both the NPS and the experimental Q,, values, along with
the simulation results for the 295 nm dandelion devices. From the figure, we can observe

the following key points:

1. Several modes densly measured around 2 MHz are most likely to be edge modes,
present due to the relatively wide under-etched edges.

2. One of these modes shows significantly higher power, indicating that it could be the

41



5. Results

-75 4

—80 -

-85 1

—90 A

—95 A

—100 -

Noise power spectrum (dBm)

—-105
| [
107 1 RN I % !
e | !
- ~‘1“~§~ Q X f L
i) o o ° *l e U
o \ 0% e TTe-
© ° I | ]
< ] e o © o
- . ® o o | | o)
fran \
= " | o 0
> \‘\ ! !
3 ~ | %
o FEM I 10
108{ @ Measured Q ! !
Simulated Bandgap N S 7' )
= = NPS-infered Bandgap “-{9 !
1"~~~ 1
0.5 1.0 1.5 2.0 2.5
Frequency (MHz)

Figure 5.14: Characterization of the 90 nm dandelion PnC devices. The top
plot shows the noise power spectrum, highlighting resonance peaks between 0.2 and 2.5
MHz, corresponding to the mechanical resonances of the device. The lower plot compares
the Qn, as a function of resonance frequency for both measured data (solid markers)
and COMSOL simulation results (open circles). The open and solid stars represent the
simulated and suspected localized mode. The shaded greyish purple region represents the
frequency range in which the bandgap is to be expected from the simulation, whereas the
area between the two purple lines represents the frequency range in which the bandgap is
suggested from the NPS data.

defect mode.

3. COMSOL simulations suggest that the mediocre @)y, values of the defect modes can
be attributed to the presence of these nearby edge modes.

For the 90 nm devices, a total of four functional devices were fabricated. Characterization
was performed on all of them, and an overview of the measured (), values for the defect

modes is shown in Fig. 5.15.

Fig. 5.14 provides a detailed view of the NPS and all the measured @y, values of our best
device. From this data, we can observe the following:

1. The presence of a defect mode is convincing as the NPS plot shows a clear separation
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Figure 5.15: @, of defect modes of 90 nm dandelion devices as a function
of hexagonal hole diameter d;. The plot compares FEM simulation results (open
markers) with experimentally measured @y, values (filled markers)

between it and other modes outside the bandgap.

2. The defect mode reaches @y, as high as 8 million at 1.8 MHz, resulting in a Qm X fi
product of 1.5 x 10'3.

3. The evidence for soft clamping is strong as @)y, of the defect mode is upto a factor
of two higher than of other modes.

5.4 Conclusion

Fig. 5.16 presents the compiled results obtained throughout this chapter, showing a good
agreement between the simulation and experimental data. These results indicate that the
simulation method employed in this thesis effectively captures the underlying physics of
real devices. While the honeycomb device could not be successfully fabricated, the simula-
tions offer valuable insights and strong guidance for future work and further optimization.
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Figure 5.16: Summary of simulation and experimental results for all three PnC designs.
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Conclusion and Outlook

The main objective of this thesis was to develop phononically-shielded, high-@) nanome-
chanical resonators from crystalline aluminum nitride thin films. Indeed, we have success-
fully accomplished this goal by realizing multiple of these devices on 90 nm thick high-stress
AIN films. Our best device demonstrates @y, of 8.6 x 106 and @y, X fm product as high
as 1.5 x 103, formally placing it within the quantum regime at room temperature

Alongside that core task, we also carried out comprehensive characterizations of four AIN
films with thicknesses ranging from 90 nm to 295 nm. This included the evaluation of their
elastic properties, such as Young’s modulus, residual stress, and intrinsic quality factor.
With remarkably high Qi and stress, we showed that AIN is indeed a promising material
to challenge the domination of SiN in the field of nanomechanics.

We have gained profound insights, some of which are:

e Soft clamping has proven to be a versatile tool in the development of high-) nanome-
chanical resonators. By providing isolation both spectrally and spatially, it effec-
tively avoids the issue of phonon tunneling losses in these resonators.

o Dissipation dilution has proven to be a powerful framework for (), optimization,
as it effectively captures and quantifies bending losses which are arguably the most
prominent loss mechanism in most nanomechanical resonator designs.

Future work can explore reducing the thickness of the AIN films as the ever higher Q-
factor can be expected. There is of course the caveat that the residual stress decreases
with thinner AIN films, in contrast to SiN which can maintain a residual stress of 1 GPa
even at thicknesses as low as 20 nm.

In related work, we found that the AIN thin films first have an about 70 nm-thick defect-
rich layer [47]. We suspect that the presence of this defect layer contributes to the reduction
in total stress within the film. Consequently, we aim to explore methods to grow AIN films
without this defect layer at the interface, as its elimination could improve the overall film
quality and stress retention.

The intriguing next step would be to exploit the piezoelectric properties of AIN. A straight-

forward approach to achieve this would involve growing an electrode layer beneath and
above the AIN film, enabling easy access to the piezoelectric functionality.
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6. Conclusion and Outlook

All in all, aluminum nitride is already a well-established material in the standard semicon-
ductor industry. By integrating a direct piezoelectric control, we aim to further explore
and realize AIN full potential as nano-electromechanical resonator for emerging quantum
applicatons.
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A

Appendix A

A.1 Simulation parameter

thickness, h (nm) 90 145 195 295
Oresidual (GPa) 0.76 0.91 1.19 1.41
E (GPa) 313 308 329 272
Qint 7.5x10% | 9.8 x 10% | 1.23 x 10* | 7.7 x 10°
density, p (kg/m?) 3255
v 0.287

Table A.1: Material properties of AIN used as parameters in FEM simulations
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