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Preface

The cover image is an Al modification of an SEM image that shows a MEMS device for tensioning
clamped graphene membranes. It metaphorically represents that micro-scale innovations can have
a profound impact on the macroscopic landscape. Imagine two farmhouses (pink), symbolizing the
macro world, standing apart in a silicon meadow, connected by a graphene suspension bridge (blue)
spanning a daunting cliff—a representation of connecting the micro and macro world.

This story is not just about technology; it’s about expanding the horizons and pushing the boundaries.
It shows how micro-scale innovations advance technology and significantly impact the larger world.

Michiel Wopereis
Delft, January 2024
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Chapter 1

Tunable 2D material resonators

This chapter introduces the reader to tunable 2D material resonators. It provides an overview of potential sensing
applications and examines the state-of-the-art of driving and straining 2D materials. Additionally, it addresses
challenges in clamping 2D materials when straining membranes and delves into the linear and nonlinear dynamics
of 2D material resonators. Finally, the section emphasizes the motivation behind the thesis as well as its objectives

and research questions, which are then followed by an outline of the thesis.
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1.1. State-of-the-art

The field of novel sensors is constantly evolving, and 2D materials have shown immense potential due
to their exceptional properties. This chapter explores the unique properties of 2D materials and their
use in novel applications. In addition, this chapter delves into the current state-of-the-art of controlling
the motion of 2D material resonators. The literature review presents a comprehensive analysis of the
existing principles of driving and straining, focusing on comparing different actuation methods. The
review aims to identify the advantages and disadvantages of each actuation method and any knowledge
gaps and potential research opportunities that could be explored in this field.

Exceptional properties of 2D materials

2D materials like graphene consist of a single-atom-thick layer of carbon atoms tightly arranged in
a honeycomb lattice. The atomic structure of 2D materials gives them remarkable properties. First,
graphene has excellent mechanical robustness when exposed to repeated bend-relax cycles across a
range of bend radii [1]. Additionally, graphene provides high stretchability of up to 20% [2]. This
stretchability opens novel opportunities in various fields, such as the use of graphene as an active and
reversible hydrogen storage medium [3, 4], engineering band gaps [2] for nanoelectronics [5], and optical
devices [6]. Also, graphene has a Young’s modulus of 1 TPa [7] and an intrinsic strength of 130GPa [7].

Second, the exceptionally low mass increases the resonance frequency (fo o +/k/m). This enhances
their sensitivity, making them excellent probes in sensor applications [8]. For example, in mass and
force sensing [9-12] and thermal sensing applications [13, 14].

Third, the single-atomic layer, in combination with the high aspect ratio, makes 2D materials
extremely flexible out-of-plane. However, they remain very stiff in-plane due to the high Young’s
modulus [7]. This high flexibility and low stiffness make 2D materials highly sensitive to external forces
[10]. When this low stiffness is combined with the high resonance frequency due to the small mass, it
can be used in wide-band microphones to detect small sound pressures [15]. Furthermore, the high
surface-to-volume ratio makes these resonators very sensitive to thermal fluctuations [14], pressures,
and gasses from the environment. Therefore, applications such as pressure sensors [16, 17] and gas
sensors [18-20] utilize this property.

Finally, some 2D materials also have remarkable electrical and chemical properties. This makes them
compelling for various electrochemical biosensor applications [18, 21], such as graphene-based enzyme
biosensors, immunosensors, and DNA biosensors [22]. Moreover, these materials can be transparent,
which is beneficial in photovoltaic applications that use a transparent conducting layer for improved
efficiency [23].

Driving and straining of 2D material resonators

Different actuation methods have been developed to control the motion of 2D materials to take advantage
of their remarkable properties and create novel sensors. The most common ways of actuating 2D
membranes will be discussed: electrostatic actuation, optothermal and electrothermal actuation, base
actuation, and actuation by microelectromechanical systems (MEMS).

Electrostatic actuation

Electrostatic actuation is frequently used to induce strain in suspended graphene membranes [8, 10, 13,
15, 24-27]. This method requires an electrostatic gate electrode and a conducting membrane such as
graphene [24]. A voltage difference is applied between the membrane and the gate electrode to actuate
the membrane, generating an electrostatic force. This force deflects the membrane to the electrode and
thus induces strain [24]. An illustration and application of electrostatic actuation can be seen in Figure
1.1.

There are some challenges associated with electrostatic actuation. First of all, the membrane pressure
created by the electrostatic actuation is dependent on the membrane position [8]. This induces nonlinear
effects. To eliminate those effects, the gap size between the electrode and the membrane should be small
compared to the membrane size. Also, the membrane displacements should be much smaller than the
gap size. In this case, the electric field lines parallel the z-axis, and the parallel-plate estimation holds
[8]. Second, the membrane’s work-function differences or trapped charges can influence the induced
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forces [28]. In particular, when the trapped charges are not uniform, it is not entirely possible to mitigate
those effects by an offset voltage [29]. Third, Casimir forces generate downforce on the membrane; this
limits the minimum gap distance before the membrane collapses [30]. In addition, the geometry of
the electrode can affect the electric field lines near the edges of the membrane, lowering the effective
electrostatic force [31]. Also, although electrostatic actuation can easily be implemented in cryogenic
environments, it is only limited to conductive materials [24]. Finally, the effects of quantum capacitance
can decrease the actuation efficiency [32].

(@

Figure 1.1: (a) Illustration of electrostatic actuation. Adapted from [8] (b) Electrostatically
actuated few-layer graphene drum. Adapted from [24]

Optothermal and electrothermal

The outstanding thermal properties of 2D materials, such as low heat capacitance and high thermal
conductivity, can also be used for actuating. This can be utilized to heat membranes very rapidly and
efficiently [8]. The most frequently used method for high-frequency actuation is optothermal actuation
by using a laser [10, 14, 17, 33]. This is illustrated in Figure 1.2a. Inducing strain was also performed
electrothermally by resistive Joule heating of the membrane itself [34] or by a heater platform [35].
When heated, a membrane thermally expands and moves out-of-plane (assuming a positive expansion
coefficient). This can be seen in Figure 1.2b.

Using this type of actuation has some drawbacks. For example, it was discovered that the magnitude
and direction of the expansion force depend on the membrane properties and geometrical imperfections
[36]. As a result, the thermal expansion coefficient can only be estimated experimentally. Furthermore,
for optothermal actuation, the optical field intensity and absorption are position-dependent. This can
lead to feedback forces influencing the damping and resonance frequency [8]. Moreover, when the light
spot radius is too small, there can be a non-uniform spread of temperatures, influencing the resonance
frequency [37]. Additionally, optothermal actuation is mainly limited to room temperature, as it is
challenging to implement in cryogenic environments [24]. Finally, the membrane can be burned out
when the laser power is too high, limiting the maximum driving power.

Broken——
drum

Broken drum

(@) (b)

Figure 1.2: (a) Optothermal actuation of a graphene drum. Adapted from [36] (b) Heater platform for
electrothermal actuation. Adapted from [35]

Base actuation

Base actuation involves placing a piezoelectric resonator or a different type of shaker to actuate the
substrate. The resonator or shaker generates periodic vibrations that stimulate the substrate with the 2D
material. Acoustic waves propagate through the entire substrate and excite the membrane on its edges
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[8]. This can be seen in Figure 1.3a. This has been demonstrated by periodically heating a substrate of
SiNx with integrated graphene drums using a laser [38]. As a result, the vibrations of the substrate were
transferred to the graphene. In another work, a piezoelectric element was used to shake the substrate to
resonance frequencies of 4.5MHz [39], see Figure 1.3b.

For base actuation, it should be noted that both the resonances of the membrane and from the
actuator will be visible in the motion. Furthermore, in case the mass and stiffness of the base are not
orders of magnitude larger than the graphene membrane, coupled equations of motion should be used
for analysis [38, 40].

Graphene N

Substrate

(@ (b)

Figure 1.3: (a) lllustration of base actuation. Adapted from [8] (b) Base actuation of
suspended graphene using ultrasound. Adapted from [39]

Actuation with MEMS

Another way of actuating is by using microelectromechanical systems (MEMS). The MEMS is most
commonly used to exhibit strain on the membrane to tune the resonator in situ. These hybrid devices
are highly suitable in various mechanical, chemical, and optical applications due to their outstanding
electrical, mechanical, and optical properties [41]. One study even reported that a graphene-MEMS
hybrid device could detect a single hydrogen atom [42].

Moreover, it has been demonstrated that MEMS devices can apply in-plane strain. In a study by
Pérez-Garza, the graphene membrane was attached to a suspended shuttle, which could be actuated
using a thermomechanical in-plane microactuator (TIM). This made it possible to strain the graphene
up to 14% in a controlled, reversible, and non-destructive way [43]. In other studies, in-plane tension
was induced with an electrostatic comb-drive actuator [25, 27, 44-46]. Figure 1.4 shows two applications
of in-plane straining with MEMS. Although straining by MEMS is promising, it has been observed that
when the tensile force is greater than the van der Waals adhesion, the graphene membrane slips [47].
Thus, the membrane should be properly clamped when high strain values are required. The advantage
of this method is that it is possible to apply uniaxial strain without influencing the thermal and electrical
properties of the membrane.

Suspended
shuttle

Folded
SPINES mViOVEmENt /\

direction

Electrostatic
comb fingers

(b)

Figure 1.4: (a) MEMS with comb-drive actuator for in-plane tensioning. Adapted from [48] (b) MEMS for applying
in-plane tension to a suspended membrane. Adapted from [49]

Overview

A wide range of driving and straining approaches exist to actuate a 2D resonator. To identify any
knowledge gaps and discover the most widely used approaches, a comprehensive literature review
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from 2007 to 2023 was conducted to get an overview of the current state-of-the-art. This overview of
driving versus straining can be found in Table 1.1. Notably, the overview reveals extensive research
into electrostatic actuation, likely due to its independence from external actuators, compatibility with
cryogenic conditions, and ease of miniaturization. However, its applicability is limited to conductive
materials, and trapped charges can impact the displacements. Additionally, electrostatic actuation
deforms the membrane out-of-plane and encounters dissipation losses due to Joule heating. In contrast,
straining through MEMS occurs in-plane and can overcome electrostatic dissipation. The upcoming
sections will explore the challenges related to MEMS straining and the dynamics of 2D material
resonators.

Straining: | Bending substrate Electrostatic Electrothermal MEMS Pressure | No straining
Driving:
Base [38, 39]
Electrostatic [50] [10, 13,27, 31, 33, 35, 48, 51-64] [34] [27, 48]
Electrothermal [35, 51, 65] [35]
Optothermal [66] [59, 67] [44, 49] [47] [14, 36, 68-71]
Parametric resonance using electrostatic driving [26]
Parametric resonance using optothermal driving [71-74]
Piezo [75]
MEMS
Parametric resonance using MEMS
No driving [46] [25, 45, 46, 76] 771

Table 1.1: Comparison of the available research of straining type (x-axis) vs. driving type (y-axis). Base driving includes
ultra-soon and photothermal actuation of the substrate. Electrothermal straining includes laser radiation or Joule heating of the
membrane and thermal expansion of the substrate. MEMS straining includes comb-drive and TIM actuators. Pressure straining

includes gas blisters.

1.2. Tuning 2D material resonators though MEMS-induced tension

MEMS devices can produce in-plane motion and are commonly actuated using electrostatic comb drives
and thermal in-plane microactuators. Electrostatic actuation using a comb drive involves applying a
voltage potential between two conductive parallel plates, which generates an electrostatic force that
pulls the plates together. The distance between the plates can be adjusted by controlling the potential
difference. Comb drive actuation is commonly found in the literature to apply in-plane strain [25, 27,
44-46, 48, 49]. On the other hand, thermal actuation operates by thermally expanding the material
and cooling it to the environment. This method can generate large forces but is generally slower than
electrostatic actuation, making electrostatic actuation more suitable for high-frequency applications
[43, 76]. An illustration of electrostatic and thermal actuation can be found in Figures 1.5a and 1.5b,
respectively.

TIM Thermally Actuated Shuttle
Load Shuttle

Graphene

(b)

Figure 1.5: Illustration of in-plane actuation methods for straining graphene (a) Electrostatic
comb-drive actuator. Adapted from [27]. (b) Thermal in-plane microactuator. Adapted from [43].
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Enhancing the Q-factor

It has been observed that subjecting a 2D membrane to in-plane tensile stress improves its Q factor [44,
66, 78, 79]. This is advantageous for obtaining accurate measurements with minimal noise [8, 41, 79].
For example, force sensors are commonly used to detect signals below resonance. In this case, Equation
1.1 is often used for determining the thermal displacement noise [79], where Q is the mechanical quality
factor, k is the lumped stiffness, kp is the Boltzmann’s constant, wy is the resonance frequency and T the
resonator temperature. It can be seen that a larger Q-factor leads to less noise away from resonance.
Likewise, the thermomechanical noise force can be calculated by Equation 1.2 and also reduces with a
higher Q. Finally, a higher mechanical quality factor results in a higher signal-to-noise ratio (SNR). This
can be seen in Equation 1.3 [79], where a is the sensor-specific scaling factor, and S is the minimum
signal. This motivates the efforts to improve the Q-factor to enhance the performance of devices.

X (w < wp) =4 :Z;—ig (1.1)
Fip = /4kﬂ% (12)

(1.3)

Tuning resonators

The dynamical response to strain for a clamped-clamped membrane resonator primarily depends on
its thickness. If the membrane is relatively thick, the membrane behaves like a suspended plate, and
the classical plate theory applies [80]. However, in the case of mono-layer graphene, the thickness ¢
approaches zero, corresponding with a negligible bending stiffness [77]. This is the so-called membrane
limit where the pretension in the material becomes dominant [41, 44]. To assess whether graphene
operates within the membrane limit, Xie conducted a comparative analysis of the experimental mode
ratios, specifically f»/f1 and f3/ f1, against the ratios predicted by a membrane model using finite element
method (FEM) simulations in COMSOL Multiphysics and ratios of a doubly-clamped plate according to
Equation 1.4, where L is the plate length, E is the Young’s modulus, I is the moment of inertia, p is the
mass density, and A is the cross-section area. The ratio of the doubly-clamped plate was much greater,
confirming that graphene was in membrane limit [44].

k2 |EI
= — 1.4
Jn = 5\ A (1.4)
Where k;, is the mode-dependent parameter which should hold[81]:
cosh (ky)cosk, —1=0, (1.5)

Some of the k, found are k1=4.730, k»=7.5832, k3=10.996, k,, ~ (n7t + 7/2) for n>3. In the membrane
limit, the fundamental mode frequency can be calculated according to Equation 1.6, where L is the
membrane length, y is the 2D tension, E is the Young’s modulus, p is the mass density and ¢ the strain.
When there is not an external force, the initial pretension yg should be calculated with Equation 1.7 [44],
where fj is the resonant frequency without external force, W is the width and i is the effective mass.
That formula confirms that the resonance frequency increases proportionally to the square root of the

pretension.
1 [y 1 |[Ee
f= 2L\ pt 2L \/ o (1.6)

_ 8fyLimes

Y0 W (1.7)

In the situation of in-plane straining by comb-drive actuation, additional tension is induced. This
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tension shifts the resonance frequency of the 2D material resonator. The coupled resonance frequency
can be calculated with Equation 1.8. In case V. = 0, the force induced by the comb-drive F(V},) is zero.
The comb-drive force can be calculated with Equation 1.9, where N is the number of teeth, € the vacuum
permittivity, /i is the thickness, d is the gap between the fingers and 7 is the efficiency of the force
applied to the 2D materials. Finally, both equations can be combined to find the coupling relationship
between the comb-drive voltage and resonance frequency of the membrane in Equation 1.10 [44].

_ 1 )/ow +F (Vdc)
F=a\"™ 2l (18)

€h
F (Vac) = nN —=V, (1.9)
B , NN€eh_,
f=A\lfe+ 8Lmeffdvdc (1.10)

Clamping resonators to prevent slippage

When straining 2D materials, slippage can occur when the tensile force exceeds the Van der Waals
adhesion forces [47]. As a result, an irreversible drop in Q-factor and resonance frequency has been
observed [44, 49], thus limiting the maximum achievable strain [43]. In literature, various attempts have
been made to increase the Van der Waals adhesion forces by surface treatments of the substrate [82].
Bouman conducted surface treatments in an attempt to decrease surface roughness and increase Van
der Waals adhesion forces [49]. Plasma cleaning was attempted to remove nanoscopic contaminants,
but no significant improvement in surface roughness was observed after a three-hour exposure. Vapor
HF etching was then performed to reduce surface roughness, but this process was unsuccessful and
complicated due to fragile suspended parts. Finally, electron beam-induced deposition (EBID) was used
to coat the surface with a layer of gold to flatten irregularities and reduce roughness. Unfortunately, this
method worsened the surface roughness from 135nm to 187nm (see Figure 1.7). In addition, it resulted
in forming a gold-aluminum intermetallic that reduced the electrical conductivity of bond pads. To
conclude, the surface treatments didn't significantly affect the surface adhesion; thus, proper clamping
is required to prevent slippage and achieve higher strains.

187 nm

160
140
120
100

Figure 1.6: AFM measurements of (a) Untreated MEMS device. Adapted from [49]. (b) Au-coated
MEMS device. Adapted from [49].

Dry and wet approaches for clamping 2D materials

Various studies have attempted different techniques to clamp 2D material membranes. These approaches
can be broadly categorized into wet and dry methods. Wet methods involve submerging the device in a
solution, where the surface tension of the liquid can cause electrostatic comb fingers to pull into each
other without additional precautions [49]. On the other hand, dry methods do not require submergence.

One example of a wet method is the study by Verbiest, where an additional layer of PMMA was
used for effective clamping [45]. The process involved submerging the entire device in various solutions
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and then drying it using critical point drying to prevent damaging the device. This process required an
extra electron-beam lithography (EBL) step to link the remaining PMMA on the graphene sheet and the
substrate [61]. The study demonstrated that the graphene flake ruptured earlier than the clamping,
indicating that an effective clamping was achieved. Figure 1.7a shows a false-colored SEM image of
the device. Bouman also pioneered two-photo polymerization to clamp graphene [49]. This method
required submerging the entire device in a photoresist and polymerizing it using a focussed electron
beam. However, during an experiment using this method, the fingers of the comb drive became stuck
when the device was removed from the solution due to the surface tension. This issue is shown in
Figure 1.7b.

In contrast, dry methods were used in the studies by Perez-Garza and Xie. Perez-Garza clamped
the graphene using an epoxy, which was precisely dispensed on the edges of the material using a
femtopipette [43, 76], which is illustrated in Figure 1.7c. The positioning of the pipette was done using
a nanomanipulation robot. It is worth noting that strains of up to 14% were measured in the study
by Perez-Garza, which is significantly higher than reported in similar studies. Consequently, it is still
debatable if the creeping of the epoxy caused this high strain value. In another study, Xie anchored
the graphene flake using microdroplets of epoxy positioned by a tapered quartz micropipette as seen
in Figure 1.7d [44]. Both studies achieved effective clamping without requiring critical point drying.
Electron beam-induced deposition (EBID) is another dry method for clamping graphene. Lee used
this technique to deposit a layer of glass (SiO,) on top of graphene, effectively sealing the edges of a
graphene drum and preventing leakages as shown in Figure 1.7e [83]. During this literature study, it
was observed that EBID could also be a versatile technique to clamp graphene, as shown in Figure 1.7f.
However, challenges with this method still exist since the shuttle of the MEMS-actuator moves due to
electrical charging from the electron beam.

Fluidic Reservoir

Femtopipette

Graphene

(a) (b) (0

(d (e) )

Figure 1.7: Different approaches of clamping graphene (a) False-colored SEM image of PMMMA clamping (yellow) on graphene

(pink). Adapted from [25]. (b) MEMS with 2PP printed squares and snapped-in comb fingers. Adapted from [49]. (c) Schematic

of applying epoxy using a femtopipette. Adapted from [76]. (d) Microdroplets of epoxy on MEMS. Adapted from [44]. (e) Glass

(5i02) sealed graphene drum using EBID. Adapted from [83]. (f) EBID of platinum on MEMS and deposited with an FEI Helios
G4 CX (Settings: 5kV, 11nA, 5000x magnification, 1us dwell time, 800nm height)
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1.3. Dynamics of nanomechanical resonators

In addition to their use in straining applications, MEMS devices can also be used for driving. This is
typically achieved through a comb-drive actuator activated by an alternating current (AC) voltage. By
adjusting the AC voltage, it is possible to control the desired dynamics of the oscillations. This section
describes the linear and nonlinear dynamics, which are often described by a combination of the Duffing,
Van der Pol, and Matthieu-Hill equations [55, 72, 73]:

miiji + cidi + mq%qi + (ki + kp,io cos (wt — ¢)) qi + yq? = Foxt,io cos(wt — ¢) (1.11)

where ¢; is the displacement, m; the modal mass, c; the damping coefficient, 77; the nonlinear damping
coefficient, k; the linear stiffness coefficient, y the nonlinear stiffness coefficient, k;,io cos (wt - (j)) the
parametric driving and Fey;,ig cos(wt — ¢) the direct driving.

Linear dynamics

In membranes undergoing small displacements, the influence of nonlinear terms diminishes, and the
equation of motion can be adequately described using linear terms. The solutions to this linear equation
are widely comprehended and can be found in standard textbooks about dynamics [84].

Free vibration

Free vibration occurs when the force terms k;, ; and F,y,i(t) become zero. This will lead to the harmonic
oscillator equation:

miiji + cidi + kigi = 0 (1.12)

Next, when inserting the trial solution g;(t) = g; 0e’*, the following equation is obtained:

)\Zmi + Ajci + ki =0 (1.13)

Equation 1.13 can now be solved for A; when taking the small damping approximation c; < V4k;m;.
This gives the under-damped solutions for A;:

A= —o— i [ =5 - x4, (1.14)

where the fundamental resonance frequency corresponds to w; = /k;/m; and the quality factor with

Qi = vki/m;/c; for a given mode i. Finally, the two solutions of the equation (g;+(t)) for a given mode i
can be obtained:

Gis(t) = gipse 7 ! (1.15)

Driven movement

When an external periodic driving force, denoted as Fexi(f), is applied to the system, the equation of
motion changes. This external force can be expressed as a sum of sinusoidal functions using the Fourier
series notation, such that Feyti(t) = Fext,i(a))ei“’t. By using this expression, solutions for any waveform
can be created. Consequently, in the linear regime, the equation of motion changes to:

miij; + cidi + kiqi = Fexti(w)e'™" (1.16)

The frequency response function FRF(w) and its compliance |FRF(w)| are now stated in Equations 1.17
and 1.18, respectively. The resonance frequency occurs at a phase angle of ¢ = ©/2, and a peak in
magnitude can be observed at this frequency. This can be seen in Figure 1.8

qilw) 1
Fext ,i(a)) —aﬂmi + ia)ci + ki

FRF(w) = (1.17)
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qi(w) | _ 1
Fext i(w) \/(ki - miw?)* + (cjw)?

(1.18)

FRF}—- o b
—
I IR T T Y Y L1 | [ (| |
-4 -3-2-1 0 1 2 3 4 -4 -3-2-1 01 2 3 4
w w
(a) Amplitude (b) Phase

Figure 1.8: Linear response curves. Adapted from [85].

Nonlinear dynamics

The stiffness can be described in the nonlinear regime with the well-known Duffing equation [8, 26, 86,
87]. For a given mode i, the dynamics can be described by Equation 1.19 [8]. This equation contains the
nonlinear stiffness term yq?, which is amplitude-dependent. Therefore, the effective stiffness becomes

kegti = ki + y(q?). Spring hardening occurs when y > 0 and will lead to an increase in resonance

frequency with an increase in amplitude (w; ~ +/kest,i/m;). On the other hand, spring softening occurs
when y < 0 and will decrease resonance frequency with a higher amplitude. When solving Equation

1.19 analytically with approximating the solution, the frequency response function results in Equation
1.20.

m,-iji + Ciqi + kiqi + )/ql3 = Foxtio COS(a)t — gf)) (1.19)
gio| _ 1
Fo = (1.20)

2 2
3y4q3 i
2 0 @
\/(k, m;w? + 4‘) +( IQ;

The multivaluedness significantly impacts the dynamics since it leads to jumping phenomena [85].
This jumping phenomenon has been observed in experiments with graphene [34, 74, 86]. During the
experiments, the amplitude of the excitation frequency was kept constant while the excitation frequency
(w) was gradually varied. Figure 1.9a demonstrates the phenomenon of spring hardening, where an
increase in excitation frequency causes the amplitude to rise from point 5 to point 6. However, beyond
the resonance frequency, a large drop in amplitude and a significant phase shift occur from point 6 to
point 2. Conversely, when the frequency is decreased from point 1, the amplitude increases from point 2

to point 3 and then jumps upward to point 4 at w = /k;/m; [8]. Figure 1.9b illustrates spring softening,
which begins at point 1 with an increase in amplitude as the frequency decreases. After reaching point
3, a significant jump in amplitude occurs, followed by a reduction to point 5.

A graphene membrane’s Duffing parameter (y) depends on its geometry. As a result, any imperfec-
tions in the geometry of the membrane, such as asymmetry, inhomogeneities, or wrinkles that may
occur during the transfer process, can impact this parameter [41, 50, 56]. Furthermore, the choice of
actuation also affects the duffing parameter. It is observed that electrostatic actuation leads to a softening
behavior [63]. In contrast, optothermally driven resonators exhibit a hardening behavior [74].
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J
4

(a) Spring hardening (y > 0) (b) Spring softening (y < 0)

Figure 1.9: Duffing equations of motion. Adapted from [85].

The damping constant ¢; in Equation 1.18 assumes linear dissipation. This is reasonable for small-
amplitude resonators [62]. However, the dissipation becomes nonlinear for very small devices [55]
or very large amplitudes [88] due to nonlinear damping [89]. In this case, the effective dissipation
coefficient becomes c.r7; = ¢; + niq%. Thus, in the case of n > 0, the dissipation increases with an
increase in amplitude. It was observed that by increasing the excitation force, the Duffing resonance
peak frequency increased due to spring hardening, and at the same time, the peak amplitude decreased
due to nonlinear damping [74]. The equation of motion with nonlinear damping results in the following;:

miiji + (ci +1ig7)g; + kiqi + Y3 = Fextio cos(wt — ) (1.21)

Modal mass and stiffness

In the equations of motion for both free and driven vibrations (see equations 1.12 and 1.16), the
variables m; and k; represent the modal mass and stiffness. It is important to note that these values are
numerical coefficients that depend on factors such as the mode shape, the system’s geometry, and the
measurement’s location. They do not represent the actual mass and stiffness of the system itself [8].

If the modal stiffness and resonance frequency are known, it is possible to calculate the modal
mass using the relationship m; = k;/w?. However, while the resonance frequency can be determined
relatively easily through measurements, determining the stiffness is more challenging. For example,
in a thin graphene membrane, stiffness is strongly influenced by the pretension in the membrane.
Nevertheless, determining this pretension is difficult, as it depends on the specific fabrication method
and any imperfections in the device. As a result, this parameter is often determined experimentally.

There are various ways to determine the pretension experimentally. For example, the pretension
could be determined by AFM or Raman spectroscopy by calculating the modal dynamic stiffness. Both
methods for studying tension and stiffness can be found frequently in the literature [7, 24, 41, 48, 90, 91].
For example, for a doubly-clamped plate, the force vs. deformation relation follows from Equation 1.22
[24, 82,90]. This equation can be utilized to extract the pretension T by AFM measurements. Typical
pretension values for a freely suspended graphene sheet are 0.07-1Nm ™! [7, 90, 92]. Moreover, according
to expression 1.22, the effective spring constant depends on the geometry as expressed in Equation 1.23.
It should be noted that for flakes with 1 to 15 layers, there is no strong dependence on the thickness.

Thus the term %3“”3 can be neglected in this regime [24]. This membrane-to-plate crossover can be
seen in Figure 1.10.
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Figure 1.10: Membrane-to-plate crossover for multilayered MoS; circular resonator (D=6um). Adapted from [61].
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Another method involves changing the dynamics by tuning the tension in the membrane. Modal
stiffness can be extracted by varying pretension and measuring the change in resonance frequency. This
can be done by applying an out-of-plane force. For example, electrostatically [54, 93, 94] or by using gas
pressure [47, 95]. Important to note is that an electrostatically applied force will include both tension
changes and electrostatic softening [8, 94]. Another method to induce tension is to pass a high current
through the suspended graphene membrane to heat it by Joule heating [78]. However, in this case,
the device must support high temperatures up to 1200K. Finally, a novel way of tuning the tension is
by straining using MEMS. These devices can mechanically tension a 2D material membrane in-plane,
thus accurately controlling the tension via voltage control. This approach is beneficial because it is
unaffected by non-uniform thermal distributions and can achieve a wide tuning range of resonance
frequencies [27, 44, 49].

1.4. Objective and research questions

The current state-of-the-art sensing devices are reaching their limits. For example, commercially
available MEMS-based force sensors have a maximum resolution of 0.5 uN [96] and MEMS capacitive
force sensors reach limits of 0.68 uN [97]. Some fields, such as biology, require the ability to sense forces
on an even smaller scale. This requires detecting forces that are in the range of nano (10~%) or even
picoscale (10712). Achieving this level of sensitivity is crucial for gaining a better understanding of the
basic components of biological systems [97]. For instance, to comprehend the dynamics of single-cell
bacteria, it is necessary to have a force-sensing capability of 6nN [98]. Similarly, to understand the
binding forces between biomolecules, which play a crucial role in understanding tumor progression
[99] and tissue formation [100], sensitivities as low as 20 pN are required [101].

However, the current MEMS-based force sensors are unable to reach these demanding sensitivities.
Therefore, novel sensors made of 2D materials are the subject of intensive research due to their remarkable
material properties. These materials are often extremely flexible in the out-of-plane direction yet highly
stiff in the in-plane direction, which enhances their sensitivity and makes them promising for various
mass, force, pressure, and temperature sensing. Additionally, 2D materials possess high resonance
frequencies and can be tuned by moderate applied voltages, which is useful for voltage-controlled
oscillators (VCOs) that play a crucial role in modern communication systems for applications such
as timing references and frequency modulators. [60]. Extensive research has been conducted on
electrostatically tunable 2D material resonators. However, it suffers from dissipation losses caused by
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Joule heating. This is a major challenge since 2D material resonators are currently limited by their high
dissipation rate, which leads to low Q-factors. Another challenge is the characterization of 2D materials,
where a wide variety of elastic moduli is found for the same 2D materials; for example, the Young’s
modulus of graphene ranges from 430 GPa to 1120 GPa [102, 103].

Hybrid devices that integrate 2D materials on MEMS might overcome these challenges. However,
there is limited knowledge regarding 2D material-MEMS hybrid devices to use them as a platform for
material characterization or to enhance the properties of 2D material resonators by straining them. Still,
they seem promising candidates to reduce dissipation losses by straining membranes in situ, which
could lead to dissipation dilution and an improvement of the quality factor [104]. However, they are not
commonly used due to challenges associated with transferring, clamping, and pre-deformations.

This study will enable the hunt for ultra-sensitive 2D material resonant sensors with low dissipation
losses. It will address the high dissipation rate and explore the force-sensing capabilities in the
piconewton scale. It will increase the low Q-factors of typical 2D material resonators by straining them
in situ, diluting intrinsic losses. This will be enabled by integrating the membranes on a MEMS platform
to induce strain in situ. It will also tackle slippage issues when straining 2D materials with a new
fabrication approach to transfer and clamp 2D materials.

This leads to the following research questions:

* How can slippage be prevented in tunable 2D material resonators to maximize their tuning
capabilities?

¢ Can in situ straining of 2D material resonators increase their low Q-factor and provide a platform
for higher-Q resonators by diluting intrinsic losses?

¢ Could a hybrid device combining 2D materials and MEMS effectively analyze the dynamics of 2D
materials by employing MEMS-induced tension, ultimately aimed at characterizing the material
properties?

* Are 2D material resonators suitable for ultra-sensitive force sensing outperforming sensitivities of
commercially available silicon-based devices rated at 0.5uN?

1.5. Thesis outline

The first chapter explored the remarkable properties of 2D materials, such as graphene, and its
applications in novel sensors. It also discussed state-of-the-art actuation methods like electrostatic,
opthothermal, base, and MEMS, comparing their advantages and limitations. It also gave an overview of
the current research in tunable resonators by comparing the driving and straining methods. Furthermore,
it explored the current challenges in tunable resonators, such as clamping challenges. Finally, it delved
into the dynamics of resonators, discussing linear and nonlinear equations governing their behavior.

The second chapter contains a paper on tuning dissipation dilution in 2D material resonators
by MEMS-induced tension. This paper describes a novel dry-transfer approach from transferring
and clamping 2D materials to manufacture the devices. It also describes the experimental setup for
measuring the dynamics. The same experimental setup is used during the whole project. Finally, it
provides evidence of dissipation dilution in the 2D material resonators by straining the membranes in
situ and measuring their quality (Q)-factor. This enables the hunt for higher-Q resonators based on 2D
materials.

The third chapter attempts to characterize 2D materials dynamically via MEMS-induced tension.
Two models that describe the dynamic with strain are developed, one that assumes that the membranes
are flat and another that incorporates a pre-deformation based on a buckled beam model. In addition, it
gives more insight into the topography of the 2D material resonators by analyzing wrinkles, bumps,
and pre-deformations using SEM and white light interferometry.

The fourth chapter explores the feasibility of 2D material resonators as ultra-sensitive force sensors.
It measures piconewton sensitivities across different 2D material resonators and outperforms MEMS
capacitive-based force sensors by about two orders of magnitude.

The final chapter describes the project’s conclusion and recommends future studies. In addition,
to keep the thesis concise, the following appendices were added. Appendix A includes all the
supplementary material of the paper about dissipation dilution: (i) Detailed instructions on fabricating
the devices, (ii) MEMS stiffness characterization, (iii) Analytical derivation of the dissipation dilution
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model and (iv) frequency vs. voltage measurements of the devices D1-D4 analyzed in the paper.
Appendix B includes an analytical derivation of the electrostatic force of the MEMS device. Finally,
Appendix C consists of a calculation of the critical out-of-plane deflection for buckled membranes.



Chapter 2

Tuning dissipation dilution in 2D
material resonators by MEMS-1nduced
tension

In this paper, a MEMS platform is used for in situ tuning of 2D material resonators to enhance both the resonance
frequency and Q-factor. To enable these experiments, a method is developed for the dry transfer and clamping of
2D materials on MEMS actuators, allowing for controlled straining of the 2D materials. By in situ straining, the
tensile energy is increased, diluting intrinsic losses and resulting in a remarkable 91% increase in the Q-factor.
These findings pave the way for designing high-Q resonators using 2D materials, overcoming their current

dissipation rate limitations.

15
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Tuning dissipation dilution in 2D material resonators by MEMS-induced tension
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G. Steeneken,! Farbod Alijani,’ and Gerard J. Verbiest!

! Department of Precision and Microsystems Engineering,
Delft University of Technology, Mekelweg 2, 2628 CD Delft, The Netherlands

Resonators based on two-dimensional (2D) materials have exceptional properties for application as
nanomechanical sensors, which could allow them to operate at high frequencies with high sensitivity.
However, the performance of 2D material resonators as nanomechanical sensors is currently limited
by their high dissipation rate, resulting in low quality (Q)-factors. Here, we make use of micro-
electromechanical systems (MEMS) to strain 2D material resonators in situ, enhancing both their
resonance frequencies and Q-factors. We dry-transfer 2D materials on the MEMS actuators and use
electron beam-induced deposition of platinum to clamp them, thus effectively ruling out slippage
at the boundaries. By in-plane straining the membranes in a purely mechanical fashion, we then
increase the tensile energy, thereby diluting dissipation. Using our method, we can increase the Q-
factor of 2D material resonators by 91%, paving the way towards raising the Q-factor in resonators

based on 2D materials.
I. INTRODUCTION

Nanomechanical resonators made of two-dimensional
(2D) materials are the subject of intensive research due
to their remarkable properties. Their low mass, com-
bined with their high Young’s modulus, leads to reso-
nance frequencies that are typically a few tens of MHz
[1]. Yet, their extreme flexibility in the out-of-plane di-
rection enhances the sensitivity to external stimuli and
makes them promising for various applications, including
mass [1-4], force[5-7], pressure[6, 8-11], and temperature
sensing|[6, 12, 13].

The performance of nanomechanical resonant sensors
and clocks is generally limited by their dissipation per
cycle (AW). A low AW results in a high quality (Q-
)factor, which is the ratio of stored energy W to AW over
a single oscillation cycle (Q = 2nW/AW). A low AW
and thus high Q-factor physically insulates the resonator
from external noise sources, allowing long-term coherent
oscillations while minimizing energy dissipation to the
environment [14, 15]. Thus, enabling low phase-noise os-
cillators [16] and high-performance noise-rejection filters
[15, 17, 18].

Increasing the tensile stress can be an effective strategy
to realize high-Q resonators [19, 20]. The tension leads to
an increase in the stored energy W without significantly
affecting losses, thereby increasing the ratio W/AW and
the Q-factor [21], an effect that is commonly known as
dissipation dilution. Since this strategy was very suc-
cessful in realizing high-@Q resonators in SiN that can be
grown with high intrinsic tensile stress [20], it was also
considered as a method for increasing the quality factor of
2D materials that could not be grown with high intrinsic
stress. Out-of-plane electrostatic and thermal forces were
used to achieve this quality factor tuning [22]. However,
attempts to increase the @Q-factor through out-of-plane
electrostatic gating of 2D material membranes typically
result in a reduction of the Q-factor instead of an in-
crease by dissipation dilution[4, 5, 23]. This reduction is

due to the voltage-dependent electronic Joule dissipation
of the displacement current within the resonator [23, 24].
Furthermore, the out-of-plane electrostatic pulling force
increases side wall adhesion, which facilitates dissipation
through coupling with the substrate [22, 25, 26]. Thermal
expansion-based tuning strategies [22] have the drawback
of making it difficult to distinguish tension effects from
other thermal effects on ). For example, the change
in membrane temperature changes material parameters,
that can increase damping via e.g. the thermoelastic
dissipation mechanism[15, 27]. Currently, 2D material
resonators have substantially lower quality factors than
high-stress silicon nitride devices with Q > 10° [28, 29].
However, with a dissipation dilution method to increase
the @ of 2D to similar values, they might become seri-
ous contenders for high-@Q sensors and high f() resonant
quantum devices.

In this paper, we set a first towards this goal, by pro-
viding evidence of dissipation dilution in suspended 2D
material resonators that are controllably tensioned in-
plane using a micro-electromechanical systems (MEMS)
actuator. To enable these experiments, we introduce a
method to precisely suspend 2D materials over MEMS
gaps and rigidly clamp them with a layer of platinum us-
ing electron-beam-induced deposition (EBID). We actu-
ate the membrane resonances optothermally and record
the resulting motion using an interferometry setup, from
which we extract the Q-factor (@) and resonance fre-
quency (fo). By applying strain with the MEMS actu-
ator to the 2D material resonator in a mechanical and
controllable fashion, we find an increase in resonance fre-
quency as well as the @Q-factor. Our findings thus provide
a new way for enhancing the Q-factor of 2D materials via
dissipation dilution.

II. FABRICATION

We use a MEMS actuator that is designed and fabri-
cated in the commercially available XMB10 process from
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X-FAB [30, 31]. The resulting device (see Fig. 1) con-
sists of a moving shuttle with 38 comb fingers that is
held suspended by four serpentine flexures. The flexures
are connected to fixed anchors that have aluminum bond
pads for making electrical contact by wire bonding. The
crystalline silicon shuttle has a thickness of 15 pm, length
of 520 pm, comb finger length of 103 pm, and asymmetric
finger spacing of 2.0 yum and 4.0 ym. The membranes are
suspended over a 6 pm trench between the fixed anchor
and the moving shuttle. Inside the trench, at a depth
of 5 um below the shuttle surface, a suspended silicon
beam acts as a mirror for interferometric readout of the
membrane motion. In order to transfer the membranes
onto the MEMS actuator, we first mechanically exfoliate
2D materials [32] onto a 5 mm x 5 mm PDMS sheet on
a microscope slide. Next, we use a microscope to select
membranes on the PDMS sheet with a minimum length
of 20 pm such that they can cover the suspended trench
as well as parts of the fixed anchor and the moving shut-
tle. Membranes are selected based on their flatness and
uniformity. Once we find a suitable membrane, we use
a dome-shaped PDMS stamp covered with a sacrificial
polypropylene carbonate (PPC) film to pick it up from
the PDMS sheet[33]. The utilization of a PDMS dome
results in a smaller contact area with the MEMS actua-
tor, approximately 350 pm in diameter, which allows the
precise positioning of a membrane while minimizing con-
taminations. We then bring the membrane on the PDMS
dome in contact with the MEMS actuator and heat the
stage to 110°C (above the melting point of PPC). This
causes the PPC film to melt and ensures the transfer of
the membrane onto the designated area (see Fig. 1(b)).
After the transfer, we wire bond the MEMS actuator and
connect all terminals to a common ground; this crucial
step prevents any electrostatic force-induced movement
during the rest of the fabrication process. Next, we re-
move the PPC film from the membrane and the MEMS
actuator through annealing in a high vacuum oven at a
pressure below 107® mbar for 3 hours at a temperature
of 300 °C (exceeding the decomposition temperature of
PPCJ34]). After annealing, we inspect the sample opti-
cally to confirm the PPC removal (see Fig. 1(c)). Finally,
we clamp the membrane with a layer of platinum using
EBID [35]. Detailed information on the fabrication pro-
cedure is available in Supporting Information S1.

In total, we fabricated 4 devices (D1-D4) with differ-
ent 2D materials using the method outlined above (see
Table I). Figure 1(e) shows a schematic cross-section of
a device including the dimensions. All membranes have
a suspended length of 6pum, width w, and thickness ¢,
as determined with a white light interferometer (see Ta-
ble I).

To mechanically tension 2D materials with the MEMS
actuators (see Figs. 1(f)-(g)), we apply a potential dif-
ference V.q between the comb fingers. Due to the asym-
metric placement of the comb fingers (see Fig. 1(h)), a
force Foq = —%%Vfd will act on the moving shuttle and

will tension the membrane and the four serpentine flex-

ures. Here, % is the change in capacitance C between
the comb fingers with respect to a change in position z
of the moving shuttle.

Based on their geometry, the MEMS actuators used
here can controllably strain membranes up to =~ 11%,
which is set by the maximum in-plane displacement of ~
0.67 pm (1/3 of the 2 pum actuation gap) over a 6 pm sus-
pended length. As the maximum in-plane displacement is
the limiting factor, pre-deformations and wrinkles in 2D
materials [22, 26, 36] can reduce the maximum achievable
strain. Moreover, the bare MEMS actuator has a pull-in
voltage of 13.5 + 0.5 V (see Supporting Information 2).
As a result, if the stiffness of the 2D membrane stiffness
is low, e.g. because it is wrinkled, the MEMS actuator
will collapse at this voltage. However, for certain devices,
the stiffness of the 2D membrane was high, such that it
increased the total device stiffness significantly with re-
spect to that of the MEMS springs and, as a consequence,
led to an increase in the pull-in voltage. We were able to
apply voltages up to 60 V for device D4 without a pull-in,
which demonstrates that the force and stiffness provided
by the 2D material were substantial.

IIT. MEASUREMENTS

We measure the dynamics of the membranes using an
optical interferometry setup (see Fig. 2(a)). The devices
are placed in a vacuum chamber with a pressure below
10~% mbar and are actuated using a blue diode laser
(A = 405 nm) that is power-modulated through a vec-
tor network analyzer (VNA). We use a red He-Ne laser
(A = 632 nm) to measure the motion of the membrane
as its reflected intensity highly depends on the distance
between the membrane and the mirror (see Fig. 2(b)).
The intensity of the reflected red laser light is detected
using a photodiode and further processed by the VNA.
Figure 2(c) shows a typical response recorded by the
VNA. We observe multiple peaks in the spectrum that
we identify as resonance frequencies. To analyze these
further, we fit the frequency response M of the funda-
mental resonance to the well-known harmonic oscillator
model[15, 37, 38]:

M(f) = (47/Q) =
U=+ (%)

where fj is the resonance frequency in Hz, @) is the qual-
ity factor, and A is the peak amplitude. Figure 2(c)
shows this fit on the frequency response of device D4 at
Vea = 2V, from which we extract a resonance frequency
of 8.22 MHz. We then repeat the measurement for dif-
ferent V.4 (see Fig. 2(d)) to analyze the dependence of fy
and @ on the applied force Feq. As Fig. 2(d) shows, we
see an increase in fo with applied V.q due to the increase
in tension in the membrane, which is in agreement with
results reported in the literature [39-42].

(1)
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Device Material

Clamped w (um) t (nm)

Qint/f;late (HZ_Z) Qint Qext

D1 Graphene No 7.2 9.8 +£0.33 7.084 x10 "2 <71 182
D2 Graphene No 16.7  22.47 £ 0.15 2.106 x 1072 < 127 > 1000
D3 MoS2 Yes 19.9  77.79+ 0.33 1.362 x 1072 < 64 180
D4  WS2 Yes 16.0  94.39 + 0.23 2.515 x 10712 < 203 > 1000

TABLE 1. Characteristics of fabricated devices D1-D4, including 2D material, clamped using EBID of platinum, width w,
thickness ¢ and fitted parameters Qint/ fglate and Qext, where, Qint is the intrinsic quality factor due to bending and elongation
losses, fplate 1S the resonance frequency due to the bending rigidity and Qext is damping from extrinsic dissipation sources (see
Eq. (3)). The membrane thickness is determined using AFM. The width is obtained by measuring an optical or SEM image.

(a) (b) PPC film

PPC film

(e) Clamp (x2) 2D membrane

10f St -
0.6] SiO, \.
50 Mirror
Si
y X
2 (x3)

Electron beam

() (d)

2D membrane

FIG. 1. Device geometry: drawings, optical and SEM micrographs. a) Device straining platform. Scale bar: 50 micrometers.
b) Device after the membrane transfer using a sacrificial PPC layer. c¢) Device after annealing. d) Illustration of the EBID
process, an optical image of the device after clamping, and a false-colored SEM image highlighting the platinum clamps. e)
Side view of the final device. Dimensions are in micrometers. f) SEM image under an angle of the device. g) Top view of an
empty MEMS actuator. Scale bar: 50 micrometers. Voltage over comb drive fingers (V¢q). h) Detailed view of the comb drive

indicating the direction of the comb drive force (Fa).

IV. CLAMPING OF 2D MATERIAL
RESONATORS

To evaluate the effectiveness of a deposited layer
of platinum using EBID in clamping 2D material res-
onators, we compare the response of an unclamped device
(D1) to the response of a clamped one (D3). We vary the
comb-drive force F.q for both devices by varying Veq. In
a single sweep, we start at Voq = 0 V, increase the voltage

to a maximum Vj,.x, return to 0 V, decrease the voltage
t0 —Viax, and finally return to 0 V. For each subsequent
sweep, we increase Vipax by 1 V up to a maximum of 5 V
for device D1, to gradually increase the maximum force
exerted on the membrane and monitor the shift in the
fundamental resonance. Figure 3 shows fy as a function
of V.q extracted from one such experiment for devices
D1 and D3. For the unclamped device (see Fig. 3(a)),
we observe a significant decrease in fy at Veq = 0 V after
each voltage sweep. At the last measurement point at 0
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FIG. 2. Device measurements. (a) Fabry-Perot Interferometry setup for measuring the resonance frequencies. Vector Network
Analyser (VNA), V.q and stage control (control), Beam expander (BE), Beam splitter (BS), Quarter wave plate (QWP),
Dichroic mirror (DM), White light source (WL), Photodetector (PD), Red (A = 632 nm) He-Ne Laser (RL), Blue (A = 405 nm)
Diode Laser (BL). (b) Side view of the device inside the high vacuum chamber. (c) Fitting the harmonic oscillator equation
on the experimental data of the VNA for device D4 at Voq = 2 V to extract the resonance frequency (fo) and quality factor
(Q). (d) experimental data of the VNA for device D4 for Voeq =0V, 2V, 4V, 6V, and 8 V (DC).

V, fo shows an irreversible reduction from 4.30 MHz to
3.73 MHz, which corresponds to a decrease of approxi-
mately 13% with respect to the very first measurement
on this membrane. The permanent reduction of fy might
be attributed to irreversible slippage, unsticking, or iron-
ing out the wrinkles that increase the effective length of
the membrane, reduce its tension, and thus resonance
frequency. This is in contrast to recent observations of a
reversible sliding scenario where a closed fy vs. V.q loop
is expected [43].

In contrast to the unclamped device D1, device D3
contains a clamped membrane, as depicted in the inset
of Fig. 3(b). As Fig. 3(b) shows, we observe a notably
different fo vs. Viq response when compared to the un-
clamped device. Initially, fo measures 7.49 MHz, ascend-
ing to 13.67 MHz at 30 V and decreasing back to 7.42
MHz at 0 V, a change of less than 1 %. In subsequent
sweeps, the resonance frequency at V.q = OV remains
stable within a range of 0.02 MHz. These measurements
show that the resonance frequency fo of the device D3
is much more stable than that of the unclamped device,
even at substantially higher actuation voltages, result-
ing in a 36 times larger force (F.q < V) than applied
in measurements on device D1. This difference between
the clamped and unclamped devices indicates that the
deposited layer of platinum using EBID is effective in

preventing permanent tension reduction during MEMS
actuation. Since the EBID clamps are separated by a
few microns from the edge of the trench and thus cannot
significantly affect unwrinkling and adhesion mechanisms
inside the trench, we also conclude that the irreversible
changes in fj in Fig. 3(a) are most likely due to slippage
of a large part of the flake over the silicon surface.
Furthermore, it’s worth noting that the maximum volt-
age of 30 V significantly surpasses the pull-in voltage Vpr
of the bare MEMS actuator, which was determined to be
13.5 = 0.5 V (see Supporting information S2), providing
evidence that the clamped membrane generates substan-
tial force on the shuttle, thus preventing its pull-in and
collapse. Simultaneously, according to Newton’s third
law, we conclude that the MEMS actuator effectively
pulls and strains the clamped membranes. An equiva-
lent observation for unclamped device D2 and clamped
device D4 can be found in Supporting information S4.

V. DISSIPATION DILUTION

By fitting resonance peaks like in Fig. 2(d), we extract
both the quality factor @) and resonance frequency fy. To
study the effectiveness of the MEMS actuator in tuning
the quality factor by dissipation dilution, we plot @ vs
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FIG. 3. Comparison of the resonance frequency (fo) versus
the comb drive voltage (Via). Fea indicates the pulling di-
rection of the suspended shuttle by the comb drive actuator.
Scale bars: 10 micrometers. a) Unclamped device D1, Viax
= 2V (blue), 3V (orange), 4 V (yellow) and 5V (purple),
false-colored optical image (blue: 2D membrane) b) Device
D3 clamped with a platinum layer deposited by EBID,Viax
=30V (blue), false-colored SEM image (blue: 2D membrane,
purple: platinum clamps)

fo for both unclamped and clamped devices over the full
actuation voltage range in Fig. 4. It is seen that the
Q-factor of all devices increases with fy, as expected in
a dissipation dilution scenario. For instance, device D4
experiences a 30% increase in fo and a 91% increase in
Q. Interestingly, despite the presence of slipping effects,
this trend even seems to hold for the unclamped devices
D1 and D2 shown in Figs. 4(a) and (b), respectively.

We now compare the experimental relation between f
and @Q with theory. From literature[14], the quality factor
Qp of a resonator in the presence of dissipation dilution
is given by (see Supporting information S3):

QD%< fo

fplate

)2 Quu, 2)

where fo is the measured resonance frequency, fplate is
the frequency in the presence of bending rigidity, and
Qint is the intrinsic dissipation. In the presence of other
external dissipation mechanisms with quality factor Qext,
the total Q-factor can be further reduced[15, 19] to a
value @:

1_1 1
Q_QD Qext

We fit Eq. (3) to the experimental data in Fig. 4 with
Qint/ fglate and Qext as fit parameters (orange lines). We
provide the fitting values in table I. Note that the fitted
lines are almost linear because they span only a small fre-
quency range. For the fit parameter Qipt/ fglate, we find
a similar order of magnitude for all devices. For devices
D1 and D3, we fitted an extrinsic damping contribution
of Qext =~ 180. For devices D2 and D4, the data could
be fitted well without assuming an external dissipation
source Qexi, and therefore, we took 1/Qcxt = 0. The
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FIG. 4. Dissipation dilution in unclamped device D1-D2 and
clamped devices D3-D4. Quality factor (Q) versus the reso-
nance frequency (fo). The unclamped devices exhibit a de-
cline in fy and @ due to slippage, in contrast with the clamped
devices, which show consistent values for fo and Q at Veq =
0 V. a) Experimental data from unclamped device D1 from
the Vinaz = 4 V-cycle. The device starts at fo = 4.17 MHz
and Q = 73.5 and stops at fo = 3.96 MHz and @ = 69.0 due
to slippage b) Experimental data from unclamped device D2
from the Vinee = 12 V-cycle. The device starts at fo = 8.45
MHz and @ = 150 and stops at fo = 7.95 MHz and Q =
113 due to slippage. c¢) Experimental data of clamped de-
vice D3 from the Vi = 30 V-cycle. The device maintains
a consistent fo and @ of 7.50 MHz and 63.8, respectively. d)
Experimental data of clamped device D4 from the V0 = 60
V-cycle. The device maintains a consistent fo and @ of 9.70
MHz and 202, respectively.

good agreement between the experimental data and the
fitted curves using Eq. (3) provides evidence that dissi-
pation dilution can account for the observations.

VI. DISCUSSION

In the previous sections, we studied the effect of in-
plane stress on the @Q-factor and resonance frequency of
membranes made of multi-layered 2D materials. The re-
sults show that the quality factor can be enhanced by
generating tension on the 2D material membranes, and
the obtained data matches reasonably well with a dissipa-
tion dilution model. We note that this observation does
not rule out other mechanisms that may affect the quality
factors. These include (i) mode coupling to other modes
of the membrane [44-46], (ii) a change in dissipation rate
AW with applied tension [26, 47, 48], (iii) changes in
the membrane’s geometry with increasing tension, which
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could be attribued to suppressing wrinkles [36, 49], or (iv)
the release of edge adhesion during membrane straining
[50], which facilitates the transfer of energy from the res-
onating membrane to the substrate, leading to acoustic
radiation losses [51]. Future work could focus on system-
atically studying these effects as a function of applied
tension.

The main advantage of using a MEMS actuator to
apply the tension is that it provides a pure in-plane
force, in contrast to thermal, electrostatic gating, or gas
pressure-based approaches, where the force is accompa-
nied by other effects that might modify Q). The presented
method also has some limitations. First of all, actuator
device fabrication, design, and wire bonding are time-
consuming. Moreover, the actuation range is limited to
1/3 of the actuator gap, although other actuator designs
can provide a more extensive range. Finally, transfer-
ring membranes to a movable shuttle is a complicated
task and can affect membrane suspending and adhesion
to the MEMS actuator.

A key prospect of the presented work is the ability to
apply MEMS tensioning to significantly raise the quality
factor of 2D materials, with the aim to eventually scale
it down to the monolayer limit and outperform record
silicon nitride/carbide devices [28, 29, 52]. Although cur-
rently, @s of 2D materials seem to be limited by their low
stress and by fabrication artifacts like wrinkles, in the
monolayer limit, the intrinsic Q¢ of 2D materials might
be much higher than that of multilayer materials since in-
terlayer dissipation mechanisms and thermoelastic damp-
ing are largely eliminated [53]. Moreover, for sensing ap-
plications, like resonant mass sensors, the large aspect
ratio and low mass of 2D materials can increase sensitiv-
ity. In this respect, the high ultimate tensile stress of 2D
materials like graphene, which was demonstrated to ex-
ceed 10 GPa [54], can potentially outperform the tension
limitations of even silicon carbides [52].

Moreover, it is of interest to evaluate the minimum
measured ) in more detail. For device D4, we found
a @ of 202. Disregarding the small effect of pre-stress,
we expect this @ to be roughly equal to the intrinsic @
since the thickness of the membrane is relatively high
and the intrinsic @ is primarily governed by the bending
contribution. This intrinsic @ is over 32 times lower than
that of silicon nitride, for which a value of 69t nm~! was
found[55], which for a thickness equal to that of device
D4 of 94.39 nm evaluates to Qi = 6513. A question
for further study is if the low intrinsic @ in device D4 is
due to the intrinsic crystal properties of WS, compared

to SiN or if the value is limited by imperfections such
as wrinkles. It is clear that the MEMS implementation
of dissipation dilution demonstrated in this work, which
results in a Q enhancement up to 91%, is only a first step
toward Q-factor engineering of 2D materials and by no
means is yet as efficient as that in SiN resonators, where
Q/Qint factors of over 10* are reached [28].

VII. CONCLUSION

To conclude, we show signatures of dissipation dilution
in 2D material resonators. We use a MEMS actuator to
strain the membrane uniaxially and thus tune the res-
onance frequency and @Q-factor. To induce dissipation
dilution, we developed a device fabrication method us-
ing dry transfer of membranes on the MEMS actuator
and a clamping technique using EBID of platinum to
prevent edge-slippage. The MEMS platform can also be
used to study slipping and sliding effects, where slipping
was observed to reduce both the Q-factor and fy, in line
with the dissipation dilution mechanism that increases
@ with MEMS actuation force. By pulling on the mem-
branes, we control the in-plane tension of the membranes,
which resulted in an increase in resonance frequency fy
of 30% and an accompanying increase of 91% in the @
factor. Our results enable a leap in developing higher-Q
resonators based on 2D materials with potential applica-
tions in sensing, time-keeping, and information process-
ing.
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S4: fo vs V measurements for devices D2 and D4
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Chapter 3

Dynamical 2D material
characterization through
MEMS-1nduced tension

This chapter analyzes the dynamic characterization of 2D materials by MEMS-induced tension. It analyses the
topography and experimental dynamics of four devices and considers two dynamical models intending to extract
the Young'’s modulus. One model assumes that the membranes are flat, and another incorporates an out-of-plane

deformation.
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3.1. Introduction

Nanomechanical resonators made of two-dimensional (2D) materials are the subject of intensive research
due to their remarkable properties, allowing them to operate at high frequencies with high sensitivity.
This makes them ideal candidates to outperform current silicon-based sensors, such as force sensors,
which reach sensitivity limits of 0.5 uN [96]. However, difficulties in manufacturing, which lead to
wrinkles and pre-deformations [8, 41, 50, 56, 82, 93], have prevented them from reaching their full
potential. Even the simplest graphene nano drums exhibited nanometer-scale wrinkles as observed
using AFM [93].

These imperfections might explain the large deviations in reported Young’s modulus values. For
example, reported values for Young’s modulus E of monolayer graphene range from 430 GPa to 1120
GPa [102, 103], and for MoS2, it ranges from 160 GPa to 370 GPa [105, 106]. Therefore, there is a clear
need to better understand pre-deformations in 2D material membranes and their effect on material
characterization. This section aims to measure the Young’s modulus of 2D materials by studying their
dynamics under MEMS-induced tension. Furthermore, it will make a step toward comprehending
wrinkles and pre-deformations in these devices under tension. The experimental setup and approach
discussed in section 2 will be used to measure the dynamics. Two models will be used to characterize
E. One model will assume that the membranes are flat to extract E from the stress/strain relation.
Another model will incorporate a pre-deformation that could explain the different dynamical behaviors
observed in the devices and other studies [44].

For this study, four devices are fabricated with different 2D materials (see Table 3.1). The devices
are manufactured using a novel dry-transfer method to accurately position 2D material membranes on
MEMS-actuators as discussed in Appendix A - S1.

This study will give insight into the importance of the topography and pre-deformations in 2D
material resonators for dynamically characterizing the material properties. This improved understanding
of the topography and dynamics under tension will lead to better comprehending their complex behavior.
These findings could pave the way for the development of ultrasensitive resonant force sensors that
could potentially outperform those currently available on the market and characterize E in a purely
mechanical fashion via in situ straining.

Device  Material o w t Eit. Emi Em>
(kg/m’)  (um)  (nm) (GPa)  (GPa)  (GPa)

D3 MoS2 5006 [107] 199 77.79+0.33 160 [105]

D4 WS2 7500 [108] 16.0 94.39+0.23 150 [109]

D5 Graphene 2267 [110] 7.9 65.9+0.7 430[102] 1.3 x1073

D6 FePS3 3375[111] 117 129.8+1.1 103[111] 7.4

Table 3.1: Characteristics of fabricated devices and fitted Young’s modulus E, including 2D material, density p, width w,
thickness t, E from literature Ej;; , E from the flat membrane dynamical model E,1 and E from the pre-deformation model Epy.
The thickness of devices D3-D4 is measured using AFM, and the thickness of D5-D6 is measured using white light interferometry.

The width is obtained by measuring a SEM image.

3.2. Results
3.2.1 Topography analysis of 2D material resonators under MEMS-induced tension

A good understanding of the topography of 2D membranes is important since it can influence the
dynamics[44]. In most studies for material characterization of 2D materials, the membranes are assumed
to be flat with uniform deformation [105, 112]. This section demonstrates that although the membranes
appear flat on high-resolution SEM images, white light interferometry reveals large deviations in
geometry, wrinkles, and bumps. These deviations impact the dynamics of the 2D material resonators.
Four 2D material resonators will be strained under MEMS-induced tension.
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The results for devices D3-D6 can be seen in Figure 3.1. It was discovered that all devices have
pre-deformations, which range from about 60 nm in Figure 3.1(b2) up to 4 ym in Figure 3.1(c2). In
Figure 3.1(c2), wrinkles were observed in the suspended part of the membrane. When the voltage was
increased to 14.1 V, there was a pull-in of the MEMS actuator. Thus, the fingers of the comb drive stuck
together, resulting in an axial displacement of 2 ym. The membrane can be seen after the pull-in in
Figure 3.1(c3). The interferometry image shows that most wrinkles were flattened out, but there is still a
pre-deformation of approximately 1 ym. In the interferometry images of the other devices (Figures
3.1(b)-(d)), pre-deformations are also visible, and the membranes appear uneven with noticeable bumps,
hills, and valleys.

Interestingly, the Si-2D material interface between the clamps and the cavity does not always appear
flat. For instance, at the bottom of Fig. 3.1(b2), an out-of-plane deformation of 60 nm can be observed.
After straining, the deformation shown in Figure 3.1(b3) becomes even larger. Additionally, a wrinkle is
also present on the left side just before the cavity, as seen in Figs. 3.1(c2)-(c3). Thus, it can be seen that
the membrane does not always adhere to the Si substrate.

It is worth noting the changes in pre-deformations of the membranes before and after straining,
which might explain the strain fields of the membranes. In Fig. 3.1(a2), it can be observed that the bottom
part of the membrane is almost flat with zp = 0 nm, whereas the top and center areas are deformed
with zg >=~35 nm. After a voltage of 30 V is applied in Fig. 3.1(b3), the deformation seems to be
similar, which might suggest that only the bottom part of the membrane is effectively strained. Likewise,
in Fig. 3.1(b2)-(b3), only the center part of the membrane appears to be flat, and the out-of-plane
deformation on the edges is even increased after a voltage is applied, especially on the top area of the
membrane (see Fig. 3.1(b3)).
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(a) (b)

Similar after straining
Cavity
>

60 nm
30 nm

0nm

()
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4um 300 nm
Wrinkles
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0pm -100 nm
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Figure 3.1: Images of device D3-D6 showcasing sub-image 1 (SEM, scale bar: 10 um), sub-image 2 (white light interferometer,
before straining, scale bar: 2 pm) and sub-image 3 (white light interferometer, post-straining, scale bar: 2 pm). Red dashed lines
represent the cavity (L = 6pum). Black dashed lines represent the view area of the white light interferometry. a) Device D3. The
top and center seem to be slightly affected by strain. b) Device D4. The sides bulge up after straining. c) Device D5. Wrinkles are

noticeable before straining, which are flattened after straining. d) Device D6.

3.2.2 Dynamics of tunable 2D material resonators

2D material resonators are strained under MEMS-induced tension (Fgq « chd according to Eq. (1.9)),
and the fundamental resonance frequency fy is measured at a particular voltage. Figure 3.2 shows fy
versus V4 for devices D3-D6. An increase in fy with V is observed for devices D3-D5. In contrast,
device D6 initially exhibits a decrease in fy, which saturates and eventually increases again, forming a
w-shaped fy vs. Vq curve. Comparing the increase in fy with increasing V4 for devices D3-D5 reveals
deviations. In the 0 V to 12 V voltage range, fy of devices D3 and D4 increase with ~13% and ~5%,
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respectively (see Figs. 3.2(a)-(b)). This is in contrast with device D5, which displays a slight increase of
~2% in fy (see Fig. 3.2(c)). This minor increase in fy might be due to the large pre-deformation observed
in Fig. 3.1(c2). Notably, despite all devices being firmly clamped through the procedure outlined in
section 2, a frequency drop of =0.3% is measured from 16.54 MHz to 16.50 MHz when comparing the
initial measurement with the last measurement at V.4=0 V for device D6 (see Fig. 3.2(d).
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Figure 3.2: Fundamental resonance frequency (fp) vs. voltage (V) for devices D3-D6. a) fy vs. V for device D3. Voltage sweep
with Vinax =30 V. b) fo vs. V for device D4. Voltage sweep with Vinax =60 V. ¢) fy vs. V for device D5. 12 voltage sweeps from
Vmax =1V t0 Vinax =12V. d) fo vs. V for device D6. 12 voltage sweeps from Vinax =1 V t0 Vinax =12 V.

3.2.3 Flat membrane dynamical model: Extracting stress and strain

This section aims to understand the dynamics of 2D material resonators and examines the assumption
of a flat membrane. A model will be introduced to extract the stress ¢ and strain € in the membranes.
These values will be used to estimate the Young’s modulus knowing E = /€. The membrane will be
modeled as a flat string with negligible bending rigidity. The bending rigidity will be neglected since
the change in tension dominates the change in fy [24].

o
= [— 3.1
/=i G
Equation (3.1) can be used to relate the change in stress (Ac) with the change in f, since fy ata Vq is
experimentally determined [44]:

Ao(V) =4L%p(fo(V)* - f3), (3.2)

The movement of the shuttle (x) determines the strain (€) in the membrane, assuming the membranes
are flat. When a voltage is applied over the comb drive, the force induced by the comb drive (F.q4) is
balanced by MEMS flexures holding the shuttle (Fi.q), and the force in the membrane (Fyq) following
Newton’s third law (see Fig. 3.3(a)). Therefore, F.q should balance Fy.4 and Fpq such that the summation
of forces is 0:

Fsum = Fed = Fog — Fxea = 0, (33)

The axial force in the membrane can be calculated from the change in stress, which is known from the
dynamics:
Frq = Aowt, (34)

Moreover, Fyeqg = kcqx, where kg refers to the stiffness of the comb drive serpentine flexures, which is
calculated in Appendix A - S2. Also, Fq can be determined using a parallel plate approximation and is
derived in Appendix B. Finally, x can be solved by solving the force balance (Eq. (3.3)):

AV2 g (d22 — A2+ 2% (dy + dz))

—4wtL?p(fo(V)? = f2) = keax =0, (3.5)
2(dy + x)? (d1 — x)? P Jo) ke
Assuming the membranes are flat implies AL = x, allowing to estimate the membrane strain as
€ = AL/L = x/L, where L represents the suspended length of the membrane (L = 6 pm). In Figure 3.3(b),
the stress-strain relation for device D5 demonstrates a linear increase in stress with strain. Employing
a linear fit provides the ratio Ao /e to estimate Young’s modulus, resulting in approximately 1.3 MPa,
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which is orders of magnitude lower than the literature values (see Table 3.1). Additionally, this device
exhibits a comb drive pull-in at 14 V, equivalent to an empty MEMS actuator (see Appendix A - 52).
This suggests that the stiffness of the membrane is almost negligible, which could be explained by the
large pre-deformation observed in Fig 3.1(c2)-(c3). Notably, Eq. (3.5) could not be solved for devices
D3-D4, since Fsum > 0 for every x > 0. Thus, they have been excluded from this analysis. Interestingly,
device D6 in Fig.3.3(c) initially shows a decrease in stress, followed by an increase at € = 0.026. This
shows that this model is unsuitable for 2D material resonators with an initial decrease in fy upon axial
strain. This might be the result of buckling causing a decrease in out-of-plane stiffening with strain
[113]. The next section will examine the dynamics of pre-deformed 2D material resonators.
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Figure 3.3: Stress-strain model. a) Illustration of the force equilibrium of a device. b) Stress vs. strain relation for device D5. Fit
o/€ =1.3 MPa c) Stress vs. strain relation for device D6. Showing an unrealistic decrease in stress with applied tension

3.24 Dynamics of pre-deformed membranes under MEMS-induced tension

Figure 3.4: Schematic representation of a pre-deformed membrane under MEMS-induced tension. Axial force in the membrane
N, membrane length L, pre-deformation before straining zo, pre-deformation at V.4 z(V), axial displacement 1, comb-drive force
F.q and comb drive stiffness k.4

As observed in Fig. 3.1, out-of-plane pre-deformations occur during fabrication. A model has been
developed in this section to comprehend the impact of a buckled membrane on dynamics under
MEMS-induced tension. This model aims to characterize E from the dynamics and understand the
w-shaped fq vs. V4 dynamics in Fig. 3.2(d), as well as in unraveling the multiple fitting regimes in the
earlier studies [44].

The model represents a buckled beam and is illustrated in Fig. 3.4. Here, the membrane is modeled
with a pre-deformation zg. This deformation decreases to z when the membrane moves with an axial
displacement u due to the MEMS-induced tension. Additionally, the suspension of the comb drive
shuttle with the serpentine flexures, having a stiffness kg, is taken into account. The length L, width W,
thickness ¢, and Youngs’ modulus E are also considered. This model is based on Bouwstra’s buckled
beam model [114]:

L L
w=k 1 /0 (z4()* dx — 2 /0 (@) dx, (36)

Where u is the axial displacement, N is the actual axial force, z(x) = z - P(x), zo(x) = zo - P(x), and A
is the cross-section of the membrane (A = Wt). Next, the equation is solved by approximating the
deflected shape with ¢(x) = (1 — cos(2rtx/L))/2. This yields:

u_ N mzp\2 [Tz \?
r-m (37 -(3) G2
Where z is known from the buckling model:

z = 20/(1+ N/Np), (3.8)
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with N = 4?EI/L? [115], gives:
NL ( T

_ & 2
u—EA+ z (3.9)

2
ar) [ 1+ N/Nb)z} o
Next, the comb drive force F 4 is based on the axial displacement u and can be calculated by (see
Appendix B):

_ Aeo T 1 2
Fa == ((dl—u)z (d2+u)2)v (3:10)

F.q must balance N and Fyq4, such that:

Feg—N —kequ =0 (3.11)
Eq. (3.11) can be solved for N by substitution of u from Eq. (3.9) in the force balance from Eq. (3.11).

Then substitute u from Eq. (3.9) in Eq. (3.10) to get Foq(IN). Finally, F.4(N) can be substituted in Eq. (3.11)
and solved for N. Knowing N, z can easily be solved using Eq. (3.8) and u by using Eq. (3.9).

Dynamics of buckled membranes utilizing Euler-Bernoulli theory

Knowing the axial displacement u and the out-of-plane deformation z for a particular V4, a model
can be made that predicts fy given that configuration. The predicted fy can then be compared with
the experimental values to comprehend the dynamics. The dynamics can be calculated with the
Euler-Bernoulli theory. First, the strain in the membrane is calculated with:

u 1., o u 1 /zm\2 . ,(2nx
£5~80+E+§(z(x)) ~£0+Z+§(T) sin (T)’ (3.12)
Next, the total potential energy is calculated with:
1 g 2 1 b ” 2
V ==EA esdx + =EI (z"(x))" dx, (3.13)
2 0 2 Jo

The first term in Eq. (3.13) describes the stretching of the membrane, and the second term describes the
bending energy. By taking the second derivative of Eq. (3.13) the effective stiffness can be calculated:

kit = 2Y o EAT (co+ )+ o'zt
S T T A S O AR VY5 (3.14)
N——— D e —— N——
BR IS oS

Interestingly, there are three competing terms in Eq. (3.14). The first term accounts for bending rigidity
(BR), the second for in-plane stretching (IS), and the last for out-of-plane stretching (OS). Note that u(V)
and z(V) are related to the force balance in Eq. (3.11). Finally, the effective mass m.g can be calculated
using the mode shape. Approximating the deflected shape with ¢/(x) = (1 — cos(2rtx/L))/2 this yields
[114]:

1 [k ) 3
Meft = M I lp(x)|”dx = 3 mo, (3.15)
0
And fy knowing keg and mieg:
1 ket
= . 1
fo 27\ e (3.16)

Additionally, further analysis was carried out to investigate the membrane’s stiffness on N. For an initial
decrease in resonance frequency as observed in Fig. 3.2(d), dkeg/IN should be smaller than 0. This
expression was evaluated at dkes/dN = 0, resulting in (see Appendix C):

ze = \/4/21¢, (3.17)

This implies that when z > z, an initial decrease in fj is expected.
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Fitting to the data

To analyze this expression further, the experimental results fo(V) for devices D3-D6 are fitted using an
SQP optimization algorithm on the buckling model. With Young’s modulus E, pre-deformation zo, and
pre-strain € as the fitting parameters. Surprisingly, the model can only find a fit for device D6 (see
Fig. 3.5(d)). The fitted values for E, zg, and o were 7.4 GPa, 73 nm, and 0.01, respectively. E is relatively
low considering the literature value of 103 GPa [111]. Although it is unclear where the readout laser
was focused exactly, zg is within the deformation range observed in Fig. 3.1(d2).

In addition, to investigate the effect of the critical pre-deformation (see Eq. (3.17)) on the dynamics,
zo9 was varied such that zo =0, 0 < zg < 2., 29 = 2z, and zg > z.. Furthermore, for device D3-D5, ¢; was
assumed to be 0, and E was gathered from literature (see Table 3.1). In contrast, for D6, the fitted values
for E and ey were used for all plots (E = 7.4 GPa, €y = 0.01). Observing the results in Fig. 3.5, it can be
seen that fy increases the fastest from V.4 = OV with increasing V.q when zg = 0. This increase becomes
flatter with increasing zo until there is a partially flat f — V in a lower frequency bound at zp = z. (see
purple plots in Fig. 3.5). Interestingly, when z > z., an initial decrease in fj is observed for all devices,
similar to the observation in device D6. Furthermore, it is noticeable that the lowest f; from the model is
always greater than the experimental fj for devices D3-D5. This means that either ke is overestimated
or e is underestimated or a combination of the two following Eq. (3.16).

Finally, from the plots using the literature value of E in Figs. 3.5(a)-(c) with a chosen zy, it can be seen
that in all cases, the estimated fy at Vq = 0 V is always greater than the experimental value. Although
differentiation between the individual factors affecting fy is not possible, this observation could indicate
an overestimation of E according to Eqns. (3.14) and (3.16).
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Figure 3.5: Dynamics and pre-deformation of devices D3-D6 under MEMS-induced tension. z. is device specific and determined
with Eq. (3.17). Sub-image 1 shows the dynamics versus V.4 and includes the experimental data (blue). Sub-image 2 models the
pre-deformation versus V4. a) Device D3. b) Device D4. c) Device D5 d) Device Dé6. Fit: E =7.4 GPa, €9 = 0.01, zg = 73 nm)

3.3. Discussion

The study investigated the dynamics of 2D material resonators through MEMS-induced tension for
material characterization. This study revealed significant influences from pre-deformations like bumps,
wrinkles, and buckling [8, 41, 50, 56, 82, 93]. These deformations caused changes in the expected
dynamics, leading to distinct behaviors: a slower increase in fy, almost constant f, within a specific Vq
range, or an initial decrease in fy. Conventional models based on bending rigidity and tension failed
to explain the observed w-shaped fy vs. V curve in device D6; therefore, a new model inspired by a
buckled beam model was introduced [90, 114, 116].

The developed model uncovered three competing terms governing the membrane’s effective stiffness:
bending rigidity, in-plane stretching, and out-of-plane stretching. The competition between the in-plane
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and out-of-plane stretching during axial displacement u led to interesting behaviors. Above a threshold
value z., the reduction in out-of-plane stiffness outweighed the increase in in-plane stiffness, causing a
decrease in fy until zg = z.. In contrast, below z., an increase in in-plane stiffness dominated, resulting
in an increased fy. Notably, within the range of 0 to z, fp displayed a slower rate of increase compared to
a flat membrane, similar to earlier findings [44]. Device D6, despite being clamped, showed a decrease in
fo at Vg =0V, possibly due to shuttle heating inducing an axial displacement and subsequent reduction
in zg and fy, assuming zg > z..

Furthermore, it was also observed that for the devices D3-D5, the estimated f, was larger than the
experimental determined fy. Following Eq. (3.16), either keg should have been smaller or ¢ should
have been larger, or a combination of the two. Possible explanations for the higher f, could be (i) An
overestimation of E, (ii) an overestimation of ¢ due to surface pollution or more layers on the sides
compared to the suspended cavity (the AFM measurement was done on the Si-2D membrane interface),
(iii) an underestimation of p due to surface pollution (possibly from EBID of platinum), or (iv) an
underestimation of L due to to the pre-deformation. In addition, the experimental f; for device D3
increases faster than the model. This could indicate that the effective width of the flake is smaller than
the measured width from SEM, which is confirmed by the observations in Figs. 3.1(a2)-(a3).

Analyzing pre-existing deformations using SEM and white light interferometry provided valuable
insights. Surprisingly, even with deformations of up to 4 pm in device D5, the SEM failed to reveal
these imperfections.

These deformations were also observed to impact the dynamics and material characterization
significantly. For example, device D5 could resist repeatable pull-ins, equivalent to straining a flat
membrane by over 33%. Moreover, attempting to fit 0/€ resulted in anomalously low values for E.
This poses questions about the reliability of strain and E values reported in the literature, where
out-of-plane deformations have been neglected [90, 102]. These images also revealed insights into the
strain fields. Notably, device D4 exhibited distinctive upward bulging along its sides under increased
potential, indicating localized strain in the center rather than uniform strain across the membrane. Likely
contributors to this asymmetry include the transfer process onto the shuttle, wire bonding, and potential
misalignment on the shuttle. Suprisingly, Eq. (3.11) couldn’t resolve for a positive axial displacement x,
indicating that Foq and Fy4 could not be counterbalanced by F.q(x). This could potentially arise from a
larger estimated F,q value when estimating the force using the full width of the flake in Eq. (3.4). This
observation underscores the significance of a uniform stress distribution in 2D material resonators.

Comprehending the pre-deformations in nanomechanical resonators is crucial as they play a vital
role in dynamical material characterization. Further studies can investigate how variations like bumps,
wrinkles, buckling, or asymmetrical strain fields distinctly affect fy. Additionally, future studies could
concentrate on refining fabrication techniques, such as membrane transfer, membrane alignment, and
wire bonding, to reduce imperfections and ensure a more uniform stress distribution. Finally, the
mathematical models could be simplified by measuring the shuttle displacement x. This could be
done experimentally with an LCR measurement since the measured inductance can be converted to a
displacement. Alternatively, the distance could be measured optically using SEM at the applied voltages
x(V). In addition, the height of the pre-deformations at a specific voltage z(V') could be measured
using white light interferometry or AFM such that kg can be estimated from purely the experimental
measurement.
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3.4. Conclusion

This chapter examines the dynamics of 2D material resonators using MEMS-induced tension to
characterize 2D materials dynamically. It revealed imperfections in the topography of the nanomechanical
resonators, influencing the dynamics. Conventional models failed to explain a reduction in fy with axial
strain, necessitating a new model based on a buckled beam concept incorporating out-of-plane stiffening.
The membrane stiffness is influenced by three factors: bending rigidity, in-plane, and out-of-plane
stretching. Interaction between these factors resulted in interesting behaviors for fy, with decreasing fj

above a threshold of /4/21t and increasing fy below it. The devices were examined using SEM and
white light interferometry, which revealed pre-deformations and asymmetrical strain fields. Factors such
as membrane transfer and wire bonding could be responsible for this asymmetry. Both mathematical
models failed to yield valid values for E, whether by assuming that the membranes are flat or buckled.
This emphasizes the importance of understanding the imperfections in the topography of 2D material
resonators to gain better insights into their dynamics for use in material characterization.



Chapter 4

Ultra-sensitive force sensing with 2D
material resonators

This chapter characterizes the sensitivity of 2D material resonant force sensors by accurately probing forces
generated by MEMS-induced tension. The extreme precision of these sensors could enable groundbreaking research

in biological systems, which often requires sensing at the nano- and picoscale.
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4.1. Introduction

This study explores the potential of 2D material resonators as ultra-sensitive force sensors for measuring
nN (10~%) and pN (10712) forces, potentially outperforming commercially available MEMS-based force
sensors with sensitivities of 0.5 uN [96].

These ultra-low sensitivities are significant in gaining a better understanding of the basic components
of biological systems [97]. For example, a novel study by Roslon estimated that single-cell bacteria
exert a force of up to 6nN [98]. Measurement of these tiny forces would allow for rapid screening of
antibiotics. However, most of these studies rely on approximations of the stiffness of circular nano
drums and estimate the force of these drums based on their deflection [98], which might be inaccurate
due to wrinkles or asymmetrical topography of the membranes.

In this particular study, the MEMS device provides a platform for examining the force sensitivity
of different 2D material resonators. Devices D3-D6 that have been manufactured according to the
method in Appendix A - S1 can be found in Table 4.1. The purpose of this study is to measure the force
sensitivity in a purely mechanical fashion, overcoming approximations and consequently improving
reliability. The MEMS offers a platform for calibrating and measuring the force sensitivity of the 2D
material resonators.

Device E Os ki Vinax Frmax Oavg €avg S
(GPa)  (GPa) (N/m) (V) (uN) (MPa) (x107%) (pN/Hz)

D3 160 [105] 169 41281 30 4256  27.50 1.718 6.7
D4 150 [109] 1991 37756 60 17025 11273  7.515 60
D5 430 [102] 25 37310 12 6.81 13.08 0.304 170
D6 103 [111] 37958 12 6.81 4.49 0.435 -20

Table 4.1: Sensitivity characterization of 2D material resonant force sensors. Young’s modulus E, strength o5 adapted from [117],
membrane stiffness k;;, maximum applied experimental voltage Viax, maximum applied force when neglecting the increased
capacitance with decreased plate distance Fmax = Fcq(Vmax, 0), average stress at Frax Oavg, average strain at oavg €avg, and
sensitivity (S).

4.2. Extracting stress and strain using a static approach

This section delves into the stress and strain by assuming that the 2D material membranes are in a flat
configuration. This will help to understand the potential of these devices as an ultra-sensitive force
sensor. Assuming a uniform force distribution, the stress and strain can be approximated. Starting with
the in-plane stiffness of the membranes k,:

k, = E@t (4.1)

The values for k,, can be found in Table 4.1. From this table, it can be seen that k,, is much greater than
k.q, which was measured experimentally at 38.4 N/m (See Appendix A - S2). Therefore, to approximate
the stress in the membranes, the contribution of the counterforce of the comb drive will be neglected
(ky > keq). Furthermore, the force induced by the comb drive can be calculated with (see Appendix B):

A 1 1
Fea(V,x) = =20 V2

2 \(di—x? (dr+2) 2

Where A is the overlapping area between the comb drive fingers (A=1.5x10""m?), ¢ is the vacuum
permittivity (ep = 8.854 x 10712Fm™1), d is the distance of the smallest gap (d1 =2 pm), d5 is the distance
of the biggest gap (d1 =4 pm). When a small displacement is assumed x = 0, Fq can be simplified to:

Feq(V,0) = 4.729 x 1078 V2 (4.3)
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Now, since the contribution of k.4 is neglected, the force in the comb drive actuator is approximately the
force in the membrane. Therefore, the stress can be approximated:

F
Oavg ~ %/ (4.4)

Where Fax is the force at Feq(Vimax, 0). Finally, the average strain in the membrane €ayg is:

o
€avg ¥ %/ (4.5)

Table 4.1 contains an overview of the derived gavg and €ayg for devices D3-D6. For these formulas, the
literature values for E were used, as cited in the table. Note that these values only hold under the
conditions that the membranes are flat. It is of interest to compare the results of the dynamical model
with the force balance. For device D5, it can be observed that from the dynamics, o and € was = 0.08
MPa, and 0.06, respectively. In contrast to the static values found of 13.08 MPa and 0.304 x 10%. The
high strain values and the pull-in of device D5 near the MEMS pull-in suggest that the observed stiffness
of the membrane was much lower than expected from a flat configuration.

4.3. Measuring piconewton forces

2D materials could be used as a new type of resonant force sensor. When a force is applied to the
membranes, this changes its pretension. This is similar to tuning a guitar string, which changes in
frequency when tuned. This section examines the sensitivity of the membranes when an external force
of the comb drive is applied. It is assumed that the membranes are flat, so the effect of x on the comb
drive force in the voltage range is negligible (note the low strain values in Table 4.1). Therefore, equation
(4.3) estimates the exerted force. Furthermore, the comb drive stiffness is neglected since k;;, > kcq.

Figure 4.1 plots Fq(V, 0) versus the f — fmin for devices D3-D6. Where fuin is the minimum frequency
measured. This shows the sensitivity of the devices based on the exerted force. It can be observed that
device D3 is the most sensitive, with a sensitivity of 6.7 pN/Hz (see Fig. 4.1(a)). Device D4 in Fig. 4.1(b)
shows the largest force range of about 150 pN; this range could be much higher since this device was
not strained to its ultimate limits. It is worth noting that the sensitivity of this device is changing. The
device is more sensitive within the 0 to 0.5 MHz range (smaller slope). This was also noticeable in the fy
vs. V4 graph in Fig. 3.2(b). Device D6 shows the opposite sensitivity where the induced force reduces
the frequency (see Fig. 4.1(d). Although the comb drive forces were approximated (assuming x = 0),
these 2D materials show the potential to measure forces very accurately.
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Figure 4.1: Approximation of the force F.4(V, 0) versus the change in resonance frequency with the sensitivity fit in pN/Hz. a)
Device D3. b) Device D4 ¢) Device D5 d) Device D6

4.4. Discussion

This study explored the potential of 2D material resonators for ultra-sensitive force sensing, poten-
tially surpassing commercially available silicon-based devices. Using a MEMS actuator, the study
benchmarked force sensitivity across 2D materials.

In a flat configuration, the stiffness of the flakes (x40 kN/m) greatly surpassed the comb drive
stiffness of 38.42 N/m (see Appendix A - S2). Hence, the comb drive stiffness was neglected. It
was assumed that the MEMS shuttle did not move much axially within the experimental voltage
range, so the force of the comb drive at zero displacement was approximately equal to the force at
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non-zero displacement. For instance, device D4 was assumed to displace 0.75 nm in-plane (x = €ayg L).
Neglecting x yielded a force of 170.25 uN (F.4(V, 0)), while including x = 0.75 nm resulted in 170.44 pN
(Fea(V,0.75nm)). However, these stiffness calculations significantly exceeded the observations in the
experiments. For example, device D5 should have moved only 0.03 nm (x = €ayg L). However, at around
14V, it exhibited a pull-in, moving 2 um. This might be the effect of wrinkles as observed in Fig. 3.1(c2),
which emphasizes the importance of understanding pre-deformations.

This also shows that the assumption of a flat membrane and thereby neglecting x in the calculation
of the comb drive force is not very precise for the devices that show a clear displacement of x such as
device D5. Since a reduction in the plate distance of the comb drive actuator, increases the capacitance
and thereby the exerted force (see Appendix B). For further studies, it would be advisable to measure the
capacitance using an LCR measurement to determine x experimentally thereby increasing the validity
of the results.

Comparing the estimated stress values in Table 4.1 with the ultimate tensile strength is of interest.
These values are much lower than the ultimate tensile strength, giving them a competitive advantage
over Si-based sensors with lower yield strength[118].

The sensitivity of the devices could be improved by making them more responsive to external forces.
When neglecting bending rigidity, fj is proportional to vo (Eq.(3.1)), and the membrane’s cross-section
determines this tension. Therefore, the sensitivity can be further improved by reducing the cross-section
of the devices (see Eq. (4.4)). It would be valuable in future studies to investigate the ultimate sensitivity
limit of 2D material resonant force sensors at the monolayer.

The observed variations in sensitivity among the devices in Figure 4.1 can be attributed to several
potential factors. These factors include (i) differences in the effective width in contrast to the actual
width of the devices, (ii) variations in device height, (iii) differences in surface topography, (iv) potential
pre-deformations, (such as a pre-existing 4 pm deformation in device D5), and (v) the occurrence of
buckling resulting in a reduction in fy with respect to the applied force. These factors can significantly
impact device sensitivity, leading to diverse performance characteristics.

There are minor variations observable from the sensitivity fit in Fig. 4.1, possibly due to hysteresis
or unwrinkling in some devices. This hysteresis can be caused by slipping over the silicon surface
before the clamping points [64] since the clamps were placed a few microns before the cavity to avoid
contaminating the membranes. Additionally, the accuracy of the f, measurements may be limited due
to the precision of the measurements carried out using the VNA [10]. The bandwidth and number of
points were minimized to speed up the measurement process, but this could have decreased accuracy.
Focusing on a smaller interval, increasing the number of data points, and reducing the bandwidth are
recommended to improve the readout accuracy.

4.5. Conclusion

To conclude, this study showed that 2D material resonators have the potential to be ultra-sensitive force
sensors that could outperform commercially available silicon-based sensors. For studying the sensitivity,
2D material membranes were dry transferred on a MEMS device that could strain the membrane in a
purely mechanical way. This approach reached sensitivities of 6.7 pN/Hz, outperforming the sensitivity
of commercially available tension devices by almost two orders of magnitude [96]. In addition, the force
range of this commercially available device is £200 pN [96]. 2D material resonant force sensors could
expand this range since their ultimate tensile strength limits their force range. Therefore, 2D material
resonant force sensors can outperform Si-based force sensors in both force range and sensitivity.

However, the precision of vibration measurements remains a limiting factor [10]. Therefore, improved
readout of the membrane dynamics could overcome these limitations. Also, the sensitivity is affected
by pre-deformations such as wrinkles and even buckling which impacts the expected behavior.

Future studies could focus on finding the ultimate sensitivities of these materials, such as the
sensitivity of narrow monolayer 2D material membranes. In addition, the tradeoff between sensitivity
and force range can be examined. Finally, future studies could improve the readout and the individual
effects that play a role in the fluctuations of the resonance frequency, such as heating induced by the
measurement.
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Conclusion and outlook

This chapter summarizes the key findings of the thesis, presenting the most important conclusions. Furthermore, it

provides an outlook highlighting open research questions, offering promising directions for future studies of 2D

resonators.
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5.1. Conclusion

This thesis examined the dynamics and dissipation dilution of 2D material resonators under MEMS-
induced tension. The study established in situ tuning of 2D material resonators to tune the Q-factor
and resonance frequency. The results proved that this tuning aligns with dissipation dilution models
for nanomechanical resonators. By adjusting the in-plane tension, it is shown that the Q-factor can be
increased by 91% with a simultaneous 30% increase in resonance frequency fy. A dry-transfer technique
was used to precisely place membranes on the MEMS device within a 350 pm diameter contact area to
enable the experiments.

A clamping technique was developed using EBID to prevent slippage when tuning the 2D material
resonators. The clamping method was tested and found to be effective as an unclamped membrane
showed a significant permanent loss in f in comparison to a clamped 2D material resonator under
MEMS-induced tension. Even when a substantially higher force was applied to the clamped 2D material
resonator.

Moreover, the dynamics and topography of the 2D material resonators were studied under MEMS-
induced tension with the aim of characterizing Young’s modulus and understanding pre-deformations.
Scanning electron microscopy (SEM) and white light interferometry were used to study the topography of
four devices, D3-D6, after fabrication. This revealed the influence of wrinkles, bumps, pre-deformations,
and asymmetrical strain fields on the dynamics of the resonators. It was shown that the assumption of a
flat membrane is unsuitable for probing the material characteristics from a pre-deformed membrane,
particularly in buckling scenarios where the out-of-plane stiffness of the membranes cannot be neglected.
Therefore, a new model was developed based on a buckled beam model, incorporating the reduction of
out-of-plane stiffening when the membranes were strained in situ. Interestingly, it was found that under
the influence of axial strain, fy of a buckled resonator decreases when the out-of-plane deformation

is above /4/21t and increases when it is below it. This revealed the competition between in-plane
stiffening and out-of-plane stiffening. Both models could not accurately probe Young’s modulus from
the dynamics, which is likely due to inaccurate assumptions of the membrane topography leading to
inaccurate predictions of the strain in the membrane. This might be overcome by probing the uniaxial
displacement of the shuttle experimentally, for example, by an LCR measurement.

It was also shown that 2D material resonators can be used as ultra-sensitive force sensors reaching
piconewton sensitivities, surpassing the sub-micron resolution of silicon-based sensors. By in-plane
straining the 2D material membranes, sensitivities of 6.7 pN/Hz were achieved, significantly outper-
forming commercially available tension devices by nearly two orders of magnitude. This paves the way
for fundamental research on biological systems, such as the binding forces between molecules (F =
20pN), crucial in understanding tumor progression and tissue formation. In addition, the force range of
these tunable 2D material resonators is limited by their ultimate tensile strength, providing a broad
force range in comparison with their silicon-based competitors. However, the precision of the readout
of the dynamics remains a limiting factor in the resolution.

These findings, along with a better understanding of the impact of pre-deformations, pave the way
towards developing higher-Q 2D material resonators that could be used in piconewton force sensing,
time-keeping, and information processing, potentially outperforming state-of-the-art SiN devices [118].

5.2. Outlook

Experimentally tuning 2D material resonators by MEMS-induced tension has opened up new possibili-
ties for Q-factor tuning and ultra-sensitive force sensing. Additionally, it has revealed the complexity
of pre-deformations in dynamic material characterization. It is clear that the experimental research
conducted in this thesis represents a small step forward in understanding the complex dynamics of 2D
material resonators. The following open research questions provide promising directions for further
study:

Understanding the individual factors contributing to the Q-factor

The research paper provides evidence of dissipation dilution in nanomechanical resonators. However,
the larger picture of all the individual factors contributing to damping and its temperature dependence
remains unclear. Various factors such as clamping, thermoelastic dissipation, collisions with gas
molecules, surface roughness, and adsorbates on the substrate all contribute to the Q-factor [8, 79]. How
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can one quantify these individual factors and determine their dependence on the geometry and material
of the resonator?

Exploring the limits of dissipation dilution in 2D material resonators

While dissipation dilution has been proved to boost the Q-factor of 2D material resonators by 91%,
its Q-factor is still much lower than that of SiN resonators, where Q-factors of over a billion have
been reached [118]. SiN resonators are currently limited due to ultimate tensile strength limitations
[119]. However, 2D materials may overcome this limitation as they have been found to have higher
tensile strength numbers [25]. It's worth noting that this thesis didn’t subject 2D materials to their
strain limits. Therefore, the question remains: what is the ultimate Q-factor enhancement that can
be achieved by dissipation dilution in 2D materials, and can they surpass SiN nanomechanical resonators?

Improving the material characterization by experimentally measuring the in-plane displacement
The dynamical models from Section 3 were unable to measure E accurately. This might be caused due to
inaccurate estimations of the uniaxial displacement of the shuttle. To make these models more accurate,
the uniaxial displacement of the shuttle could be directly measured with an LCR measurement. Can
the material characterization using MEMS-induced tension be improved by measuring the uniaxial
displacement of the shuttle experimentally?

Understanding the effect of asymmetric pre-deformations on the Dynamics of 2D resonators
Bumps, wrinkles, and pre-deformations were observed when examining the membranes using white
light interferometry. These irregularities appear to affect the strain fields of the membranes, causing
them to be asymmetrical when strained. How are these pre-deformations affecting the dynamics of the
membranes and their vibrational mode shapes?

Optimize the fabrication process to limit imperfections

Observations have highlighted irregularities like asymmetrical membrane positioning or surface im-
perfections such as bumps and wrinkles, leading to unexpected behaviors like edges bulging upward
during axial straining. Processes like exfoliation, membrane transfer, wire bonding, annealing, and
clamping potentially influence the geometry of the membrane. Understanding how each step in this
process shapes the final geometry is crucial. What factors contribute to the flake’s final topography, and
how can the manufacturing process be optimized to minimize imperfections?

Exploring the effects of width and thickness in the buckling model

The developed dynamical model based on the concept of a buckled beam is a first step towards a
better understanding of pre-deformed resonators. It is worth examining the impact of the width of
the membrane, as the flexural rigidity of a beam tends to increase with its width. This is due to the
suppression of in-plane dilation accompanying axial strain, making a plate stiffer compared to a beam
[116]. How does the width of the flake impact the stiffness of the membrane? What happens in the
monolayer limit when the bending rigidity is no longer determined by interlayer interactions but by
intra-monolayer interactions [120]?
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S1. Fabrication of the device

We fabricate the devices in several steps. First, the MEMS are manufactured by the com-
mercially available XMB10 process. This is followed by the transfer of the membranes on the
MEMS using a custom-made PDMS stamp with PPC film. Then, the devices are mounted
on a PCB carrier and wire-bonded. Additional short-circuit bonds are added on the edge of
the PCB carrier to prevent electrostatic charging. The next step involves the removal of the
PPC film from the chip using annealing. Finally, the membranes are clamped using EBID,

and the short-circuit bonds are removed. This section describes each step in more detail.

1.1 Preperation

The membranes are strained in situ using MEMS devices. These devices are manufactured
by the commercially available XMB10 process,? which involves Deep Reactive Ion Etching
(DRIE) to create a bottom cavity wafer with a gap of 50 pm and a membrane wafer of 15
pm. These wafers are then fusion-bonded with a 0.6 pm Si0s in between the wafers to form

the MEMS device (see Fig. 1).

U J
fl I

-

N

Figure 1: MEMS device layout. Scale bar: 50 pm

Next, we produce a PPC film by dissolving PPC pellets
(|[CH(CH3)CH20COs],,) in anisole (C;HgO) with a 15/85 ratio. This dissolution process is

achieved using a magnetic stirrer at 50 degrees Celsius for 2 hours. Subsequently, microscope
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cover slides are cleaned with isopropanol, and a droplet of the PPC solution is carefully placed
at the center of each cover slide. To ensure even coating, a spin coater is used to uniformly
spread a thin layer of the PPC solution over the entire surface of the cover slide (see Figures
2(a)-(d)). The slides are left to air-dry for seven days to complete the PPC film preparation,
allowing complete evaporation of the anisole solvent. Finally, a custom dome-shaped PDMS
stamp is produced for precise pick-and-place of the 2D material membranes. A mixture of
87% PDMS resin and 13% curing agent is mixed and dispensed as a droplet onto a microscope
slide to make the stamp. The slide is then inverted and placed into a vacuum chamber for
one hour to remove microscopic air bubbles. Afterward, the stamp is left to air-dry for 24
hours, forming a small dome on the surface. The final step is to cover the PDMS stamp with

the PPC film, illustrated in Figure 2.
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Tape window
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Figure 2: Preparation of the stamp for the transfer procedure. a) Solution of 15/85 mass
ratio PPC granulate to anisole solvent b) Droplet of the PPC solution on a microscope
cover slide c¢) Even distribution of the PPC solution over the cover slide after spin-coating
d) Tape window attached to the PPC layer of the cover slide e) Transferring the PPC film
to the dome-shaped stamp f) PDMS-dome shaped stamp covered with a PPC film ready for
stamping.

1.2 Transfer of 2D Materials on MEMS

Transferring 2D materials onto the suspended shuttle of the MEMS poses significant chal-
lenges. Conventional transfer methods, including viscoelastic stamping techniques,® have
proven unsuitable for this complex task. To address this limitation, we present a novel trans-
fer method utilizing a sacrificial PPC layer, later removed through an annealing process. In
our approach, rectangular-shaped flakes were selected through traditional exfoliation meth-

ods* and placed onto a rectangular square of polydimethylsiloxane CH3nSi(CHjz)s (PDMS)
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(see Figure 3). PDMS was chosen based on its transparency and adhesive properties.

(a) (b) (c)

Scotch tape Q
/
Bulk 2D Material i y ?
PDMS [ ——

Glass slide | | | I I

Figure 3: Schematic representation of the mechanical exfoliation of 2D materials on a PDMS
substrate.

Next, we used a dome-shaped stamp, which was prepared in the first stage to transfer
the membranes. This stamp was carefully positioned above the desired flake on the PDMS
substrate (see Figure 5). By gently bringing the stamp with the PPC layer in contact
with the 2D material, we exploited the higher adhesion of PPC in contrast with the PDMS
substrate, which caused the flake to adhere to the stamp with the PPC layer (see Figure
5(b)-(c)). This approach is similar to the technique introduced by Kinoshita.®

Next, the dome-shaped stamp with the 2D material was carefully positioned above the
desired location on the MEMS and brought into contact. The MEMS device was then
heated to 105°C', maintaining contact for approximately 5 minutes until the PPC layer
started to melt (see Figures 5(d)-(e)). Afterward, the stamp was gradually removed, leaving
the sacrificial PPC layer adhered to the MEMS device with the 2D material beneath it. The
device was cooled to room temperature, completing the transfer procedure (see Figure 5f).
An example of a die with MEMS after the membrane transfer can be found in Figure 4b.

The presented method offers several distinct advantages. Notably, it allows for precise
pick and place of flakes within 350 um diameter, enabling accurate and controlled placement
of multiple flakes onto a single chip (Figure 4b). Furthermore, the sacrificial PPC layer
effectively accommodates transfer onto suspended and delicate MEMS components. More-
over, this transfer method is entirely dry, eliminating the need for wet chemistry commonly
used with fragile parts.%® This is especially beneficial for parts susceptible to surface tension

forces, such as the comb drive.
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Figure 4: Device after transfer of 2D materials using a sacrificial PPC layer. a) [llustration
of the device with the 2D material membrane beneath the PPC film b) Devices after transfer
of three membranes onto a single die. Scale bar: 10 pm
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Figure 5: Procedure for transferring a 2D membrane to a substrate using a sacrificial PPC
layer. a) Positioning the stamp above the membrane of interest b) Lower the stamp such
that the membrane adheres to the PPC film of the stamp ¢) The membrane is removed from
the PDMS d) Position the stamp above the cavity e) Making contact with the MEMS for
about 5 minutes at 105°C' until the PPC layer starts to melt onto the MEMS f) Removing
the stamp from the MEMS and cooling it down to room temperature.

1.3 Carrier Bonding Procedure

The silicon die containing the MEMS is secured onto a chip carrier using a combination of

silver paste and a droplet of super glue applied on one side of the chip. This gluing ensures

6
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a secure die attachment to the PCB carrier, essential for the wire bonding (see Figure 6¢).
Subsequently, wire bonding is performed to establish electrical connections between the
MEMS and the carrier chip. A TPT HBO5 wire bonder is used for this purpose, using a
25nm golden wire. For the initial ball bond, we select US, Time, and Force, 100, 200, and
10, respectively. For the second wedge bond, we select US, Time, and Force, 125, 200, and
15, respectively. Also, the stage is heated to 120 °C before bonding. During the bonding
process, the PPC film plays a crucial role in effectively holding the 2D material in place,
preventing the membrane from slipping (see Figure 6(a)-(b)). As a precautionary measure,
both sides of the comb drive fingers are short-circuited to prevent charges from accumulating
over the comb drive, which could cause unwanted movements during fabrication. The short
connection is created with two extra wire bonds to the edge of the PCB carrier (see detail

view in Figure 6c).

(@)

-

PPC film
|
| ¥

e~ OO
Q\ B \ﬁ, 2} P |

Short connection

I~ Temporary short circuit wires

Figure 6: Device connected to a PCB carrier after wire bonding a) Illustration of the device
with PPC film preventing the membrane from slippage during wire bonding b) Detailed view
of wire-bonded MEMS. Scale bar: 50 pm ¢) Silicon die containing MEMS wire bonded on a
PCB carrier, including a detailed view of the short connection wires. Scale bar: 1000 pm

1.4 Annealing

In the mechanical transfer step, the 2D material is placed onto the cavity of the MEMS
using a sacrificial PPC film. The annealing step ensures that the PPC residue is removed

from the MEMS. During annealing, the chip mounted on the PCB carrier is inserted into a
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high vacuum oven operating at a pressure below 107° mbar. The annealing is conducted at
300°C for 3 hours to ensure that all polymer contamination from the transfer is removed.
Notably, this annealing temperature exceeds the highest reported thermal decomposition
temperature of PPC of 278°C, ! effectively removing any residual PPC while being signif-
icantly below the thermal thresholds of other materials on the chip. To prevent unwanted
reactions, the vacuum oven is thoroughly flushed with Argon before the annealing process.
This creates an oxygen-free environment, preventing potential interaction between PPC and

oxygen molecules during annealing. '*!3 Figures 7(a)-(c) show the removal of the PPC film

after annealing.

(@) (b) (©)
\ l

2D membrane

4

~ Temporary short circuit wires

Short connection

Figure 7: Device after the annealing process. a) Illustration of the device after annealing (the
sacrificial PPC layer is evaporated) b) The wire-bonded MEMS after annealing. Scale bar:
10 pm ¢) The silicon die including the MEMS attached to the PCB carrier after annealing
for 3 hours at 300°C'. Scale bar: 1000 pm

1.5 Electron beam induced deposition (EBID)

To prevent slippage of the 2D material when subjected to tensile forces surpassing the Van
der Waals adhesion forces during the experiment, a protective layer of approximately 130nm
thick platinum is carefully deposited on both ends of the 2D material. This deposition is
conducted through electron beam-induced deposition (EBID) to ensure precise control over
the added layer. For this purpose, the FEI SEM Helios G4 CX system with a gas injection

system (GIS) is used, operating at 10kV and 11nA. We deposited the platinum layer with an
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offset from the suspended area to avoid contaminating the membranes during EBID. Refer
to Figure 8 for an illustration. Applying this platinum protective layer provides a secure and
reliable anchoring mechanism. The deposited platinum layer is a robust measure to firmly
hold the 2D material, effectively preventing any undesirable slippage during the experiment.
This essential precaution ensures the repeatability and accuracy of the experimental results,
allowing for confident analysis of the 2D material under controlled conditions. In Figure 8b

and Figures (c)-(d), the device is shown before and after EBID, respectively.

() (b) (c)
Electron beam

Before EBID After EBID

Figure 8: Electron beam induced deposition (EBID) procedure for clamping the membrane.
a) Illustration of EBID b) Optical image of device D5 before EBID. Scale bar: 10 pm. c)
Optical image of the device after EBID. Scale bar: 10 pm. d) SEM detailed view of the
platinum clamps holding the membrane of device D5 in place. Scale bar: 10 pm.

1.6 Removing short circuit wires

Prior to testing, the short connection added to prevent charges from accumulating over the
comb drive during electron beam exposure needs to be removed (Figures 7(b)-(c)). These
additional bonds placed on the PCB carrier’s edge are carefully removed under a microscope

using a thin tungsten needle and tweezers.
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S2. MEMS stiffness characterization

2.1 Back-of-the-envelope calculation

To accurately determine the in-plane displacement of the shuttle, it is essential to know the
system’s stiffness. Four non-uniform serpentine flexures support the shuttle of the comb
drive. The serpentine flexure has the following dimensions: one beam of L; = 79um, one
beam of Ly = 68um, two beams of L3 = 58um, two beams of Ly = 48um and two beams of
Ls = 38um (see Figure 9b). Each beam has a width (w) of 2um and a height (h) of 15um.
The Young’s modulus (E) of the silicon flexure is 169GPa.

(@) (b)
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Figure 9: (a) Schematic representation of a single bent beam (b) Dimensions of non-uniform
serpentine flexure
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The stiffness of a single non-uniform serpentine flexure can be approximated by separating
the flexure in a series of beams and calculating the stiffness of each beam individually, see

Figure 9 and Equation 1.

5 _PL
TR
. ja (1)
3
w
ki = Eh

Then, the stiffness of the flexure can be estimated by summating the individual beam stiff-

nesses as a series of springs (k; to ks). This neglects the contribution of the connecting side

10
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beams, which is assumed to be low. Following Equation 2, &, is calculated to be 13.3 N /m.
Since the system consists of four flexures in parallel. The stiffness of the comb drive is four

times the stiffness of a single flexure; thus, keq = 53.1N/m.

2.2 Computational study of comb drive stiffness

A04

(3) (b)

Figure 10: Comsol Multiphysics study (a) Shuttle displacement with an applied load of
F =20uN (b) Direction of the applied load on the shuttle

A computational study was conducted using COMSOL Multiphysics. Within this analysis,
a force of 20 uN (F) was exerted at the endpoint of the shuttle, directed along the axis of the
narrowest gap of the comb drive, see Figure 10b. This force induced a displacement of 0.4
pm (Ax) in the shuttle’s position (see Figure 10a). By employing the relation k.q = F'/Ax,
the inherent stiffness of the system can be determined, yielding k.q = 50N/m. Notably,
the determined stiffness value is marginally lower than the estimate from initial back-of-the-

envelope calculations. This difference arises from including the whole flexure geometry in
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the numerical simulation, including the interconnecting beams. This factor contributes to a

minor reduction in the overall stiffness of the device.

2.3 Determining comb drive stiffness experimentally based on pull-in voltage

When voltage is applied over a capacitance, the electrostatic force will work to reduce the
gap between opposing plates. At small voltages, the electrostatic force is counterbalanced
with the spring force; however, when the voltages are increased, the plates will eventually
pull in. Since this specific pull-in voltage is determined by the stiffness of the springs of the
comb drive, it is an effective way to experimentally determine the stiffness of the comb drive
based on the pull-in voltage for an empty device. The force acting on the movable shuttle
can be derived by Equation 3.
Aeg

1 1
Fss: c_kcx: - VQ—ICCJZ' 3
Yy d d 2 ((d1—$)2 (d2+$)2> d ( )

When the system is in equilibrium, the electrostatic and spring forces cancel each other.
The shuttle is stationary in this case and Fyy = 0. This leads to equation 4. This equation
can be used to calculate the shuttle position x as a function of voltage. Above the pull-in
voltage (Vpr), Equation 4 has no solutions. The pull-in point can be obtained by examining

the stiffness of the system, which can be obtained by Equation 5.

2 \(dy—x)® (dy+2)
OFys 1 1
_y:AEO( - — 3> V? — ke (5)
Ox (dy — ) (dy + )
When there is no voltage applied to the system, Equation 5 is % = —kcq; however, when
V is increased, the stiffness will become less negative. At the pull-in point, agzys = 0; hence,

this point can be used to calculate the pull-in voltage for a certain stiffness k.q. The stiffness

around the equilibrium point can be obtained by first solving Equation 4 for V2, and then
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plugging in this solution into Equation 5. Eventually, when setting % = 0, the equation

can be solved for the shuttle displacement x, hereby obtaining the position where pull-in

occurs T = Xpr:

2 di —3ady + (dy — dy)?
$PI:a +3ad; 380;2—1—(1 2) (6)

with:

1/3
o= (4 \/(d12 —d?)! (52 +6didy+5dy%) +5dydo® —5di2dy — 9d,® + 9d23>

Finally, knowing the unstable point x purely based on the spacing of the comb fingers, one
can determine either the pull-in point for a given k.q with Equation 7 or the stiffness of the

comb drive with equation 8.

Ae 1 1
kcd: 20 ( 5 2> VP21 (7)
r \(dy —zp1)” (d2+ wpy)

AEO < 1 1 >
Vo — _ 8
o \/293de (= wp1)*  (do + xpr)” ¥

Results The pull-in test has been conducted for devices C8M1 and C8M4; both devices

have a completely torn flake, so there is no stiffness contribution to the membrane. For
the proceeding calculation of the devices that are not experimentally tested on stiffness, the
average of devices C8M1 and C8M4 will be used (see Table 1), which is 38.42 N/m. The

pull-in voltage is approximately 13.5 £+ 0.5 V.

Table 1: Experimental stiffness characterization

Device Voltage Stiffness
C8M1 13.89+0.04 V 41.0740.23 Nm™*
C8M4 1296 +0.06 V. 35.76 - 0.33 Nm™*
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S3. Dissipation dilution model

Membranes can build up much potential energy when the vibrational deflection has to work
against the high lateral tensile stress,! leading to dissipation dilution. The tensile stress of

the membranes is incrementally increased using a comb drive actuator. By definition, the

quality factor of a membrane subjected to tensile stress can be described by: '6:17

Wtension + Welongation + Wbending

9
AVVelongation + AWbending ( )

Q =2

Where Wiension 18 the stored elastic energy required to deflect the membrane against the
tensile force, Weiongation and Whending 18 the stored energy due to elongation and bending,
respectively. Finally, AWeongation and AWhpending are the lost energy due to elongation and
bending. When the stored tensile energy dominates the mechanical behavior for highly
stressed membranes, the elongation and bending energies become negligible (Wiepsiie >

Welongation + Whending ). Moreover, when assumed that the intrinsic damping is equal for both

— 27_‘_ Wclong;ation — 27_(_ Wbending

the elongation and bending, such that Qciongation I A—— Qbending T —

we can derive the expression for a highly stressed membrane as Q) ~ aqgq - Qintrinsic, where agq

is the dilution factor, namely:

-1

Wbending Welongation
+ . (10)
Wtensile Wtensile

Qdq =

When the membranes are strained, the stored tensile energy Wicpnsile in the resonator increases
while the energy stored in bending and elongation remains identical.® Therefore, the damp-
ing dilution factor becomes larger with increased strain. This increase in the stored tensile
energy ‘dilutes’ the intrinsic losses Q;,, resulting in a higher Q).

For unstrained membranes, the resonance frequency depends on the thickness of the flake.
For very thin membranes (= 1 to 5 layers), the resonance frequency is dominated by the
initial pre-tension in the membrane fiyem.'® In contrast, relatively thick membranes (>~ 15

layers) follow the expected dynamics for plates fpate, which depend mainly on the geometry
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of the membranes.!® In the cross-over regime, between pre-tension dominated and bending
rigidity dominated, the fundamental resonance frequency of a membrane subjected to strain

can be estimated by fo = y/f2em + flae " and the quality factor by due to dissipation
dilution by:2°

2
Qp ~ ('fmem’ 1) % (11)

|fpla‘ce|2

Where F; and FE, represent the dynamic modulus at a certain frequency by F = FE; +
iy, 11721 with F; being the storage modulus and F, being the loss modulus. Assuming
that F; and Fy do not change much with frequency, we can approximate F;/Fy ~ Qint.
Since the membranes are relatively thick and dominated by the bending rigidity, and fpiate
does not change with strain, we can assume that fy equals fpate when the membranes are

unstrained (Voq = 0V)). Therefore, foate = fo(0 V). The dynamics can be described by

fo =1/ [2m + flase- This simplifies Equation 11 to:

2
QD%( Jo > Qin (12)

f plate

It can be seen that when f; increases due to straining the membrane (fy oc V?), the increase

in fy dilutes the intrisic dissipation losses and therefore enhances Q.
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S4.

Device measurements

(a)

[le]

N
T
Unclamped
7.8
-15 15
Vcd (V) Ve, (V)

Figure 11: Comparison of the resonance frequency (fy) versus the comb drive voltage (Viq).
Fq indicates the pulling direction of the suspended shuttle by the comb drive actuator. Scale

bars:

10 micrometers. a) Unclamped device D2, V.« = 12 V, false-colored optical image

(blue: 2D membrane) b) Device D4 clamped with a platinum layer using EBID,V,,.x = 60
V (blue), false-colored SEM image (blue: 2D membrane, pink: platinum clamps)
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Appendix B

Electrostatic force exerted by the
comb drive actuator

A MEMS actuator is used for straining the membranes. This actuator consists of a comb drive with
asymmetrically spaced teeth; one set is movable, and the other is stationary. Due to the difference in
spacing, the electrostatic forces work in opposite directions. The shuttle will ultimately move toward
the smallest gap (d1). The force induced by the comb drive can be approximated using parallel plate
theory as follows:

Feg = —3—;[ (B.1)

u %CVZ %%W (B.2)

Fear = % - _a(dla —x) 2(26—0 x)V2 B 2(26—0x)2 v ©)
Feap = % =3 di 53 (zei V= Z(d‘:iox)2 V2 (BA)
Feqi=Feqq —Feapi= Ac ! L V2i (B.5)

2 \(d1 -0 (dy+2)

Where A is the overlapping area between the comb drive fingers (A=1.5x10"m?), ¢y is the vacuum
permittivity (ep = 8.854 x 10712Fm ™), d; is the distance of the smallest gap (d; =2 pm), d, is the distance
of the biggest gap (41 =4 nm) and x is the absolute movement in the direction of the smallest gap.
Equation (B.5) can be used to calculate the force exerted by the comb drive. It can be noticed that the
force between d; (F.q,1) gets greater when the shuttle moves, in contrast to the force between d; (Feq,2)
that gets smaller.
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Appendix C

Critical pre-deformation for buckled
membranes

Figure C.1: Schematic illustration of the buckling model

In Fig. 3.2(d), an initial decrease in fy was observed with applied comb drive force. This can only hold if
dkesr/ON < 0. This expression can be evaluated by substituting u from Eq. (3.9) and z from Eq. (3.8).
Such that:

n 2 nzo\2 2 n? _m'EAz] 1 2
keit = 2E1= + EA —+EA(—) NIy ) C1
off B 0oL 2 ) 2037 2L T T16l3 \1+ N/Np 1)

Now taking the derivative dkeg/JdN, leads to:
ket T 14n*EAz]
ON 2L 16NuL3(1+N/Np)*’

The expression becomes negative if N is 0 and zg is above a critical value (z > z.). The critical value is
calculated by setting dkeg/dN = 0. The determined critical value is:

AN, L2
=4 — C.3
=\ 7r2EA (©3)
Knowing that Nj, = 4r?EI/L2, 1 = Wt3/12 and A = Wt Eq. (C.3) can be simplified to:

Ze = \4/21¢ (C4)

To conclude, in case zp > +/4/21t, an initial decrease in f; is expected. For completeness, a schematic
representation of the model can be seen in Figure C.1.

(C.2)
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