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Abstract

The mechanical, electrical, and thermal properties of two-dimensional materials such
as graphene depend strongly on their applied strain and on the out-of-plane wrinkles
and defects present in freestanding membranes. Quantifying the relationship between
strain and structure requires applying a controlled load to a sample while simultane-
ously imaging it at high resolution, which is only achievable with a tensile stage small
enough to operate inside an electron microscope. This thesis characterizes two such
microelectromechanical (MEMS) devices, both designed for in-situ TEM tensile testing
of micro- and nanoscale samples: an electrostatic device based on a comb-drive actu-
ator, and an electrothermal device based on chevron thermal actuators. Both apply a
uniaxial strain to a sample mounted across a gap and sense the resulting force through
a capacitive comb structure. For each device the actuation, sensing, and operational
limits were described analytically as functions of geometry, material properties, and
actuation input, and the models were compared against experimental measurements
obtained through SEM imaging, Raman thermometry, and capacitive readout. For
the electrothermal device, a four-parameter model was fitted jointly to displacement
and temperature data and reproduced both datasets well, with each fitted parameter
retaining a physical interpretation. For the electrostatic device, the predicted pull-in
displacement of 0.61 um, shown analytically to depend only on the initial comb geome-
try, was confirmed experimentally, while the capacitance measurement was dominated
by parasitics and could not be resolved. Two production-related effects shaped the
results: the omitted molybdenum conductive layer, which caused the surrounding
chip to heat substantially during thermal actuation, and incomplete deep reactive-ion
etching, which restricted functional testing to the 5um devices. The two devices are
found to be complementary rather than competing, each covering part of the intended
measurement space, and the most impactful improvements for future work are identi-
fied as incorporating the molybdenum layer, fabricating functional 20 um devices, and
measuring the etched sidewall geometry directly.
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Introduction

Graphene and other two-dimensional materials combine atomic thickness with excep-
tional mechanical, electrical, and thermal properties, making them attractive candi-
dates for applications ranging from flexible electronics to next-generation sensors [1],
[2], [3]. In a freestanding membrane, however, these properties are not governed by
the ideal lattice alone. Out-of-plane wrinkles and corrugations, which are thermody-
namically unavoidable at finite temperature [4], together with grain boundaries and
other topographical defects, strongly influence the effective stiffness, carrier mobil-
ity, and resistivity of the material [5], [6]. As these features progressively flatten and
rearrange under applied strain, the mechanical, chemical, and electronic properties
of the membrane change with it [7]. Knowing the stress-strain characteristics could,
for example, help replace the comb arrays of capacitive MEMS accelerometers with
suspended graphene membranes [8], [9].

Establishing this relationship requires measuring the mechanical response of a sam-
ple while simultaneously observing its structure, which conventional tensile testing
cannot provide at this scale [10]. The required forces fall in the micro- to millinewton
range and the displacements in the micro- to nanometre range, below the resolution of
macroscopic load frames, and the deforming structure must be imaged at near-atomic
resolution as it is strained. In-situ Micro Electro Mechanical Systems (MEMS) address
both needs at once: co-fabricated tensile stages, small enough to fit inside an electron
microscope, integrate on-chip actuation and force sensing and enable mechanical
loading and high-resolution imaging to be performed together [11], [12].

An in-situ tensile MEMS device must generate a controlled displacement or force on a
mounted sample, and measure its resulting straining, all within the confined geometry
and vacuum environment of an electron microscope. Different actuation principles
trade off force, displacement, speed, and complexity against one another, and no single
approach is optimal across the full range of samples of interest. This thesis examines two
such approaches, developed at Delft University of Technology and DENSsolutions: an
electrostatic device based on a parallel plate actuator, originally designed for measuring
Q-factors with 2D materials, and an electrothermal device based on chevron thermal
actuators. Both apply uniaxial strain to a sample mounted across a gap and both sense
the applied force through a capacitive comb structure, but their differing physical
principles give each a distinct operating range and set of limitations.

The aim of this work is to characterize both devices analytically and experimentally,
to establish their operating ranges and measurement limits, and to compare their
suitability for in-situ tensile testing. The samples used are silicon lamellae, whose
elastic and mechanical properties are well characterized and which therefore serve as a
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validation standard [13], and few-layer graphene membranes as the primary target.

1.1. Thesis outline

This thesis is structured as follows: Chapter 2 introduces the background of in-situ TEM
tensile testing, the relevant MEMS actuation and sensing principles and prior work
regarding comparable devices. Chapter 3 describes the fabrication of both devices,
the resulting structures, including the characteristics and shortcommings as a result of
the fabrication steps. Two device specific chapter follow; Chapter 4 covers the electro-
static device, starting with the analytical characterization of its stiffness, capacitance,
electrostatic force, and operational limits, continuing with the SEM and capacitance
measurements performed. Chapter 5 follows the same structure but revolves around
the electrothermal device, with the analytical model fitted to combined SEM and Raman
measurements and a sensitivity analysis derived from the fitted parameters. Chapter 6
presents the (in-situ) tensile tests performed on graphene and silicon lamellae. Chapter
7 compares the two devices, discusses their strengths and limitations, and proposes
improvements for follow-up research. Finally, chapter 8 closes by summarizing the
main findings and answering the research questions posed in Section 1.2.

1.2. Research goals

The objective of this thesis is to characterize two MEMS devices for in-situ TEM ten-
sile testing of samples: an electrostatic device based on a comb-drive actuator and
an electrothermal device based on chevron thermal actuators. Both devices apply a
controlled uniaxial strain to a sample mounted between the shuttle and a fixed support,
and both measure the applied force through a capacitive comb structure. The two
designs operate on different physical principles and therefore cover different ranges of
force, displacement, and sample stiffness. This work aims to establish the operating
range, accuracy, and limitations of each device, both analytically and experimentally.

The work is guided by the following research questions:

1. How can the actuation, sensing, and operational limits of each device be described
analytically as a function of geometry, material properties, and actuation input?

2. How well do the analytical predictions agree with measured displacement, capac-
itance, and (for the thermal device) temperature, and what production-related
effects must be included to reconcile the two?

3. What strain range, force range, and samples are within both device’s operating
window?

4. What is the smallest sample strain that can be resolved through the capacitive
readout, and how does this resolution depend on actuated state and sample
stiffness?

5. Which of the two devices is preferable for a given sample, and what improvements
would extend their reliability and useful range in future work?

The first two questions are addressed in the theoretical and practical characterization
sections of Chapters 4 and 5, where the analytical models are derived and compared
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against practical SEM, Raman, and capacitance measurements. The third and fourth
questions are addressed in the sensitivity analysis sections of the same chapters, and
combined in the discussion. The comparison and future improvements of both devices
can be found in the discussion chapter, answering the last question.







Background

This chapter introduces the context and prior knowledge needed to understand the
device design and characterization described in the following chapters. Section 2.1
describes the challenges of mechanical characterization at the micro- and nanoscale
and motivates the use of MEMS-based tensile testing, with particular focus on two-
dimensional materials. Section 2.2 covers the operating principles of SEM and TEM and
the constraints these environments impose on any in-situ device. Section 2.3 discusses
in-situ testing and the advantages of combining mechanical loading with direct imag-
ing. Section 2.4 surveys actuation mechanisms used in tensile MEMS platforms and
the available commercial systems. Finally, Section 2.5 shortly introduces the two test
materials used in this work.

2.1. Characterization of micro- and nano-scale materials

Conventional tensile testing, gripping a specimen in a load frame and recording the
stress—strain response, becomes impractical at the micro- and nanoscale, where the re-
quired forces fall in the milli- to micronewton range and displacements are on the order
of micro- to nanometres. Specimen fabrication, small-scale force and displacement
generation, and high-resolution measurements are the three generic challenges that
any small-scale testing platform must address [10]. This motivates the use of microelec-
tromechanical systems (MEMS): co-fabricated tensile stages small enough to fit inside
an electron microscope specimen chamber, enabling simultaneous mechanical loading
and high-resolution imaging [10], [11].

Measurements at this nanoscale is necessary as thin-film and other nanoscale mate-
rials exhibit mechanical properties that differ from their bulk counterparts, owing to
increased surface-to-volume ratios and grain-boundary-dominated deformation mech-
anisms [10], [14]. For two-dimensional materials such as graphene, the presence of
out-of-plane wrinkles and corrugations, which are thermodynamically unavoidable at
finite temperature [4], further impact its properties. These corrugations suppress carrier
mobility, alter electrical resistivity, and reduce effective stiffness relative to a flat mem-
brane [5], [6], [15]. Under uniaxial tension, wrinkles aligned with the stress axis flatten
progressively, while those perpendicular to it remain, producing a bi-linear stress—strain
response [6], [7]. Quantifying this relationship requires in-situ tensile testing with
simultaneous structural observation, which cannot be achieved by conventional means.

One reason for understanding and controlling graphene’s mechanical behavior presents
itself in accelerometers. In comparison with capacitive MEMS accelerometers, resonant
graphene accelerometers have the potential to be smaller [8]. Conventional capac-
itive MEMS accelerometers rely on capacitive comb arrays whose minimum size is
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limited by fabrication and by the requirement to maintain measurable capacitances;
further miniaturization is therefore limited [9]. Replacing the comb array with a sus-
pended graphene membrane as the sensing element bypasses this constraint, because
of the material’s atomic-scale thickness and its great electrical and mechanical proper-
ties. Practically implementing such devices requires a thorough understanding of how
graphene’s properties depend on strain and on the initial wrinkle state.

2.2, Electron microscopy

The resolution of all visible-light microscopes is bounded by the Rayleigh criterion,
which states that the smallest resolvable distance 6 scales proportionally with wave-
length A and inversely with the numerical aperture psing:

61
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With a large numerical aperture and near-ultraviolet illumination, the maximum res-
olution of a visible-light microscope is approximately 200 nm, which is insufficient
for nano-, and even micro-, scale structural characterization. Electron microscopes
overcome this limitation by replacing photons with electrons, whose wavelength is
related to their energy by de Broglie’s relation:

1.226
A= — (2.2)

VE

A 200 keV electron, which is a realistic value for Transmission Electron Microscopes, has
a wavelength of approximately 2.74 pm found with this non-relativistic approximation,
in principle, sub-atomic resolution. Including the relativistic correction factor yields a
wavelength of 2.51 pm. In practice, the achievable resolution is limited by spherical and
chromatic lens aberrations, lens and sample stability, and sample thickness. Increasing
the accelerating voltage improves the theoretical resolution but risks knock-on damage,
where elastic electron—-atom interactions transfer sufficient energy to displace atoms
from their lattice positions. Electron microscopes therefore operate at accelerating
voltages that balance resolution requirements against sample preservation. The two
techniques most relevant to this work, SEM and TEM, differ fundamentally in how they
interact with and image the sample, and are described in the following subsections.

2.2.1. Scanning Electron Microscopy (SEM)

A scanning electron microscope (SEM) produces images by rastering, or 'scanning’, a
focused electron beam across the sample surface and collecting the signals generated
by electron beam to sample interactions at each point. The beam is formed by an
electron gun, typically a field-emission gun (FEG), and focused to a spot by a series of
electromagnetic condenser and objective lenses, with scan coils deflecting it across the
sample in a raster pattern. The intensity of the detected signal at each beam position is
mapped to a pixel on the display, building the image point by point. SEM operates at
accelerating voltages between 1 and 30 keV, which are considerably lower than those
used in TEM [16, chap. 5].
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Figure 2.1: Schematic of the electron-matter interaction volume in an SEM, showing the depths from
which secondary electrons (SE), backscattered electrons (BSE), and characteristic X-rays originate[17].

When the primary electron beam strikes the sample, it penetrates the surface and loses
energy through a series of elastic and inelastic scattering events within a pear-shaped
interaction volume whose size depends on the beam energy and sample density. Several
distinct signals emerge from different depths within this volume, as illustrated in figure
2.1, and each carries different information about the sample [17].

Secondary electrons (SE) are low-energy electrons, defined as having energies below 50
eV, ejected from the sample through inelastic scattering. Because of their low energy,
they can only escape from the top few nanometers of the surface, making them highly
sensitive to surface topography. Steep edges and protrusions emit more secondary
electrons than flat regions, producing the characteristic three-dimensional appearance
of SE images. SE imaging offers the highest lateral resolution of all SEM signals, with
modern field-emission instruments achieving below 1 nm [16, chap. 3].

Backscattered electrons (BSE) are primary beam electrons that are elastically scattered
back out of the sample. They originate from considerably greater depths than secondary
electrons and carry compositional information: heavier elements with higher atomic
numbers backscatter more electrons and therefore appear brighter in BSE images.
This makes BSE imaging useful for distinguishing regions of different composition or
phase, but at the cost of lower spatial resolution compared to SE imaging, as the signal
integrates contributions from a larger interaction volume [16, chap. 2].

When primary electrons displace inner-shell electrons from sample atoms, the sub-
sequent relaxation of those atoms to their ground state releases characteristic X-rays
whose energy is unique to each element. These X-rays are collected by an energy-
dispersive X-ray spectroscopy (EDS) detector, enabling qualitative and quantitative
elemental analysis of the sample [16, chap. 4].

SEM is characterized by a large depth of field, several orders of magnitude greater
than that of a visible-light microscope at comparable magnification, which makes it
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well suited to imaging rough or three-dimensional surfaces. Magnification can be
varied continuously over approximately six orders of magnitude [18],[16, chap. 5]. Its
main limitations relative to TEM are its inability to resolve atomic structure and the
requirement that non-conductive samples be coated or imaged at low voltage to avoid
charge accumulation. In this study, SEM was used primarily for in-plane displacement
measurements of the MEMS devices, as described in Sections 5.3.4 and 5.2.1.

2.2.2. Transmission Electron Microscopy (TEM)

Where an SEM collects signals scattered back from or emitted near the sample surface,
a transmission electron microscope (TEM) detects, as its name suggests, electrons that
pass through a thin sample, typically below 100 nm in thickness [19, Ch. 1]. This fun-
damental difference in operating principle gives TEM its defining characteristics: very
high resolution and a shallow depth of field, at the cost of stringent sample preparation
requirements regarding thickness, cleanliness, and flatness [19].

abjective ans

samiphe
abjective ens

ohjective aperture
selected area agerture

ntermediate lenses

aaaaa

Figure 2.2: Simplified representation of the components and subdivisions of a TEM [20]

As shown in figure 2.2, a TEM consists of three main subsystems. The electron source, in
this case a cold field-emission gun (FEG), extracts electrons from a tungsten tip of radius
smaller than 100 nm and accelerates them to the desired energy. The condenser lenses
then define the size and convergence of the beam at the sample. Depending on the
operating mode, the beam is either directed parallel to the sample, as in conventional
TEM imaging, or focused to a convergent probe, as in scanning TEM (STEM) and related
techniques. After the beam passes through the sample, the objective lens forms an image
from the forward-scattered electrons. By adjusting the strength of the intermediate lens,
either a magnified image or a diffraction pattern of the sample can be projected onto
the detector by the projector lens, as illustrated in figure 2.3,[19].
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Figure 2.3: The two basic operating setups for TEM measurements. It shows a) the diffraction mode
where diffraction patterns are projected on the viewing screen and b) the image mode where a direct
image of the sample is projected on the screen. [19]

TEM operates at accelerating voltages that typically equal or exceed 100 keV, which is sig-
nificantly higher than those used in SEM. This provides the short electron wavelengths
needed for atomic-scale resolution but also increases the risk of knock-on damage in
beam-sensitive materials. TEM additionally requires a higher vacuum than SEM: while
a field-emission SEM operates at around 10™* to 10~° Pa, a TEM column requires 10~°
to 1077 Pa, with the gun region of cold-FEG instruments approaching 1078 Pa [19].

2.2.3. EM environment constraints
Operating inside an electron microscope imposes constraints on any in-situ device with
respect to size, material selection, and electrical design.

Both SEM and TEM operate under high vacuum, as described in Sections 2.2.1 and 2.2.2.
Any in-situ device must therefore be built from low-outgassing materials, and moving
parts cannot rely on lubrication. Electrical connections to the device pass through
vacuum-compatible feedthroughs in the sample holder.

Physical space in the TEM is severely limited. The pole piece gap of the objective lens is
typically 2-6 mm, and standard side-entry holder tips measure 3.3 mm in diameter for
Thermo Fisher Scientific (TFS) instruments and 3.0 mm for JEOL instruments [19], [21].
Any device must fit within these bounds while accommodating the sample, actuation
mechanism, sensors, and electrical contacts.

Ferromagnetic materials are incompatible with TEM and SEM environments as they
interact with the magnetic objective lens and deflect the beam. The choice of conduc-
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tive materials on the chip and holder is therefore restricted to non-magnetic metals.
Combined with the requirement to survive the HF release step of the fabrication process
and to be compatible with cleanroom silicon processing, this led to the selection of
molybdenum as the conductive layer, as discussed in chapter 3.

Electrically isolated structures accumulate charge under beam irradiation, which dis-
torts the local electric field and deflects the beam, degrading image quality and causing
image drift [22]. Figure 2.4 shows an electrostatic device where the fin supports were
not grounded; the isolated parts appear significantly brighter than the grounded parts
of the device. All conductive parts must therefore be connected to ground through the
stage or through the holder contacts.

_

1

N

Figure 2.4: SEM image of an electrostatic device where the fin (supports) where not grounded. These
electrically isolated parts accumulated charge and show up very bright as compared to the other,
grounded, parts of the device.

2.3. In-situ tensile testing

Conventional mechanical testing provides quantitative stress—strain data but offers
no direct observation of the underlying microstructural processes. In-situ testing ad-
dresses this limitation by performing the mechanical experiment inside the electron
microscope column while simultaneously imaging the sample. This allows deformation
mechanisms, crack initiation, and structural changes to be directly correlated with the
measured mechanical response, rather than inferred from post-failure observation of a
sample that has already failed [23, Ch. 7].

Electron microscopes are particularly well suited for in-situ tensile testing of micro-
to nanoscale specimens. The high vacuum environment eliminates oxidation and
environmental interference during testing. The high spatial resolution, particularly in
TEM, allows atomic-scale structural changes to be resolved during loading. And the
specimen geometry required for electron transparency, a thin, freestanding membrane,
is compatible with the geometry required for uniaxial tensile testing [23].

In-situ TEM systems include a wide range of environmental stimuli beyond mechanical
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loading, including heating, cooling, electrical biasing, and controlled gas or liquid
environments [23]. For thermal and electrical measurements, specialized MEMS-based
sample holders provide on-chip actuation, electrical feedthroughs, and environmental
control while fitting within the sample space of the microscope column. The devices
developed in this thesis are designed to be compatible with DENSsolutions’ Lightning
holder platform and are described in detail in Chapters 3, 4, and 5.

2.4. State of the art tensile MEMS mechanisms

In-situ tensile testing platforms can be categorized by their actuation mechanism and
integration approach. Understanding the trade-offs between different actuation tech-
nologies is essential for selecting or designing appropriate platforms for specific testing
requirements. In this section, multiple MEMS actuation mechanisms are discussed and
the commercial availability shortly mentioned.

Figure 2.5: Sideview of a sample holder where the tip (right) holds the sample [24]

2.4.1. Actuation mechanisms

Tensile testing devices employ four actuation mechanisms: piezoelectric, electrother-
mal, electrostatic, and bimetallic actuators, each with distinct advantages and limita-
tions. Piezoelectric, electrothermal, and electrostatic actuation are the most widely
used in modern MEMS tensile platforms, while bimetallic actuation is less common
due to fabrication complexity and reliability concerns [11].

Piezoelectric actuation Piezoelectric actuators utilize the piezoelectric effect, where
mechanical strain is induced by an applied electric field [25]. Commercial nanoinden-
tation systems such as the Bruker Hysitron Picolndenter series employ piezoelectric
actuators for positioning and force application. Zhang et al. [26] note that compared to
electrothermal MEMS actuators, piezoelectric systems possess capabilities such as high
frequency response, low power consumption, and no hysteresis.

The Hysitron PI 89 SEM Picolndenter, see figure 2.6, achieves load ranges from less than
1 uN to 3.5 N with displacement control from less than 1 nm to 150 um [27]. The PI 95
TEM Picolndenter provides similar capabilities within TEM pole-piece constraints [27].
These systems utilize three-plate capacitive transducers for force and displacement
sensing, achieving noise floors as low as 2 nN force and 0.02 nm displacement [27].
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Figure 2.6: Render of Bruker Hysitron pi 89 auto picoindenter [27]

Piezoelectric systems are typically external to the specimen holder. In TEM applications,
the piezoelectric actuator pushes against a MEMS platform or push-to-pull device [12].
See figure 2.7 for two such examples from literature. This configuration introduces
additional compliance into the load train and requires careful design of the mechanical
interface between the external actuator and the on-chip device.

Nanoindenter l |

e
A0

===_ Top shutlie

Inglined beas

Sample stage |

(a) (b)

Figure 2.7: Two in-situ tensile mechanism with external pico-indenter [28] and [29] respectively.

The primary limitations are the external actuation requirement and higher cost com-
pared to integrated MEMS actuators. External actuation necessitates more complex
sample holder designs and may introduce additional sources of mechanical compliance
that reduce measurement precision [11].

Electrothermal actuation Electrothermal actuators exploit thermal expansion in-
duced by Joule heating to generate displacement [30]. The most common design uses
V-shaped or chevron beams: when voltage is applied across the inclined freestanding
beams, current flow causes Joule heating and thermal expansion [31]. The thermal fins
connect to a central shuttle which then translates as a result of this thermal expansion.
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Figure 2.8: Schematic of chevron fin actuation mechanism, where joule heating of the fins results in their
thermal expansion which, given the geometry, actuates the shuttle.

Thermal actuators can deliver large forces up to tens of millinewtons and moderate
displacements up to tens of micrometers [32]. Phinney et al. [30] report that thermal mi-
croactuators have higher output force and lower input voltage compared to electrostatic
actuation methods.

In general, the thermal actuator is displacement controlled, prescribing the displace-
ment to the specimen for a given supplied voltage [32]. However, the effective control
mode depends on the relative stiffnesses of the actuator beams, supporting flexures,
and test specimen. This mechanical behavior is analyzed in detail for the thermal device
developed in this work in Chapter 5.

Baracu et al. [33] report operating powers as low as 51 mW (at 0.2V and 257 mA) for
chevron-type thermal actuators achieving 12 um displacement. Operating temperatures
can reach several hundred degrees Celsius, often up to = 600 °C or more, in the heated
beams [30], where the shuttle temperature rise is typically kept much lower due to
thermal isolation design [34].

The primary limitation is actuation speed. Ramachandramoorthy et al. [35] stated that
the maximal displacement rate, after which nonlinearities occur, were around 10 um s71.
Additionally, thermal actuators consume more power than electrostatic alternatives [36]
and introduce temperature gradients that may affect temperature-sensitive specimens

[37].

(a) (b)

Figure 2.9: a) A thermal tensile device with an actuating and sensing side from [29] and, b) a thermal
tensile device with symmetrical actuation from [38].

Electrostatic actuation Electrostatic actuators generate force through electrostatic
attraction between charged electrodes. Two primary designs are employed in MEMS
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tensile devices: parallel-plate (gap-closing) actuators and comb-drive (interdigitated)
actuators.

Parallel-plate actuators consist of two opposing electrodes separated by a gap. When
voltage is applied, electrostatic attraction draws the electrodes together. The force scales
quadratically with voltage and inversely with the square of the gap spacing, resulting
in nonlinear force-displacement behavior [39]. This design is susceptible to pull-in
instability, where the electrostatic force exceeds the mechanical restoring force, causing
the movable electrode to snap to the fixed electrode [40].

Figure 2.10: Schematic of working principle of parallel plate actuation with a figurative visualization of
the capacitance change with displacement

Comb-drive actuators use interdigitated finger electrodes that slide laterally relative to
each other [41]. The electrostatic force in a comb drive is proportional to the applied
voltage and the number of comb fingers, but remains approximately independent of
displacement within the linear operating range [42]. This provides more stable operation
and avoids the pull-in instability characteristic of parallel-plate designs.

Figure 2.11: Schematic of working principle of comb-drive actuation with a figurative visualization of the
capacitance change with displacement

Zhu and Espinosa [32] explain that the comb drive actuator is force controlled, whereas
the thermal actuator is displacement controlled. Li et al. [42] note that compared
to electrothermal actuators, comb-drive actuators can provide constant force under
constant actuation voltage regardless of travel distance and with no heating effect.

This force-controlled operation enables precise load application and high-speed testing.
Li et al. [42] demonstrated displacement rates exceeding 220 ums~! with electrostatic
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actuators, compared to approximately 10 um s~! for thermal actuators [36], representing
a two-order-of-magnitude improvement in actuation speed.

The absence of heating effects makes electrostatic actuation ideal for applications
requiring precise temperature control or high strain rate measurements [11]. The fast
response time allows capture of transient events such as dislocation bursts and fracture
initiation [42].

The main disadvantages are lower force output compared to thermal actuators and
higher operating voltages, typically tens of volts [32]. Electrostatic actuators are also
susceptible to stiction between closely spaced electrodes that must be considered in
device design [40]. In chapter 4, a parallel plate electrostatic device and its working
principles are discussed in higher detail.
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(a) (b)

Figure 2.12: Two electrostatically actuated devices with, a), comb-drive [11] and, b), parallel plate
mechanisms. The second device, with parallel plate actuation is studied in this thesis.

(Pseudo) Bimorph actuation Bimetallic or bimorph actuators exploit differential
thermal expansion between materials with different thermal expansion coefficients
[43]. A complete in-situ device and its mechanism is shown in figure 2.14. Liu et al. [44]
describe bimetallic arms where each arm comprises two layers of different materials
with widely distinct thermal expansion coefficients, so that they can deflect considerably
even at relatively low operating temperatures.

Tt

\  Low CTE

Figure 2.13: Illustration of working mechanism of a bimorph cantilever. When temperature is increased,
the difference in thermal expansion of both materials results in bending.

Bimetallic actuators bond two materials together creating a bilayer structure. When
heated uniformly, the material with higher thermal expansion coefficient expands more
than the material with lower coefficient, causing the structure to bend out of plane.
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For small displacements, this deflection is proportional to the temperature change, the
difference in thermal expansion coefficients, and the length of the bimetallic beam [43].

Figure 2.14: Working mechanism and design of a tensile device with which atomic resolution was
achieved tracking of grain boundaries at atomic scale, see [45]

Bimetallic actuators suffer from several limitations that restrict their widespread adop-
tion. The bonded interface between dissimilar materials is prone to delamination
during thermal cycling, particularly at the elevated temperatures required for significant
actuation [46]. Fabrication complexity is higher than single-material thermal actuators
due to the need for depositing, patterning, and bonding dissimilar materials without
introducing excessive residual stress [47]. The out-of-plane bending motion requires
more complex integration into planar tensile testing geometries compared to in-plane
actuators. These factors have led to limited use of bimetallic actuation in modern MEMS
tensile devices compared to thermal and electrostatic alternatives.

Pseudo-bimorph designs achieve similar functionality using differential heating of a
single material rather than relying on differing thermal expansion coefficients [47].
These designs are simpler to fabricate but typically produce smaller displacements.

Tt

Cold side \

Hot side

Figure 2.15: When current flows through the structure, the thin arm, hot side, experiences joule heating
and expands while the thick arm remains at a lower temperature, cold side. This asymetrical expansion
results in actuation.

Bimetallic actuators can generate large displacements at relatively low temperatures
compared to single-material thermal actuators, as the bending deflection amplifies the
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thermal expansion [47]. They have been demonstrated in TEM tensile holders [44] and
various MEMS devices [43].

Outer Hol arm Cold arm

Figure 2.16: SEM image of a RF MEMS switch actuated through pseudo-bimorph structures, from [48]

2.4.2. Commercial and research platforms

Commercial in-situ mechanical testing platforms are available from several manu-
facturers. DENSsolutions (Delft, Netherlands) offers MEMS-based heating, cooling,
environmental (liquid or gaseous), and electrical biasing holders. The Lightning holder
platform, which provides heating up to 900 °C with 6-8 electrical device contacts for
electrical biasing and sensor readout [24]. Bruker provides the Hysitron Picolndenter
series for SEM and TEM, using piezoelectric actuation with capacitive force sensing
[27]. The PI 89 supports techniques including nanoindentation, tensile testing via push-
to-pull devices, pillar compression, and tolerates elevated testing temperatures up to
1000 °C [27]. Hummingbird Scientific, Protochips, Gatan, and Bestron also manufacture
in-situ holders with various capabilities including heating, cooling, electrical biasing,
and gas/liquid environments [21].

Research platforms demonstrate the wealth of MEMS tensile testing approaches. Zhu
and Espinosa [32] developed an influential early platform combining thermal actuation
with capacitive sensing for force measurement and displacement control, enabling
quantitative tensile testing of nanowires inside SEM and TEM. Espinosa et al. [11]
extended this work with true displacement control and feedback mechanisms critical for
capturing softening events during plastic deformation. More recent work has integrated
high-temperature capabilities [49] and atomic-resolution imaging during testing [45].

Huang et al. [12] note that MEMS devices utilize on-chip actuation (thermal or elec-
trostatic actuators) and load sensors (capacitive sensors or flexible beams), enabling
compact, cost-effective testing platforms compatible with both SEM and TEM. The
small size and customizable functional design of MEMS technology offers advantages
over external piezoelectric systems in terms of compactness and integration within
microscope geometries [12].
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2.5. Test samples

In this thesis, tensile tests are performed with two materials: silicon lamellae as cal-
ibration specimens and suspended graphene membranes as the primary target for
mechanical characterization. Sample preparation and transfer are described in Chap-
ter 6.

Silicon lamellae, prepared by focused ion beam (FIB) milling, serve as calibration speci-
mens owing to their well-characterized mechanical properties. Silicon’s elastic proper-
ties are known with high accuracy, with Young’s modulus in the (110) crystal direction
equal to 170 GPa [13], making it well-suited for validating the displacement and force
measurement systems. These specimens provide a baseline for assessing device perfor-
mance.

Suspended graphene membranes are the primary target for mechanical characteriza-
tion. As discussed in Section 2.1, graphene’s out-of-plane wrinkles produce a character-
istic bi-linear stress—strain response, which in-situ testing helps quantify [6], [7]. The
combination of simultaneous imaging and mechanical loading enables direct correla-
tion between wrinkle morphology and mechanical response.



Production

This chapter describes the fabrication of the MEMS chips used for tensile testing. Both
the electrostatic and electrothermal devices are produced on a single SOI wafer using
a multi-step photolithographic process. Section 3.1 outlines this process flow step by
step, and Section 3.2 covers the practical side: the issues encountered during the first
fabrication runs—over-release of structural supports during the vapor HF step, the
omitted molybdenum layer in a simplified variant, and incomplete frontside etching of
the thicker devices—and their implications for device behavior.

3.1. Production process flow

Both the electrostatic and electrothermal devices are fabricated on a single SOI wafer,
one half of the wafer dedicated to each device type. The process begins with an SOI
wafer consisting of three layers: a thin monocrystalline silicon device layer (5 or 20 um),
a 1.5 um buried silicon dioxide layer, and a 400 pm silicon handle or structural wafer, see
figure 3.1. The buried oxide serves as both an electrical insulator between the device and
the handle wafer as well as a self-terminating etch stop during deep silicon etching. At
each photolithographic step, a stepper sequentially exposes a photoresist-coated wafer
through a mask, transferring the device geometry into the resist before the underlying
layer is etched or deposited upon. The complete process is condensed to eight steps,
described below.
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Figure 3.1: Initial SOI wafer structure and materials shown form the top (left) and with a crossection
(right). The dashed figure on the top-view acts shows the location and shape of the future finished device.
All colors and layout remain constant in subsequent visualizations of the production process.

1. Silicon Nitride (Si Nx) Deposition and Patterning: A ~500 nm layer of silicon
nitride (SiNx) is deposited on both the frontside and backside of the wafer by
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Plasma-Enhanced Chemical Vapour Deposition (PECVD). On the frontside, the
layer is subsequently patterned by photolithography and etching, leaving Si Nx
only in the regions where metal conductors will later need to be electrically insu-
lated from the underlying silicon device layer. The purpose of the Si Nx is to serve
as an electric isolation layer. On the backside, the Si N, layer protects the handle
wafer surface during subsequent processing steps. Silicon nitride is preferred
over silicon dioxide as an isolation material for several reasons: it has a higher
dielectric constant, lower leakage current, acts as a diffusion barrier preventing
metal contamination of the device layer, and — mainly — is highly resistant to HE
meaning it survives the vapor HF release step at the end of the process intact [50],
[51].
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Figure 3.2: Silicon Nitride, green, is deposited on the back and front. On the front, the silicon nitride is

solely patterned where the biasing probes connect.

2. Metal Deposition and Patterning: A 100nm layer of molybdenum (Mo) is

sputter-deposited over the entire frontside, covering both the patterned SiN,
regions and the exposed silicon, and subsequently patterned by photolithography
to define the conductive wires and contact pads. Where Mo is deposited on Si Ny,
it forms electrically insulated conductor traces; where contact pads sit directly on
silicon, they form an electrical contact to the device layer. The latter is essential
for the electrothermal device, whose actuation relies on current flowing through
the silicon device layer itself. Molybdenum is chosen for several reasons. Most
critically, it is not attacked by hydrofluoric acid, allowing it to survive the vapor HF
release step intact [52]. It is also non-magnetic, making it compatible with both
TEM and SEM environments where ferromagnetic materials would interfere with
the electron beam [53]. Finally, unlike metals such as copper and gold, which are
classified as deep-level silicon contaminants and are restricted in standard clean-
room environments, molybdenum is fully compatible with silicon processing and
is a well-established material in MEMS fabrication [54].
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Mo
Si p-doped
Si oxide

Si

I SiNX

Figure 3.3: The added Molybdenum, yellow, placed on the conductive wires and biasing paths.

3. Frontside Oxide Deposition (DRIE Hard Mask): A 200 nm layer of silicon dioxide
is deposited by PECVD over the entire frontside, covering the Mo conductors,
the SiNx, and the exposed silicon. This layer serves as the hard mask for the
subsequent frontside DRIE. This step is necessary as photoresist alone cannot
withstand the extended plasma exposure required to etch through the silicon
device layer[55].

Mo
Si p-doped
Si oxide

e SiNx

Figure 3.4: Resulting wafer composition with the, newly added, frontside silicon dioxide layer covering
the entire frontside.

4. Backside Oxide Deposition (DRIE hard mask): A ~3 um layer of SiO; is deposited
on the backside by PECVD. This mask is significantly thicker than the frontside
equivalent because it must withstand etching through the full 400 um handle
wafer, a considerably longer process that places greater demands on mask selec-
tivity [56].
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Mo
Si p-doped
Si oxide

Figure 3.5: After the backside oxide deposition a thick, ~3 pm, layer of silicon dioxide is added to the
bottom.

5. Frontside and Backside Lithography: Both oxide layers are patterned in this step.
The backside oxide is patterned first using photolithography and Deep Reactive
Ion Etching (DRIE), opening windows where the handle silicon must be removed
by backside DRIE. DRIE is anisotropic because the ions in the plasma are accel-
erated normal to the wafer surface by the bias voltage, so the etching proceeds
primarily downward rather than laterally [57]. This step requires accurate double-
sided alignment to the frontside features, as any lateral offset would misplace the
backside cavity relative to the device structures above it. The frontside oxide is
then patterned by RIE, opening windows in the device geometry and exposing
the Mo layer beneath. The exposed Mo is wet-etched using hydrogen peroxide
(H20,), which oxidises Mo selectively without attacking Si Ny, SiO,, or silicon
[58]. The SiN, now exposed beneath the etched Mo regions is subsequently
removed by RIE, ensuring the silicon surface is fully accessible for the subsequent
DRIE step.
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Figure 3.6: After frontside and backside lithography, silicon dioxide is removed where the subsequent
DRIE etching will take place.

6. Backside DRIE: Deep Reactive Ion Etching (DRIE) is performed from the backside
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through the full 400 um silicon handle wafer, stopping automatically on the buried
Si0, layer [59]. The Bosch process is used: alternating cycles of SFs isotropic
etching and C, Fg sidewall passivation produce deep, near-vertical trenches with
aspect ratios far beyond what is achievable with wet or conventional RIE etching
[60]. With the specific cleanroom recipe for these chips, each DRIE cycle etches
around 1 pm of material. Processing the backside first, while the wafer remains
structurally intact, avoids the handling risks associated with a partially released
wafer.
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Si p-doped
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Figure 3.7: After backside DRIE, the handle wafer is fully etched through beneath the device structures,
stopping on the buried SiO, layer.

7. Frontside DRIE: With the backside complete, DRIE is performed from the frontside
through the silicon device layer (5 or 20 um) using the patterned oxide as a hard
mask, stopping on the buried oxide layer. At this stage the device layer is fully
patterned in-plane but remains mechanically supported by the buried oxide layer
beneath it.
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Figure 3.8: After frontside DRIE, the device layer is fully patterned but remains connected to the buried
oxide layer.

8. Device Release with Vapor HF: The final step selectively removes the buried
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silicon dioxide layer HF attacks SiO, but leaves all other layers, molybdenum,
silicon nitride, and monocrystalline silicon, unaltered [61]. Vapor HF is used
rather than liquid HF to avoid stiction: liquid etchants introduce a liquid-vapor
interface during drying whose capillary forces can permanently adhere released
structures to the substrate, for which the capacitive fins of the devices are es-
pecially sensitive [62]. Large footprint structures, such as the contact pads and
device base, remain anchored to the handle wafer as the HF cannot reach suffi-
ciently far beneath them [61]. Narrower features, such as the flexures, fins, and
shuttle, are fully undercut and released. To promote release of larger suspended
areas, perforations are introduced, providing additional HF access points to the
oxide beneath.
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Figure 3.9: After vapor HF release, narrow suspended features are freed from the buried oxide while
large-footprint structures remain anchored to the handle wafer.
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1.SiNx deposition 2. Mo deposition

3. Frontside SiO2 deposition 4. Backside SiO2 deposition

5. Front- and backside lithography 6. Backside DRIE
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7. Frontside DRIE 8.Vapor HF etch
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Figure 3.10: Figure combining all 8 production steps
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3.2. Practical production

The fabrication of the first production runs revealed several issues affecting device yield
and functionality. The main issues encountered are: over-release of structural supports
during the vapor HF step, simplification of the devices, and insufficient frontside DRIE
in the 20 um devices. Additionally, a deliberate simplification was made to the first
production run, to promote faster production, by omitting the molybdenum layer, the
implications of which are discussed separately. Not all issues affect all device variants
equally, and where relevant the specific impact on the electrostatic or electrothermal
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device, or on a particular chip format or thickness, is noted.

3.2.1. Overetching

During sample transfer, structural supports of some devices detached, indicating that
the vapor HF etched beyond what is required for the intended partial release. Inspection
of detached device layer parts revealed that the buried oxide beneath these supports
had, at some locations, been almost entirely removed. This was most apparent near
the backside windows, where the HF vapor had better access to the oxide. Since the
vernier supports that detached have a relatively large footprint compared to the flexures
and other narrow structural elements, it is likely that over-release affects the latter even
more severely given their smaller contact area with the buried oxide.

(@) (b)

Figure 3.11: Images of transfer failure as a result from overetched supports also showing how much
support is missing. The images are taken during graphene transfer.

This over-release introduces fragility and has two distinct consequences. First, supports
could detach during sample transfer compromising mechanical integrity rendering
the device virtually useless. Secondly, the same could happen during actual tensile
testing. Even if the device would not break, the uncertainty of its structural integrity
introduces doubts of results. Checking if a device is functioning properly after every test
is time intensive and impractical. A supplementary SEM image, see figure 3.12, shows
the underetch distance of one such feature.

Figure 3.12: SEM image of the residual Silicon Oxide underneath the broken feature shown above (see
figure 3.11). The measurement shows the underetch distance at this particular feature.

Overetching of the conductive paths could also result in handle wafer to conductive
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wire contact which, should this be the case, would increase or enable leakage currents.

3.2.2. Device simplification

To reduce production time and cost, the first production run used a simplified device
variant in which the molybdenum conductive layer was omitted. The Mo layer serves
two purposes: enabling four-point bias measurements, which require the sample to be
electrically isolated from the shuttle and connected through a dedicated conductive
pad, and reducing the electrical resistance of the on-chip wiring. The former is not
required for the initial device characterisation and exploratory tensile tests performed
in this study and can therefore be omitted without consequence. The latter, however,
has implications for the electrothermal device: without Mo, current must flow entirely
through the p-doped silicon device layer, whose resistivity is orders of magnitude higher
than that of molybdenum. This introduces unwanted Joule heating along the conductive
path outside the thermal actuator. The electrostatic device is unaffected as its actuation
currents are negligible. The extent of this effect differs between the JEOL and TFS chip
formats due to their different wire path lengths, see figure 3.13. Using equation 3.1, the
path resistance is estimated for both formats and thicknesses, with and without Mo.

a) JEOL b) TFS

Figure 3.13: The electrical circuit for the electrothermal actuator of the JEOL, a, and TFS, b, chip
architecture. The conduction wire path is highlighted in red.

The electrical resistance is calculated as follows:

_ prath
wt

R @.1

Where p is the resistivity of the conductor, L4, the conductive wire path length, w the
width and ¢ the thickness of the cross-section, see figure 3.14.
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Figure 3.14: Cross-section of a conductive wire, where the device layer p-doped silicon is highlighted in
red and the, absence of, the molybdenum layer is suggested in yellow.
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The JEOL chips have a total wire path length of around 6,2 mm while that of the TFS
chips is only 1,3 mm. Below, in table 3.1, the path resistances for each device version,
JEOL or TFS, with different thicknesses and conductive wire material are shown.

Weond [MM] | Leong [mm] | Material po [Qm] | teonalum] | R [Q]
. 5 4960
JEOL | 50 6.2 Silicon (p-doped) | 1/5000 20 1240
Molybdenum 1/2e7 0.1 62
. 5 1040
TES | 50 13 Silicon (p-doped) | 1/5000 20 260
Molybdenum 1/2e7 0.1 13

Table 3.1: Here all values for the wire paths and their respective electrical resistance are shown. The
electrical conductivity values of the materials are taken at room temperature.

Without Mo conductors, the full actuation current flows through the silicon device layer
along the entire wire path. For the TFS chip, the resistance of the thermal actuator fins is
approximately one tenth of the total path resistance, meaning that only one tenth of the
total electrical power is dissipated in the actuator itself, the remaining nine tenths heat
the surrounding chip. This is undesirable as it may affect the mechanical properties
of the sample, and it risks damaging the TEM or SEM holder. The situation is worse
for the JEOL chips, whose wire paths are approximately five times longer than those
of the TFS chips, further increasing the fraction of power dissipated outside the actuator.

To assess how much of the chip heats up in practice, probe point Raman spectroscopy
measurements were performed at multiple locations along the chip, see chapter 5.2.2.

Using sputtering, some devices were coated with a thin, ~100 nm, layer of gold with
the intention of increasing the conductivity of the wires. A mask, see 3.15a, was made
to block the gold from coating the thermal actuator. This layer of gold is too thin, as
compared to the device layer, to result in short circuits in between the conductive wires.
After sputtering, these masks could be hard to remove and a pair of tweezers is used to
push the chip loose, hence the scratches of the gold.
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(a) (b)

Figure 3.15: a) A JEOL chip placed under the sputtermask and b) the resulted gold coat with a
scratchmark at the right most corner for raman probepoint measurements. From b) it is clear that the
sputtermask prevented gold from depositing on the device itself.

These devices were tested but the resistance through the device seemed significantly
higher then expected. After closer inspection, the piece of wire just above the thermal
actuator, which wasn't gold coated, was found to have a large impact, especially when
increasing the actuation voltages where this conductive wire would heat up noticeably.
At setpoints, where around 20 mA flowed through the wires, it was even possible to see
the thermal radiation with the naked eye.

(a) (b)

Figure 3.16: Two images of a gold sputtered JEOL thermal device in a holder on the raman spectroscopy

device. Without an applied voltage not much is to be seen, left, but when a voltage is applied the glowing

of the wire becomes visible, right. These mechanisms could damage the holder and, while generally they
must be avoided at all costs, can only be shown for short durations.
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3.2.3. Incomplete Frontside DRIE

During initial tests, the 20 um devices showed no displacement in response to actuation
voltages. Closer inspection revealed residual silicon bridging narrow features of the
device, indicating that the frontside DRIE had not etched fully through the device layer
in these regions. Imaging from the top surface by SEM proved difficult but allowed
them to be barely resolved, see figure 3.17a. Clearer inspection was achieved by imaging
through the backside window, see figure 3.17b. To remove these residuals, a subset of
chips was subjected to an additional 3 minute DRIE step at an etch rate of 400 nmmin !,
the result of which is shown in figure 3.17c. These residuals were not visible through

white light interferometry, see Appendix C for these results.

P

(a) (b) (0

Figure 3.17: Three SEM images of the same flexure, one as seen from the top and the others from the
bottom, showing the residual material connecting and blocking parts of the structures. The rightmost
image is taken after additional DRIE etching and shows its ineffectiveness

Large areas of the shuttle are perforated to promote the etching of the oxide, which
is otherwise blocked. Now that it is known that the frontside DRIE was insufficient
and that most of these holes are not etched through, it is possible that residual oxide
structures remain in between the shuttle and structural chip. The shuttles of some
devices were destructively removed using double sided tape and a microscope slide to
verify this theory, see 3.18.
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Figure 3.18: Two VLM images showing leftover silicon dioxide on the bottom of the severed shuttles,
highlighted in red, both for the electrostatic (left) and electrothermal device (right). Device layer
residuals are visible too in the flexures of the electrostatic device. These images also show the absence of
through holes.
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These images prove the theory as there clearly are no through holes in the shuttle
resulting in leftover silicon dioxide ’'glueing’ the shuttle and handle silicon together.
These remnants are not apparent at the viewing window, which further proves the
theory, as, through this viewing window, the oxide was exposed to the vapor HF.

A new mask was created aiming to cover the thermal mechanism while exposing all
circuit current paths. This new mask could solve the issue described above. The results
of this mask are shown below:

Figure 3.19: Sem image of an electrothermal device after gold sputtering with new mask which exposes
all actuation conduction paths. The gold layer appears bright.
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Electrostatic Device

The electrostatic device induces strain through a parallel plate actuator. This device
consists of a movable shuttle suspended by four serpentine flexures with a central comb
array that functions both as actuator and capacitive sensor. The shuttle displacement is
controlled and measured electrostatically through the parallel plates.

These devices were originally designed at Delft University of Technology for quality
factor measurements of two-dimensional materials [63]. The original design included a
suspended silicon beam underneath the sample for interferometric membrane motion
measurements. However, this study focuses on quasi-static strain-stress measurements
and omits the beam and includes a through hole to facilitate transmission electron
microscopy (TEM) access and simplify the device structure. Figure 4.1 shows a SEM
image of the complete electrostatic device.

= HFW mode HV curr dwell magtl det WD S ——i § 0 A 114
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Figure 4.1: SEM image of the electrostatic device

The devices are designed and placed on chips compatible with JEOL and TFES electron
microscopy architectures. Actuation, measurement, and biasing solely require 6 con-
tacts. The JEOL holders are wider and allow for up to 8 contact pads, in this case two

33
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are thus unused. See figure 4.2 below which shows the actual mask pattern for both
versions;

JEOL — —

/]

Figure 4.2: Schematic of the chip layout of the electrostatic device for JEOL and TFS compatible systems.
The actuation and measurement conduction paths and pads are shown in pink and green. Given the
mechanics of the device, both are possible through one circuit and both colors are applied together.
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4.1. Theoretical characterization

The theoretical characterization of the electrostatic device initially defines and ap-
proaches the individual structural and functional mechanisms composing the complete
system analytically. The stiffness of all supporting flexures is derived first, as these values
govern the displacement response of the shuttle under actuation. The comb sensor
model is then established, relating shuttle displacement to measurable capacitance
change through the parallel-plate approximation including a fringe correction factor val-
idated by COMSOL simulations. The actuation force through the central comb follows
and the electrostatic force as a function of applied voltage and displacement are derived.
The pull-in instability, which defines the maximum stable operating range, is character-
ized analytically. Breakdown voltage limitations under high-vacuum conditions and
fin deformation are then discussed, setting the practical upper bound on actuation
force. The section concludes with an analysis of strain measurement sensitivity, which
characterizes the achievable strain range and measurement resolution as a function of
sample stiffness and actuation voltage.

4.1.1. Stiffness

The mechanical behavior of the electrostatic device is governed by total shuttle stiffness,
which includes the sample stiffness and the four serpentine flexures that suspend the
shuttle, see figure 4.3 for a simplified representation of the device. All flexures are
geometrically identical and therefore contribute equally to the total stiffness.



4.1. Theoretical characterization 35

kﬂex I(ﬂex
kﬂ ex kﬂex
U

ST

Figure 4.3: Simplified schematic of the device showing the four flexures and the sample with stiffness
kfiex and ksample. The actuated and measured displacement of the shuttle is shown in pink and green
respectively.

The in-plane stiffness must be minimized to reduce the actuation voltage required for a
given displacement, while the out-of-plane stiffness must be maximized to constrain
the shuttle vertically and prevent contact with the substrate, height misalignment with
the support, and sample preparation damage. A lumped mechanical model of the
complete device, shown in Figure 4.4, reduces the system to the shuttle mass connected
to the support structure through the combined flexure stiffness kg and to a sample (if
present) through the sample stiffness k;.
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Figure 4.4: Lumped mechanical model of the electrostatic device. The shuttle is suspended by four
identical serpentine flexures with combined stiffness kg = 4kqex and connected to a sample of stiffness k;
through the sample mounting points. The shuttle is actuated, pink, and its displacement measured,
green, through the same central comb and are thus highlighted together.

Serpentine flexure stiffness Each serpentine flexure consists of eight beam segments
of varying length connected by short corner sections, as illustrated in Figure 4.5a. The
corner sections are significantly stiffer than the beam segments due to their shorter
length and are therefore neglected in the compliance calculation. The flexure is mod-
eled as a series combination of eight cantilever beams, each contributing to the total
compliance. The resulting stiffness of a single serpentine flexure is calculated with:
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kﬂex

where E = 170 GPa is Young’s modulus of silicon in the (110) crystal direction, I = twf’ll 12
is the second moment of area of the beam cross-section for in-plane bending, wg = 2pm
is the flexure width, and ¢ is the device layer thickness (5pum or 20 um). The individual
beam lengths /; are listed in Table 4.1 and indicated in Figure 4.5a. The out-of-plane
stiffness is calculated using the transposed moment of inertia Ioop = wa £3/12, which
accounts out of plane deformations; this yields a substantially higher stiffness due to
the larger device thickness compared to the flexure width.

(a) Schematic representation of one serpentine flexure.
Each beam segment [; is numbered and the flexure width
wy is indicated. (b) SEM image of the serpentine flexure array.

Figure 4.5: Serpentine flexure geometry and SEM image.

Wfl ll lg lg l4 l5 l(; l7 lg
dimension (um) | 2 80 | 68 | 58 | 58 | 48 | 48 | 38 | 38

Table 4.1: Width and length values of the individual beam segments of serpentine flexure.

Total device stiffness The four flexures and the sample are mechanically in parallel,
so the total shuttle stiffness is their sum:

ka = 4kgex + ks. (4.2)

The analytical model assumes rigid connections between the flexure legs. In practice,
these elements deform slightly under load, reducing the effective stiffness below the
predicted value. However, the discrepancy is small: for device layer thicknesses of 5um
and 20 um, the analytical model yields kg = 16 Nm™! and kq = 64Nm™!, respectively,
while COMSOL force—deflection simulations predict kg = 15Nm ™! and kg = 60Nm™.
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This agreement validates the analytical approximation and confirms that the neglected
compliance contributions are indeed minor. Up until now, in both the analytical and
COMSOL approximations, the vertical surfaces of the flexures are assumed to be per-
fectly flat and smooth. In practice, these vertical features are characterized by scallops
resulting from the DRIE Bosch process.

4.1.2. DRIE sidewall corrections

The vertical features of the device layer are etched using the DRIE Bosch process, see
Chapter 3. The resulting sidewalls deviate from a vertical smooth geometry in three
ways: periodic elliptical scallops along the sidewalls, a mask undercut at the top edge
of each feature, and a small inclination angle between the sidewall and the vertical
direction, see image 4.6. The first two effectively reduce the width of the flexures and
fins, and therefore affect both the bending stiffness from Section 4.1.1 and the overlap
area of the comb sensor. The third is unknown for the present device and is assumed
minor for the layer thicknesses considered here, and is briefly discussed at the end of
this section.

Det.

Figure 4.6: SEM image of the capacitive fins of an electrostatic 5 microns device showing the scallops in
the vertical features.

Scallops The vertical features of the device layer where etched using the DRIE Bosch
process, see the production chapter 3. The scallops, which are trenches modeled as
ellipses (see equation 4.3 from [64]) with depth, b, and height, 2a, which decrease
the effective flexure width, further decreasing the in plane bending stiffness, shown
schematically in figure 4.7 below.
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Figure 4.7: Scallop and mask-undercut schematic. The scallop is modeled as an ellipse of depth b and

pitch 2a, where 2a equals the etched depth per Bosch cycle. The mask undercut w reduces the initial

beam width wq by 2w before the scallop correction is applied. On the left a perfectly smooth vertical
structure is shown with on the right the effective structure made with DRIE.

Each DRIE cycle etched to a depth of 1 um, and thus, 2a = 1um. From literature, values
for scallops with comparable height values depth range from 100 < b < 300 nm [64],
[65], [66]. From now, lacking formal measurements, the value of this depth, b, is set as
150 nm.

w(z) = we—2b 1—(2_“)2 4.3)

a

Mask undercut In addition to the scalloped sidewalls, the DRIE Bosch process pro-
duces a small lateral undercut beneath the hard mask. This effect decreases the fin
and flexure width wy by 2w, where w¢ is the undercut per side, see figure 4.7. The
exact value of w¢ depends on the etch recipe, chamber pressure, passivation timing,
and mask material, and varies between tens and hundreds of nanometres per side [66],
[67]. For SiO, hard masks under optimized Bosch recipes, wc is at the lower end of
this range. Lacking direct measurements, a value of w¢ = 50nm per side is adopted
here, consistent with optimized SiO,-mask Bosch processes. This reduces the initial
beam width from wy = 2um to w(’, = wy —2w¢ = 1.9um before the scallop correction is
applied.

Effective beam width An effective beam width, wes, is introduced as to include the
effect these scallops have on the bending stiffness. This is done by equating the in plane
area moment of inertia for a beam with we¢s, o, to the area moment of inertia of a
beam including the elliptical scallops, I.

" w(z)? tw3
Ic=| ——dz 4.4 —
sc /(; 12 (4.4) Tosr e (4.5)
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with 0 = z > t, ¢ being the beam thickness and wy = wy — 2w¢ = 1.9um the initial beam
width including the mask undercut correction. By substituting u = <-% (and (¢ = ﬁZa))
in equation 4.4 and combining with equation 4.5:

3
w3 r ol (w(’)—zb\/l—uz)
et f adu (4.6)
12 2aJ-1 12
Which simplifies to:

1 1
Wy = 5[ (wh —2bs)° du 4.7)

-1

with s = V1 — u?. Working this out for the effective beam width, weg, this boils down to:
3 3
W= wf — ?w62b+8w6b2 - ?bg (4.8)

For b = 150nm and w¢ = 50nm, an effective flexure beam width of weg = 1.67um
follows. Using this value, shuttle stiffnesses of 10,18 and 40,7 Nm™! for the 5 and 20 pHm
devices are calculated respectively.

Effect on capacitance The DRIE scallops introduced above also affect the comb sensor
capacitance. The scalloped sidewalls slightly increase the distance between opposing
fins, decreasing the parallel-plate capacitance compared to a smooth-wall reference.
Pawar et al. [64] showed that going from no scallops (b = 0) to b = 150nm decreases
the electrostatic force by approximately 7%, and that the number of scallops along
the fin height does not influence this result, only their presence and depth do. While
Pawar’s analysis uses a linear comb drive geometry, the underlying mechanism, namely
the periodic scallops reducing the effective capacitance, still apply here. Using the
same scallop depth b = 150nm and pitch 2a = 1um adopted above, the corresponding
capacitance correction is expected to be on the order of 5-10%.

Inclination angle Sidewalls are not perfectly vertical and in this study, its angle de-
viation is unknown, which would affect the local capacitance and electrostatic force.
This difference increases with device thickness. The effect is excluded from the present
model because the angle is not measured and its effect is assumed to be minimal, and
is left for future work.

4.1.3. Comb sensor

When the shuttle translates parallel to the actuation axis, the distance between the
movable (shuttle) and fixed (stator) comb fins changes, producing a measurable capaci-
tance variation which can then be measured. In theory, all forces, both the electrostatic
actuation force and the sample reaction force, act parallel to the shuttle axis by design.
The capacitance change therefore arises from pure unidirectional in-plane translation,
with no lateral or out-of-plane motion components. The comb sensor thus provides a
direct readout of shuttle position along the actuation axis.



40 Chapter 4. Electrostatic Device

Parallel-plate capacitance model The comb geometry is simplified to a series of
parallel-plate capacitors. Figure 4.8 shows the simplified configuration: each fin on the
shuttle is positioned between two fins on the stator, creating two capacitive gaps per fin
pair. One gap closes as the shuttle advances (the "close gap," initial width d;(), while
the opposite gap opens (the "far gap," initial width d>(). The capacitance between two
parallel plates separated by distance d with overlapping area A, is:

€0Ao

C )
d

(4.9)

where € = 8.854x 1072 Fm ™! is the permittivity of free space. For a shuttle displacement
x in the positive actuation direction, the two gap distances become:

dl (x) = d10 - X, (4.10) dz (x) = dg() + X. 4.1

The two capacitance formed by each fin are electrically in parallel, so their capacitances
add. The structure is mirrored on both sides of the shuttle, and the comb array contains
n fin pairs, giving a total capacitance of:

1

Ciot(x) =2n(C1(x) + Co(x)) =2nep Ay + .
le - X dz() +X

(4.12)

L

Figure 4.8: Simplified schematic of the interdigitated comb sensor. The shuttle (red) translates in the
positive x-direction relative to the stator (blue). Each fin creates two capacitive gaps: C; (close gap,
dyp — x) and C, (far gap, dyo + x). The structure is mirrored symmetrically about the shuttle centerline.

Fringe field correction Equation (4.12) assumes an ideal parallel-plate configuration
with a uniform electric field confined to the overlapping region. In practice, the electric
field extends beyond the plate edges, creating fringe fields that increase the effective
capacitance. This effect is particularly pronounced when the gap spacing is comparable
to or smaller than the fin dimensions, as is the case here. Multiple analytical approxi-
mations for fringe capacitance exist, including Palmer’s formula [68] and Nemirovsky’s
square-plate approximation [69], but these require geometric parameters that are diffi-
cult to find accurately from the present device layout. A simpler empirical approach is
adopted instead.

COMSOL electrostatic simulations are performed for both device thicknesses (5pum
and 20 um) over the full displacement range. Two simulation cases are run for each
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configuration: one allowing electrical fields to extend beyond the overlapping fin area,
and one with artificial boundary conditions that suppress fringe effects by confining
the field to only the overlapping region. The analytical parallel-plate formula (4.12)
is compared against both simulation results, as shown in Figure 4.10. The no-fringe
simulation agrees almost perfectly with the analytical prediction, confirming the va-
lidity of the parallel-plate approximation when fringe effects are excluded. The full
simulation, which includes fringe fields, yields systematically higher capacitance values,
as expected.

A fringe correction factor f is defined as the ratio of the fringe-inclusive capacitance
to the parallel-plate capacitance. While f varies slightly with displacement, it remains
approximately constant over the limited actuation range considered here (<1 pm), see
section 4.1.5 regarding the pull-in condition defining the actuation range. The corrected
total capacitance is therefore:

1
+ )
dlo—x d20+x

Ciot(x) =2nfepAo (4.13)

where f is extracted by averaging the ratio Cgyjj,sim/ Canalytical OVer the working displace-
ment range, see figure 4.10. The fringe factor depends heavily on the device layer
thickness: thinner devices, 5 um, exhibit a larger relative fringe contribution because
their smaller nominal capacitance makes the edge fields more significant, as compared
to the 20 um thick devices. Figure 4.9 shows the variation in fringe factor across the
displacement range for both device thicknesses.

COMSOL capacitance — fringe vs no-fringe Fringe correction factor vs displacement
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Figure 4.9: Plot of the COMSOL simulation with and without the fringe difference, left, and their
respective fringe factors, right. These results are for both the electrostatic and electrothermal comb
structures.

The corrected analytical model (4.13) is compared against the simulation in Figure 4.10
and shows good agreement, validating the constant-fringe-factor approximation over
the working range.
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Figure 4.10: Capacitance versus displacement for the 5 pum (left) and 20 um (right) devices. The analytical
parallel-plate formula (dashed orange), not including fringes, matches the no-fringe COMSOL
simulation (green) closely. The full simulation including fringe fields (blue) shows the expected
capacitance increase due to edge effects. The analytical model corrected with a constant fringe factor f
(red) approximates the full simulation well over the limited displacement range.

4.1.4. Eigenfrequencies

Measurement error and undesired resonant actuation can occur when the excitation
frequency approaches an eigenfrequency of the device. Using COMSOL, the six most
prominent eigenfrequency modes are identified and visualized in Figure 4.11 for both
device thicknesses.
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Figure 4.11: Eigenfrequency mode shapes for the 20 um device: modes 1 and 2, top, 3 and 4, middle, and
5 and 6, bottom.

The first mode is an in-plane vibration along the actuation axis and is therefore the
mode most susceptible to excitation during measurements. The eigenfrequency values
for all six primary modes are listed in Table 4.2 for both device thicknesses.

Device Model Mode2 Mode3 Mode4 Mode5 Modeb6
20 um 38.4 59.3 68.0 70.0 86.5 124
S5 um 37.9 58.7 67.4 43.4 61.6 74.3

Table 4.2: Eigenfrequencies of the 20 um and 5 pm devices. All values in kHz.
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The first three modes are purely in-plane for both devices. Because the in-plane stiffness
and shuttle mass both scale linearly with thickness, the ratio v k/m is approximately
unchanged, and the two devices yield nearly identical in-plane eigenfrequencies. The
out-of-plane bending stiffness, however, scales with > through the area moment of
inertia, while the mass scales only with ¢; which explains why modes 4-6 of the 5 um
device are considerably lower than their 20 um counterparts. Operating above 150 kHz
ensures a safe margin from all identified resonances.

4.1.5. Comb drive

The same central comb through which the shuttle displacement is measured generates
the electrostatic actuation force that displaces it. By applying a potential over the
movable (shuttle) and fixed (stator) fins, charge accumulates on the opposing surfaces
and produces an attractive force. This force can be derived from energy considerations:
the electrostatic energy stored in the capacitor varies with displacement, and the force is
obtained as the negative gradient of this energy with respect to position. The equilibrium
displacement is determined by the balance between the electrostatic force and the
mechanical reaction force of the flexures and sample. Three limiting factors are worked
out to define the operational range: the pull-in instability, which occurs when the
electrostatic force gradient exceeds the mechanical stiffness; the breakdown voltage,
which sets the maximum field strength before electrical discharge; and the fin-bending
contact limit, which sets the maximum voltage at which the stator fins bend and just
avoid contact with the shuttle fins. Leakage currents through the dielectric are also
briefly discussed, but their magnitude is negligible at all operating voltages.

Electrostatic force The electrostatic energy stored in a capacitor is Eg; = C(x)V?/2,
where C(x) is the displacement-dependent capacitance from (4.13) and V is the applied
voltage. The force exerted on the shuttle is the negative derivative of this energy with
respect to displacement:

_0Es; _ V?0CW)

F 4.14
ST ox 2 O0x (@14
Substituting the total capacitance (4.13) and evaluating the derivative yields:
) 1 1
Fy; = nfegA,V (4.15)

(dio—x)?2 (dao+x)2]

The force is attractive and increases nonlinearly with displacement: as the close gap
narrows, the field strengthens and the force increases rapidly. This nonlinearity is the
origin of the pull-in instability discussed below.

Force equilibrium At equilibrium, the electrostatic force F, equals the mechanical
force from the flexures and the sample:

Fs:(x, V) = (ka + ks) x, (4.16)
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where kyq is the total flexure stiffness from (4.2) and k; is the sample stiffness. If the
shuttle displacement x is measured independently (e.g., through TEM imaging or comb
sensor capacitance measurements) and the applied voltage V is known, the sample
stiffness can be calculated by rearranging (4.16):

_ Fst(x, V) _
X

ks k. 4.17)
This expression is valid only within the stable operating range, before pull-in occurs. At
high actuation forces, the comb fins may deform elastically, introducing a displacement-
dependent error in both the measured x and the effective capacitance. This effect is
neglected with regards to the force equilibrium.

Pull-in instability The pull-in point limits the maximum stable displacement of the
shuttle. Beyond this point, the system becomes mechanically unstable: the shuttle
accelerates toward the stator, and the fins snap together. This instability arises as
the electrostatic force increases faster with displacement than the linear mechanical
restoring force. The pull-in condition is found by equating the rate of change of the
electrostatic force to the mechanical stiffness:

OF.
SE kg + kg (4.18)
0x
Differentiating (4.15) and equating to the total stiffness yields:
2 2
2nfegA,V? = kq + ks. (4.19)

(dyo—x)3 " (dao + x)3

At the pull-in point, both the force equilibrium (4.16) and the instability condition (4.18)
must hold simultaneously. Dividing (4.16) by (4.19) eliminates the voltage, stiffness, and
material parameters, leaving a purely geometric relation:

1 (dyo - %)% = (dyo +x) 72
2 (dio—X)"3+ (dpo+x)73

Xpull-in = (4.20)

This equation is solved numerically for xpy.in given the initial gap spacings djo and
dyo. Remarkably, this pull-in condition, equation (4.20), is independent from all system
parameters except the initial gap geometry: the pull-in displacement is the same regard-
less of the number of fin pairs 7, the permittivity €y, the overlapping area A,, the fringe
factor f, the total stiffness kg + ks, or the applied voltage V. This universality holds only
for samples with constant stiffness; for nonlinear or displacement-dependent sample
stiffness, (4.20) no longer applies.

For the present device geometry with d;p = 2pm and d»o = 4pum, the pull-in displace-
ment is Xpyj.in = 0.61um for both the 5um and 20 um devices. Given an initial sample
gauge length equal to the gap size (6 um), this corresponds to a maximum achievable
strain of approximately 10 %. Figure 4.12 illustrates the pull-in condition graphically:
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the electrostatic and mechanical forces are plotted as functions of displacement, and
the pull-in point occurs where the shuttle displacement increases for lower voltages.

1o Displacement as function of drive voltage Comb drive

—— Shuttle actuation
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Figure 4.12: An example of the shuttle displacement relating to the actuation voltage where, at the
pull-in condition, an instability shows. The pull-in displacement is highlighted is red.

However, this condition only holds true for samples with linear stress-strain charac-
teristics. A softening sample would decrease the maximal stable displacement while
a hardening sample would increase this range. For nonlinear samples, the sample
stiffness becomes displacement-dependent and no longer cancels when dividing (4.16)
by (4.19).

Fin deformation The pull-in and breakdown voltage limits assume that all comb fins
remain rigid and straight. In reality, the electrostatic force between two opposing fins
pulls each fin sideways. As the actuation voltage increases, individual fins bend toward
their closest neighbor, eventually reaching contact.

Each fin is modeled as a clamped cantilever beam of length Lg,, in-plane width wg,, and
out-of-plane thickness equal to the device layer thickness ¢. At a shuttle displacement x,
the close-side gap is djp—x and the far-side gap is d»o+ x, so the net rigid-fin electrostatic
load per unit length pulling the fin toward the close stator fin is:

eoV?t 1 1
2 (dio—x)%2  (dpo+x)?]

Grigid (X, V) = (4.21)

A uniformly distributed load along the fin underestimates the deflection: as the fin
bends, the gap closer to the fin tip closes, and the electrostatic force redistributes toward
the tip [41]. A point load at the tip overestimates the deflection. A linearly increasing
load distribution, zero at the base and maximum at the tip, captures the redistribution
effect without solving the fully coupled electromechanical problem:

qw:%pia (4.22)
n
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where y is the coordinate along the fin length. The tip deflection of a clamped cantilever
under this linearly increasing load is:

4 3
P 11qiipLg, o twg,
9T 20EL, 0 ™ T2

(4.23)

Contact between the deformed fin and the closer stator fin occurs when ép = dyo — x.
Substituting (4.21) and (4.23) and solving for V gives the fin-bending contact-limit
voltage:

20E wgn (dlo - X)
1legLy [(dio—Xx)72 = (doo+ Xx)72]

Viinbend (X) = (4.24)

The device layer thickness ¢ appears in both gyigiq and I, and therefore cancels: Vinpend
is the same for the 5pum and 20 um devices, given identical in-plane geometry. With
the present fin dimensions (Lg, = 100pum, wg, = 1.67um, accounting for scallop and
mask undercut corrections from Section 4.1.1), Vhnpend ranges from approximately
143 Vat x =0 to 75V at X = Xpyli-in. Figure 4.13 shows the fin-bending geometry, and the
resulting voltage limit is incorporated into the voltage-displacement operating map in
the following paragraph.

Figure 4.13: schematic of fin bending under electrostatic load, showing the linearly increasing load
distribution along the fin and the resulting tip deflection 6p.

The linear-ramp model is itself an approximation. In reality, both fins bend towards
eachother and the force distribution changes from uniform, under low actuation force,
to concentrated towards the sides as the force is highest where the fin (tips) are closest to
eachother. The fin tip of the other fin would increase the force at the base of the one in
question. The proposed model overestimates the fin tip deflection as it overestimates the
force distribution towards the fin tips. A fully self-consistent treatment of the coupled
electromechanical problem is given by Legtenberg et al. [41] using an energy-based
assumed-shape method. The simplification is retained because (i) the present model is
intended as a design constraint rather than a precise representation, (ii) the dominant
effect, fin bending lowers the safe voltage well below the breakdown limit, is captured,
and (iii) the impact of fin bending on the comb capacitance is not included either,
which would further shift both the equilibrium displacement and the contact voltage. A
complete coupled analysis is left for future work.
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Breakdown voltage Rearranging the force equilibrium (4.16) to express voltage as a
function of displacement and sample force yields:

Vix,Fy;) = 2(knx + Ft) . (4.25)

11
feodo (dro-x)2 ~ (dag+x)?

While (4.25) suggests that arbitrarily large sample stresses can be achieved by increasing
the applied voltage, two upper limits exist: the fin-bending contact limit derived above,
and the electrical breakdown voltage discussed here. Above the breakdown threshold,
in ambient environments, the electric field between the fins is strong enough to ionize
residual gas molecules or initiate field emission from surface asperities, resulting in a
discharge that can damage or destroy the device.

In high vacuum, the breakdown mechanism still persists but differs fundamentally from
the Paschen breakdown observed at ambient pressure. Under vacuum conditions, gas
ionization is suppressed, and breakdown is instead governed by field emission from
(microscopic) protrusions on the fin surfaces. Fowler-Nordheim emission becomes the
dominant mechanism: electrons tunnel from sharp features on the cathode surface
when the local field exceeds approximately 10° Vm™! [70]. The emitted electrons are
accelerated across the gap and can trigger localized heating, desorption of adsorbed
gas, and ultimately a micro-arc that shorts the device.

The breakdown voltage in vacuum depends on the gap spacing and surface roughness.
Experimental studies have shown that for gaps in the range 20 nm to 300 nm, the break-
down voltage scales approximately linearly with gap [71]. For gaps between 0.3 pm to
1 um, a power-law relationship is observed [72]. At gaps exceeding 1 um, the breakdown
voltage plateaus at a nearly constant value [73], likely because field emission from the
largest protrusions begins to dominate over the average gap-dependent field. Given
that the minimum gap in the present device exceeds 1 um (the close gap spacing at the
pull-in point, dyo — Xpul-in, including a safety margin for strain-stiffening samples and
fin deformation), a conservative breakdown voltage of 180 to 200 volts applies to the
undeformed geometry.

This nominal breakdown voltage lies above the fin-bending contact limit of (4.24) (75V
to 143V over the actuation range). For the rigid, undeformed gaps, the fins therefore
bend into contact before the breakdown field is reached across the nominal gap, so fin
deformation rather than breakdown sets the operating ceiling. The two limits are not
independent near contact, however. As a fin bends, the local gap at its tip closes and the
local field there rises sharply, so field emission sets in across the narrowing gap shortly
before mechanical contact is made; the breakdown and contact voltages effectively
converge in this regime. Resolving the exact combined limit would require the coupled
fin-deflection and field model together with a measured surface field-enhancement
factor, and is left to future work. For design purposes, both the fin-bending limit and the
nominal breakdown voltage are treated as conservative ceilings that are not approached
during operation.
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Voltage-displacement operatingmap Now, all the above is brought together to define
a working regime linked to the sample stiffness, meaning; voltage range, force range
and displacement. Stiff samples are expected to require a higher voltage to achieve the
same strain as a ductile sample. Given the increased overlapping fin area, the thick
devices are expected to require lower voltages to achieve the same strain with the same
sample on the thin devices. Figure 4.14 presents the complete voltage-displacement
characteristic for both device thicknesses, incorporating all operational limits.
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Figure 4.14: Voltage-displacement operating map for the 5 um (top) and 20 um (bottom) devices. Some
example sample stiffnesses are included to visualise the achieveable strain and force regime. The
fin-bending contact-limit voltage from (4.24) is shown as a red curve; the shaded region to its right shows
operating points beyond where the deformed shuttle fins would contact the opposing stator fins.

The 20 um device offers a substantially higher force range, roughly fourfold, compared
to the 5 um device due to its greater capacitance (scaling with layer thickness). The 5 um
device is severely limited: achieving even moderate forces requires voltages approaching
the fin-bending contact limit, and stiff samples cannot be strained significantly before
reaching this limit. The leakage current through the dielectric (vacuum) is expected to
remain in the picoampere to low nanoampere range at all operating voltages, so Joule
heating of the device is negligible and does not impose an additional constraint, see
Appendix E.

4.1.6. Stiction

Two stiction modes are possible: fins coming into contact (Figure 4.15a), and the shuttle
sticking to the substrate (Figure 4.15b). Fin stiction happens when the device passes the
pull-in point during testing or when the shuttle is bumped/ moved, bringing opposing
fins close enough for surface forces to take over. Shuttle stiction can occur from rough
handling during sample preparation or from electrostatic charging.
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At the microscale, van der Waals forces become significant. For two parallel surfaces
separated by distance dy, the attraction force follows the Hamaker relation, derived in
1937 [74]:

AHAC
67rdg

Fyaw = (4.26)

where Ap is the Hamaker constant, A, is the contact area, and d is the surface sep-
aration (for silicon in vacuum, Ay = 2 x 1071°J [75](chapter 13, p263)). The problem
with (4.26) is that it diverges as dy — 0: the force goes to infinity when surfaces touch,
which is impossible. For atomically smooth hard surfaces in contact, the equilibrium
separation is taken as dp = 0.165nm [75](chapter 13, p280). This cutoff prevents the di-
vergence, but still predicts unrealistically large adhesion forces for real MEMS structures
as it assumes perfectly smooth surfaces.

The DRIE process produces characteristic scalloping on the vertical sidewalls from the
alternating etch and passivation cycles. The scallop size depends on trench width and
depth: narrow trenches show reduced scalloping at high aspect ratios due to radical
transport limitations, an effect called aspect-ratio-dependent scalloping attenuation
(ARDSA) [76]. Chabloz et al. measured sidewall roughness for 2 um wide trenches
etched to 40 pm depth and found RMS roughness of 33 nm at the top surface decreasing
to 10 nm at the trench midpoint [77]. For the 1 um fin scallops in this device with 5 um
etch depth (aspect ratio 5:1), the fin sidewall roughness is estimated at 30 nm to 40 nm
RMS near the top and 10 nm to 20 nm deeper down [78]. The shuttle bottom surface
and substrate top surface are released by vapor HF rather than DRIE, and expose the
silicon layers with a roughness of typically 0.2 nm RMS [79].

Rabinovich et al. developed a model for adhesion between rough surfaces [80]. The key
idea is that surface roughness increases the effective separation distance in contact:

degr = do + 1.48 - RMS 4.27)

This des replaces dy in (4.26) for the force calculation. For fin sidewalls with RMS
~ 30nm, the effective separation becomes dcff = 44 nm, reducing the adhesion force by
a factor of (degt/ do)® = 17000 compared to the smooth-surface prediction.

For fin-to-fin stiction, the effective contact area is limited by roughness to a small
fraction of the nominal overlap. Taking a conservative contact area of 15000 um? and
RMS = 20nm, (4.26) with deg from (4.27) gives an adhesion force of approximately
5.7uN and 23 uN for the 5 and 20 micron thick devices. The restoring force from a single
flexure at 2 um deflection is roughly 32 uN and 126 uN, so it seems the van der waals
forces are overcorrected and no, stable, fin stiction would be possible.

This effect has only been seen with the 5 um thick devices, the 20 um weren'’t functional
yet. It can be hypothesized that the shuttle slightly shifts in the z-direction for the
fins to have better surface contact with eachother increasing the van der waals forces.
According to this theory, fin stiction would not be possible for the thick devices as teh
out of plane stiffness is many times larger. Furthermore, during testing, it was relatively
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easy to dislodge the shuttle by gently blowing compressed air on the device or gently
tapping the device on a table.

For shuttle-to-handlewafer stiction, the contact area includes the shuttle and support
structures: approximately 12000 um?. Using the lower roughness estimate for vapor-HF
surfaces (RMS = 20nm), the effective separation is des ~ 0.46nm and the adhesion
force is approximately 1.23 N. The out-of-plane restoring force from the four flexures at
1.5 um vertical deflection is (4 x koop) x 1.5um =~ 0.15mN for the 5 um device and 100 mN
for the 20 um device. For both device thicknesses, the stiction force is enormous and
practically irreversible, especially at this scale. This stiction must be avoided at all costs.

T
|
]

It

£V

(a) Fin-to-fin stiction following pull-in. (b) Shuttle-to-substrate stiction.

Figure 4.15: Two stiction failure modes.

The thickness dependence differs between the two modes. For fin stiction, both the
adhesion force and in-plane flexure stiffness scale linearly with thickness. For shuttle
stiction, the adhesion force overshadows the displacement force even for thicker devices.

4.1.7. Measurement sensitivity

The measurement range for tensile stress-strain tests is characterized as a function of
sample stiffness k; over the actuation range stipulated earlier, see 4.1.5. The shuttle dis-
placement equals the sample elongation directly, and increased displacement improves
capacitance sensitivity.

Achievable strain Figure 4.16 shows the achievable sample strain € versus ks for both
device thicknesses. Softer samples reach higher strains at any given voltage, and the
strain increases until the pull-in point or until the fin contact voltage limit is reached.
The 20 um device achieves substantially higher strains for stiffer samples due to its,
roughly, fourfold greater actuation force.
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Achievable sample strain
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Figure 4.16: Achievable sample strain £, versus sample stiffness ks for the 5pum (left) and 20 um (right)
devices. Each line corresponds to an actuation voltage value, colored from purple (low) to yellow (high).
The fin deformation contact voltage limit constrains the maximum strain, particularly for the 5 um device

with stiff samples.

Strain measurement uncertainty The strain, which equals the shuttle displacement,
is calculated from the measured capacitance C. Given an arbitrary measurement reso-
lution of 6C = +£0.01 pF, the strain uncertainty is:

6C
585 = T, (428)
- Lo

dx

where dC/dx is the local capacitance gradient from (4.13) and Ly = 6um is the initial
sample gauge length. As displacement increases, the close gap djo — x decreases and
dC/dx increases due to the nonlinear capacitance-displacement relationship, improv-
ing precision. Figure 4.17 shows d¢; versus k; for both devices. At higher actuation
voltages and larger displacements, the measurement uncertainty decreases. Addition-
ally, this figure shows that the strain measurement uncertainty is multitudes higher for
the thin device, 5um, as compared to the thick device, 20 um. Softer samples, which
stretch more at a given voltage, benefit from both higher achievable strain and lower
measurement uncertainty. Stiffer samples require higher voltages to achieve compara-
ble precision but are limited by the fin contact voltage.
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Strain measurement uncertainty (6C = = 0.01 pF)
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Figure 4.17: Strain measurement uncertainty 6¢; versus sample stiffness k; for the 5 um (left) and 20 pm
(right) devices, assuming a capacitance measurement resolution of 6C = £0.01 pF.

These plots show that increasing the comb overlap area, increases the maximal sample
stiffness (decreasing the necessary actuation voltage) while still achieving maximal
strain and increases the strain measurement accuracy.

4.2. Experimental methodology

The theoretical model is validated through two complementary measurements on a
single 5 um device without a sample: the voltage-displacement relation, obtained from
SEM imaging under stepwise actuation, and the voltage-capacitance relation, obtained
with a potentiostat in series with the device through a bias tee. Both measurements
share the same wiring, summarized in Figure 4.20.

4.2.1. Capacitance measurements

The device requires simultaneous application of a DC actuation voltage, for actuation,
and an AC measurement signal, for displacement measurement, through the same two
electrodes. Combining these on a single circuit introduces some complexity, as the AC
potentiostat must be protected from the DC voltage of the power supply, and the DC
power supply must be protected from the AC signal.

A bias tee is a three-port component that is able to combine an AC and DC signal.
In essence, a capacitor on the AC path blocks the DC voltage from the power supply
but passes the AC signal. On the DC connection, an inductor passes the DC current
but blocks the AC measurement signal. Commercial bias tee’s implement a series of
capacitors and inductors to accept a wide frequency range, as a simple single capacitor/
inductor bias tee has a very limited pass-band. No bias tee is perfect and introduce
parasitic capacitances and insertion losses. A simplified circuit diagram is shown in
figure 4.18.
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Figure 4.18: Simplified electrical circuit for actuation and measuring of the electrostatic device. The bias
tee and electrostatic device are highlighted in red and green respectively.

To measure the capacitance of the device a resistor, with resistance R, is placed in series
with the capacitor, the comb structure in this case. The total impedance of the circuit is:

1
Z=R-jXc=R-j— (4.29)
wC
And the phase angle is described as:

tan¢p = — € ! (4.30)
an¢p=—-——=——— .

R wRC
where X¢ is the capacitive reactance, w = 27 f is the angular frequency with frequency
f, R and C as the resistance and capacitance, and ¢ represents phase angle. The phase
sensitivity for capacitance changes is described as:

@ 3 1 wR
ac 1+ (-L-)? @RC)?

N (4.31)
wRC
From this equation it is found that the maximal sensitivity is achieved when wRC =1,
which relates to a phase shift of ¢¢ = —45°. Thus, equation 4.30 becomes: tan(-45°) =

-1= —% and the capacitance can be found with:
= ! (4.32)
- 27'[f45R )

The choice of R sets the frequency fi5 at which the —45° crossing occurs. At very
low frequencies, the capacitive reactance becomes large and requires an impractically
high resistance; at very high frequencies (multiple MHz), parasitic capacitances and
inductances start to influence the measurement. A third constraint relates to the eigen-
frequencies of the device: although the AC measurement amplitude is small (< 100mV),
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at an eigenfrequency it can induce mechanical vibrations and negatively impact the
capacitance measurement. The eigenfrequencies are computed in COMSOL and are
listed in Section 4.1.4.

In this work, rather than tuning R to the expected capacitance range, an arbitrary
resistance of 1 kQ was used. A single wide-band frequency sweep, shown in Figure 4.19,
was then performed at zero actuation voltage to locate the —45° crossing and to verify
that it lies sufficiently far from any device eigenfrequency. The bias tee used has a
specified pass-band from 0.1 MHz to 1000 MHz; the low-frequency edge is visible in
Figure 4.19 as the unstable phase region below approximately 100 kHz, while the phase
response settles cleanly at higher frequencies. After this initial check, the sweep range
was narrowed around the identified crossing frequency to improve the resolution of fy5
at each subsequent actuation setpoint.

Phase vs. frequency — wide sweep (0 V)
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Figure 4.19: Wide-band frequency sweep of the device in series with the 1 kQ resistor at actuation voltage
V =0, used to locate the —45° phase crossing and confirm that it falls outside the predicted device
eigenfrequencies. Below the bias-tee pass-band edge (~ 100kHz) the phase is unstable; above it the
phase response stabilizes and crosses —45° in the measurement window used for the subsequent
actuation sweep.

At every actuation voltage setpoint, a narrow frequency sweep is performed and a fit is
applied to extract f35, from which the capacitance is then obtained through (4.32).

4.2.2. Voltage-displacement SEM measurement

To measure the displacement of the shuttle in correlation with the actuation voltage, a
device was placed in a SEM. Using a vacuum feedthrough, an image is taken at different
actuation setpoints. From these images, the gap size is extrapolated using Image] and
the voltage-displacement results are plotted, see Figure 4.21. A schematic of the test
setup is shown in Figure 4.20.

The wiring follows the bias-tee architecture introduced in Section 4.2.1: the DC port sup-
plies the actuation voltage, the AC port supplies the small-signal measurement voltage,
and both are combined onto the device electrodes. For sample-less characterization
the required actuation voltage stays below 10V, and the Moku:Go (a multi-instrument
platform used here as both signal generator and frequency response analyzer) was used
for both the DC actuation and the AC measurement signal. The AC amplitude was set to
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200 mV peak-to-peak, sufficiently small that the resulting electrostatic force does not
measurably actuate the shuttle and the AC signal only probes the capacitance.

Interconnect unit

Keithley

Figure 4.20: Schematic of the wiring of the test setup for the electrostatic device. The Keithley source

provides the DC actuation voltage in the general case; for the no-sample measurements reported here

the Moku:Go supplied both the DC actuation and the AC measurement signal. The bias tee combines
both signals onto the device electrodes.

4.3. Results and discussion

The measured voltage-displacement and voltage-capacitance relations are presented
and compared to the analytical predictions of Section 4.1. The scope of the dataset (a
single 5 um device without a sample) precludes formal fitting of the model parameters;
the corresponding limitations and proposed extensions are collected in Section 4.4.

4.3.1. Voltage-displacement
The measured voltage-displacement results are shown in Figure 4.21.

Voltage-Displacement Validation (5 um device, no sample)

0.7
= Analytical (ks = 0)

0.6 Theoretical pull-in (0.61 um)
— @ Experimental data
g_ 0.5
x
€ 0.44
Q
IS
o 0.3
(9}
o
Fo2
[a)

0.1

[ ]
0.0 @ ; ;
0 2 4 6 8 10

Voltage V (V)
Figure 4.21: Measured shuttle displacement versus actuation voltage for a 5um electrostatic device

without sample. Displacements were extracted from SEM images at each voltage setpoint via Image]J; the
analytical prediction from (4.25) is overlaid for comparison.

The discrepancy is consistent with the simplifications identified in the theoretical
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model. The analytical flexure stiffness exceeds the COMSOL value by approximately
9% (Section 4.1.1), and the effective beam width w; = wy — 2wc depends cubically on
the assumed scallop depth b and on the mask undercut, both of which were taken
from literature ranges rather than measured directly. A larger-than-assumed undercut,
suggested by visual inspection of the fabricated devices, would lower the predicted
stiffness further.

An increased force with displacement relationship is the other possible cause of this
actuation underestimate. This force is underestimated when the impact of fringes is
underrepresented or the actual parallel plate distance between the fins is overestimated.
While scallops have been shown to decrease the effective capacitance, Pawar et al. [64]
has shown that the inclination and or slant angle of the scalloped walls influence the
electrostatic forces. The fin and scallop parameters are different to the ones studied
here and the inclination angle is not known, given this uncertainty, this factor was not
taken into account. This effect is not included in the present model.

Pull-in did seem to happen at around 0.6 um of shuttle displacement. This agrees well
with the theoretical pull-in displacement of 0.61 um predicted by (4.20), which depends
only on the initial fin gap geometry and is independent of shuttle stiffness, sample
stiffness, and capacitance. This also proves that at low forces, especially in absence of a
sample, the electrostatic fin deformation is negligible.

4.3.2. Voltage-capacitance

Capacitance vs. actuation voltage
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Figure 4.22: Measured capacitance versus actuation voltage for the 5 um electrostatic device without
sample. Each point corresponds to one narrow frequency sweep at the indicated voltage; the capacitance
was extracted at the —45° phase crossing following the procedure of Section 4.2.1.

The measured capacitance shows no clear trend with the actuation voltage. The mean
value, approximately 591 pF, lies more than three orders of magnitude above the analyt-
ical prediction of ~0.3 pF for the comb sensor at zero displacement (Section 4.1.3). This
offset is attributed to parasitic capacitances along the measurement path, including the
bias tee, alligator-clip cabling, and connection pins. These contributions are voltage-
and comb displacement-independent and would, in principle, cancel out when only
the capacitance change due to shuttle motion is considered.
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The scatter on the measurement is 1 pF to 2 pF peak-to-peak, an order of magnitude
larger than the expected device-level capacitance change between zero displacement
and pull-in (~0.1 pF, from (4.13)). The measurement noise thus overshadows the actual
results. Small changes or movement of and around the testsetup showed to influence the
measurements, further proving the high sensitivity. As a result, no meaningful voltage-
capacitance relation can be extracted from the present dataset, and the capacitance-
displacement curve that would normally combine Sections 4.3.1 and 4.3.2 cannot be
constructed.

4.4. Limitations and proposed improvements

The characterization of the electrostatic device, both analytical and experimental, con-
tains several simplifications and shortcomings, explaining why a fit of the analytical
model to the practical testing results is not performed.

Scallop and mask-undercut characterization The DRIE scallop depth b, the scallop
inclination angle, and the mask undercut all influence the in-plane stiffness and electro-
static force, yet all three were taken from literature ranges. SEM imaging of the vertical
features would help estimating the actual values.

Analytical stiffness and capacitance models The serpentine flexure stiffness (4.1)
assumes rigid corner sections; COMSOL force-deflection simulations show this to be
a 9 % overestimate (Section 4.1.1). The comb capacitance uses a single multiplicative
fringe factor Fayg (Section 4.1.3), accurate to within a few percent for the undeformed
comb but losing validity once the fins themselves deform. A displacement- and voltage-
dependent fringe correction would improve the model.

Fin deformation The electrostatic fin deformation is implemented for estimating
the safe operating range where the fins don’t touch. For this a linearly increasing
distributed constant load is used. The effect of fin bending on the comb capacitance
is also neglected. Both effects become significant for stiff samples, where the device
operates close to the contact limit; a complete implicit model is left to future work. This
model would also solve the capacitance and stiffness inconsistencies.

Pull-in for nonlinear samples The universal pull-in condition (4.20) assumes a displacement-
independent total stiffness and rigid electrostatic fins. Strain-softening or strain-hardening
samples violate this assumption and require the simultaneous solution of (4.16) and

(4.18) with kg (x).

Stiction Fin-to-fin stiction often occured on the 5um devices. This was reversible,
contrary to the shuttle to handle wafer stiction which completely immobilized the
shuttle. Both modes are expected to be much less likely on the 20 um devices, whose
in-plane and out-of-plane stiffnesses are much higher.

Limited measurement dataset The experimental characterization is restricted to a
single 5 um device without a sample, which precludes the parameter fitting performed
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for the electrothermal device in Chapter 5. Functional 20 um devices would allow the
same model to be fitted simultaneously to two thicknesses with identical in-plane
geometry, providing insight on the unknown scallop and undercut parameters. Mea-
surements with samples of known stiffness would directly test the force-equilibrium
relation (4.16), and repeated measurements across nominally identical devices would
quantify fabrication-induced variation.

Capacitance measurement sensitivity As reported in Section 4.3.2, parasitic capac-
itances of the bias tee, cabling, and chip carrier dominate the absolute capacitance
reading, and the residual scatter from mechanical perturbations of the wiring exceeds
the expected device-level signal. A PCB-mounted bias tee soldered directly to the chip
carrier would eliminate the alligator-clip leads and most of the cable length; a guarded
measurement configuration would further suppress cable parasitics. The 20 um devices,
with four times the absolute capacitance and per-volt capacitance change, would lift
the device signal closer to the practical noise floor.

In summary, apart from the small dataset size, the next step is testing the 20 um de-
vice, which simultaneously addresses the capacitance signal-to-noise problem and
the stiction robustness and working out an intrinsic analytical model including the fin
deformation and its effects on the capacitance as well as the actuation range.
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Electrothermal Device

With the electrothermal device, actuation is achieved through a chevron thermal actua-
tor, which, through Joule heating, converts thermal fin expansion into in-plane shuttle
displacement. A potential applied across the fin array drives a current through the fins,
generating a temperature increase and causing elongation. Because the fins are inclined
with respect to the shuttle axis, their elongation is converted into a translational dis-
placement of the thermally actuated shuttle (TAS). This displacement is transmitted to a
sample bridging the gap between the TAS and the load shuttle (LS), which is capacitively
sensed via a comb sensor. Similar to the Electrostatic device, four chip variants are
characterized: a 5 and 20 um thick device both in JEOL and TFS versions. A SEM image,
see figure 5.1, shows a close-up of the complete thermal device.

Figure 5.1: Sem image of an electrothermal 5 pm thick TFS device. The actuation elements -consisting of
the chevron fins, contact pads, conduction paths, and TAS- and the measurement elements -consisting
of the capacitive combs, contact pads, conduction paths, and LS- are highlighted in pink and green
respectively. The TAS and LS are highlighted more. This color scheme is applied equally throughout this
thesis. The sample gap is located between the two shuttles.

To perform measurements with this device, four connection points are necessary, two
for applying the actuation potential over the chevron fins and two for the capacitive

61
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LS displacement measurements. Both measurement pairs are highlighted as shown in
figure 5.2.

JEOL

L

TFS

Figure 5.2: Complete electrothermal device layout for JEOL and TFS compatible systems with the
actuation and measurement circuits shaded pink and green respectively.

The remainder of the chapter is split into four sections. Section 5.1 establishes the
analytical framework, from the individual stiffnesses and the lumped displacement
model to the chevron actuator physics, the current-temperature power balance, and
the comb sensor. Section 5.2 describes the experimental characterization, in which four
parameters that cannot be determined from geometry are extracted by simultaneously
fitting the model to SEM displacement and Raman temperature data. Section 5.3
presents and discusses the fitted results and the extracted path resistance; Section 5.4
collects the limitations and proposed improvements.

5.1. Theoretical characterization

The theoretical characterization of the electrothermal device proceeds from the indi-
vidual structural elements to the complete system. The stiffness of every flexure, the
chevron fin array, and the connecting shuttle beam are derived first, as these values are
later required to describe the complete system through a lumped model. Through this
lumped model of the complete device, the displacement at the fin point, the TAS sample
point, and the load shuttle can be expressed as a function of the applied actuation force.
The chevron actuator is treated in detail thereafter: the temperature distribution along
the heated fins is modeled, the temperature-dependent material properties of silicon
over the relevant actuation range are established, and four expressions for the actuation
force as a function of fin temperature are introduced from literature. A power-balance
equation then relates the drive current to the fin temperature, completing all required
equations to link electrical input to mechanical output. The comb sensor model follows,
relating load shuttle displacement to capacitance change. The section concludes with
an analysis of strain measurement sensitivity, which combines all preceding results to
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characterize the achievable strain range and force resolution as a function of sample
stiffness.

5.1.1. Stiffness

All stiffness contributions relevant to the mechanical model of the device are derived
in this subsection. Three distinct structural elements are considered: the supporting
flexures of both the TAS and the load shuttle, whose stiffness is governed by the standard
Euler-Bernoulli beam relation [81]; the chevron fin array, whose stiffness varies with
the fin angle 6 and must therefore be evaluated as a function of displacement; and the
in-plane connecting beam between the thermal fins and the cooling flexures, whose
compliance is typically neglected in the literature but is shown here to cause a non-
negligible loss of actuation range and must therefore be accounted for.

V)

Figure 5.3: Simplified schematic of the electrothermal device with all relevant stiffnesses and
displacement points.

General flexure stiffnesses Both the TAS and the LS are suspended by multiple flex-
ures, each contributing to the total stiffness of their respective shuttle. The TAS carries
two types of flexure: the heat sink fins, with stiffness kry, and the stabilization flexures,
with stiffness ky, which constrain the sample point of the TAS laterally. The load shut-
tle is supported by five flexure pairs: the first three, of equal stiffness and combined
stiffness ks, stabilize the sample point of the LS, while the remaining two pairs, with
stiffnesses k4 and ks, provide additional support and constrain the rest of the LS. A
simplified model of the device with all stiffnesses mentioned here is shown above in
figure 5.3. All flexure stiffnesses are calculated as:

2nEt w?l
kpi= —s—2 (5.1)
lfl

where 7 is the number of finpairs, E the youngs modulus of the silicon, ¢ the thickness
of the device layer, wy, the flexure width, and I¢; the flexure length.
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Chevron fin stiffness The chevron fins constrain the TAS and contribute to its overall
stiffness. Because the fin angle 0 changes continuously with shuttle displacement, this
stiffness is not constant over the actuation range. The expression, adapted from [82], is:

EA E Agp w?
k.p = N|sin?0 ——" 4 cos2g — <l (5.2)
I B
ch ch

where N is the number of fin pairs, A., = t w,j, the fin cross-sectional area, [.;, the
fin length, and 6 the instantaneous chevron angle. Figure 5.4 defines all geometric
parameters in both the resting and actuated states.

Figure 5.4: Schematic of the thermal fin mechanism. Blue and red dimensions depict the geometric
parameters at ambient and working temperature respectively. The translated configuration is shown in
light gray.

In-plane beam stiffness The thermal sink flexures and thermal actuator fins are rela-
tively stiff, as compared to the other flexure stiffnesses, and, because of this, the beam
segment connecting the chevron fins with these thermal sink flexures may deform un-
der actuation. COMSOL simulations demonstrate that this deformation of the beam is
not negligible, as illustrated in Figure 5.5. This compliance must therefore be accounted
for in the mechanical model, unlike in prior work where the connecting beam is treated
as rigid [82]. The beam stiffness is modeled as an axially loaded bar:

_ E Abeam

k
b I,

(5.3)

where Apeam = t W; is the shuttle cross-sectional area, w; the effective shuttle width,
and [, the shuttle beam length. Young’s modulus E is evaluated at the local beam
temperature, which varies with actuation level, using (5.13).
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=

Figure 5.5: Comsol simulation of the TAS showing the displacement. From the chevron fins to the heat
sink, the central beam elongates around =0.8 um. This results in a significant actuation range loss at the
sample point.

The release holes in the shuttle, included to facilitate the vapour HF underetch, reduce
the effective beam stiffness. Simulations show that this effect can be incorporated into
(5.3) without additional complexity by scaling the nominal shuttle stiffness by a factor
of 0.69, the ratio k(holes)/k(no holes) obtained from simulation. This correction is
approximately constant over the full actuation range.

008 )
—— No holes 019 | -
- Holes 018 T
E 006 z g 1500
= 5017 5
= = =
[ = ——— No holes o 1475
E 004 w 016 =
T . Holes =
2 :: £ 1450
& £ 015 B
2 noz ] 1425
o 0.14 i
=
L 013 g
0.0000 00025 00050 00075 0.0L00 0.0000 00025 0.0050 0.0075 0.OLOO 0.0000 0.0025 00050 00075 0.OL00
Farce (M) Farce {N) Force (N)

Figure 5.6: Comsol simulation results of shuttle deformation under force for a shuttle including, orange,
and excluding, blue, holes.

5.1.2. Lumped model complete device

The stiffnesses derived in Section 5.1.1 are brought together into a lumped mechanical
model of the complete device, from which the displacement at each measurement point
of interest can be expressed as a function of the applied actuation force F. The three
displacements of interest are that at the TAS sample point, Utas samp, at the chevron fin
point, Ugy, and at the load shuttle, Us; their locations are indicated in Figure 5.7.
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Figure 5.7: Lumped model of electrothermal device where all relevant stiffnesses and translation points
used for measurements and calculations are shown.

From the lumped model it is possible to describe the displacements at the TAS sample
point, Uras samp, the fin point, Uy, and the LS, Uys, as a function of the actuation force
of the thermal actuator. The three displacements are given by:

F
UTAS,samp = 2 ’ (5.4)
M+ ko + =2 M1
kp
3 F
Uﬁn—k +(1 ) e (5.5)
ch kb
Us = F (5.6)
Ls_k 1+k(1+1) 1+(1+1)k ’ .
LS ch| 37 i s T E f1,TAS
where M is an effective load-side stiffness defined as
M—(l +1)_1+k 5.7)
= ks K FITAS) .

with kg the total load shuttle stiffness and k; the sample stiffness. For initial charac-
terization without a sample (ks — 0) this reduces to M — k¢ tas. Without a sample
connecting the TAS to the LS, no movement in the load shuttle is expected and when
applying k; — 0, this displacement logically becomes: Urs — 0.

The difference in displacement between the TAS sample point and the load shuttle

corresponds to the elongation of the sample. The strain in the sample is therefore:

AU _ Utas — Urs
Lo Ly

€5 = (5.8)
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where L is the initial sample gauge length, equal to the gapsize between both shuttles
in unactuated state (meaning V,.; = 0 V). Equations (5.4) to (5.8) together yield the
sample strain as a function of actuation force for any given sample stiffness k.

5.1.3. Thermal dependence of material properties

The thermal, or chevron, actuator relies on thermal expansion to produce shuttle
translation. By applying a potential across the fins, a current flows and generates Joule
heating; the resulting elongation of the inclined fins produces an in-plane displacement,
as illustrated in Figure 5.4. To model this behavior, the temperature distribution along
the heated fins is established first, from which an average fin temperature is derived
for use in evaluating the temperature-dependent material properties of silicon over the
actuation range.

Temperature distribution and average fin temperature

The fins are heated by Joule heating and are anchored at one end to the support structure
and at the other end to the shuttle. The temperature distribution along the fin is modeled
as a linear gradient decreasing from a maximum temperature rise AT at the shuttle
end (x = 0) to ambient over a characteristic thermal gradient length Lat. This length
satisfies Lyt > Iy, = 300 um, because the fin anchors and surrounding support structure
also heat up to some extent, so the temperature does not return to ambient at the fin
support. The temperature profile over the physical fin length I, is therefore simplified
to:

X
T(x):AT(l—L— + Tamb,  0< X<y, (5.9)

AT

where AT = Thaxabs — Tamb is the temperature rise at the shuttle contact point (x = 0).
For Lat = Iy, the temperature reaches ambient exactly at the fin tip; larger values
indicate that the gradient extends into the surrounding support structure, reducing the
effective temperature drop across the fin length. The value of L, cannot be determined
from geometry alone and is obtained by fitting to experimental data (Section 5.2.3).

The effective temperature drop across the fin length, which governs thermal expansion,
is:

3 lin
ATﬁn—AT-L—. (5.10)

AT
If the temperature at the fin structure equals ambient, then the temperature from shuttle
to support structure equals AT = ATqy, and the length over which this AT is achieved
equals the fin length; L7 = [, = 300 pm.

The material properties governing fin behavior vary with temperature and must there-
fore be evaluated at a representative fin temperature. The average temperature rise
along the fin length is used for this purpose:

- ltn ltn
T:—f T(x)dx:AT(l—z )+Tamb. (5.11)
0
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AT

AT

Figure 5.8: Linear temperature gradient model along the fin. The hyperbola roughly represents another
heat gradient formula, which assumes ambient temperatures at the supports [83].

Temperature-dependent material properties

The actuation range extends up to approximately 600 °C above ambient, beyond which
material damage and geometric nonlinearities may occur. Over this range, four material
properties of the fins vary sufficiently to warrant explicit temperature dependence: the
thermal expansion coefficient, Young’s modulus, thermal conductivity, and electrical
resistivity. Each is evaluated at the average fin temperature T defined by (5.11).

Thermal expansion coefficient The thermal expansion coefficient of monocrystalline
silicon varies significantly over the temperature range considered. Following Kozlovskii
and Stankus [84], the coefficient is expressed as a function of the absolute average fin
temperature Tx = T +295K:

_ (-3.175+2.75x1072 Tx —3.32x 107> T2 +1.21 x 1078 T) x 1076 K™!, Ty < 560K,
a(Tx) = ) 3
(3.14+1.42x 1073 Tx) x 107 K1, Tk = 560K.
(5.12)
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Figure 5.9: Temperature dependence of the thermal expansion coefficient of monocrystalline silicon [84]

Young’s modulus The Young’s modulus of silicon decreases approximately linearly
with temperature. Based on the measurements reported by Namazu et al. [85]:

E(T)=Ey—0.0406 x 10°- T [Pa] (5.13)

where Ej = 169 GPa is the room-temperature value for silicon in the (110) direction and
T is in °C[85]. Both the fins and the connecting shuttle beam are assumed to be at
the average temperature T from (5.11), so (5.13) is applied uniformly to all structural
elements of the TAS.
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Figure 5.10: Experimental data and fit for the temperature dependence of silicon’s Young’s modulus [85].

Thermal conductivity The thermal conductivity of silicon decreases with temperature
following a power-law relation. Based on Williams et al. [86], evaluated at the average
fin temperature T:
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300+ 7\ 4

—_— 5.14
300 ( )

x(T) = fdop Kamb (

where x,mp, is the thermal conductivity at ambient temperature. The factor of fqop
accounts for the reduction in thermal conductivity relative to the intrinsic value caused
by increased phonon scattering at the doping concentrations present in the device
layer. Experimental measurements on heavily doped single-crystal silicon report re-
ductions of 10-25 % depending on dopant species and concentration [87], consistent
with the correction applied here. This temperature-dependent conductivity enters the
current-temperature model (Section 5.1.4) and all material property evaluations above.
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Figure 5.11: Temperature dependence of silicons thermal conductivity together with the electrical
resistance for p- and n-type silicon [86]

Electrical resistivity In heavily doped silicon, carrier scattering is dominated by
phonon interactions, giving rise to a positive, approximately linear dependence of
resistivity on temperature analogous to that of a metal. This behavior persists through-
out the extrinsic conduction regime, which for the doping concentrations relevant here
extends well beyond the maximum actuation temperature considered. The temperature-
dependent resistivity is therefore modeled as:

P(AT) = po(L+agAT), (5.15)

where py is the electrical resistivity at ambient temperature, ar the temperature coeffi-
cient of resistance (TCR), and AT the local temperature rise. This linear approximation is
standard in the MEMS thermal actuator literature for heavily doped silicon devices [11],
[82] and is used in Section 5.1.4 to evaluate the temperature-dependent fin resistance.

5.1.4. Actuation force with fin temperature

The actuation force now is related to the fin temperature through four expressions from
the literature, categorized into a displacement method and a force method. Once the
actuation force is known, the displacements at all points of interest follow directly from
the lumped model of Section 5.1.2. In the displacement method, the displacement
regime of the chevron array in absence of any other support structure or flexures is
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calculated first. From this free displacement, it is possible to find the actuation force
together with the stiffness of the chevron fins from (5.2). In the force method, the
actuation force is related to the fin temperature directly, without the intermediate step
of computing a free displacement. The displacements accross the device are then found
with using the lumped system with formulas 5.4, 5.5, and 5.6. Finally, an energy-balance
equation relates the drive current to the fin temperature, completing the analytical
chain from electrical input to mechanical output.

Fin displacement method
In the displacement method, the total actuation force follows from the free displacement
of the fin array via:

F = kcp - Utree, (5.16)

where k.j, is the total chevron stiffness from (5.2) and Uge, is the free displacement of
the thermal actuator without any external support stiffness, i.e. without any flexures.
Two expressions for Uy, are considered. The first, from Sinclair [88], gives:

Utree,s = lth\/l +2aATqy — c0s20 — Ly sinf. (5.17)

The second formula, from Pérez Garza [82], includes the ratio of axial to bending stiffness
of the fin:

sind
Ufree,H =a ATgn lth ’ (5.18)

. Z
sin60 + cos?6

where y = Ay ltzh/ (12 I,) is the axial-to-bending stiffness ratio, A¢ = t wy is the fin cross-
sectional area, and I, = w;’c t/12 is the second moment of area of the fin cross-section
about the out-of-plane axis.

Force method

The force method relates the actuation force to the fin temperature directly. The first
expression, from Espinoza et al. [11], is derived by treating each fin as an axially con-
strained beam: thermal expansion generates a blocked force E Af a AT, along the fin
axis, which is then projected onto the shuttle direction through the chevron angle:

Fg=2NEA;aATgy, sind. (5.19)

This expression neglects the bending flexibility of the fin, implicitly assuming that axial
deformation dominates. The second expression, due to Pérez Garza [82], corrects for
this by weighting the axial and bending contributions through the same stiffness ratio
v introduced in (5.18):
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cosf
Fr=2NaEATa Aj—r (5.20)
+cos20

When the fin is much stiffer axially than in bending (y > 1), the denominator reduces to
cos? @ and (5.20) approaches the Espinoza expression in the small-angle limit. The two
force-method expressions thus represent opposite ends of the same physical assump-
tion about fin stiffness, and their comparison with the displacement-method formulae
in the fitted results of Section 5.3.1 provides a direct test of which assumption better
describes the actual fin behavior.

Actuation temperature with current

The fin temperature is related to the drive current through a power balance. Basing
this relationship on the actuation voltage rather than the current would be inconsistent
across chips and measurement setups, since the total circuit resistance varies between
the TFS and JEOL chip designs and between different wire materials and connection
configurations. The current is therefore the appropriate independent variable, as it
determines the Joule heating in the fins directly regardless of the external circuit.

Conservation of energy requires that the electrical power dissipated in the fins equals
the total rate of heat loss. Three dissipation pathways are considered: conduction
through the fins into their anchors, conduction through the shuttle towards the cooling
flexures, and thermal radiation. Convection is absent as the device is operated under
high vacuum. This gives:

2NKAf+1<As

I2 Ry o = ( ) AT +0 Araa Ty abs ~ T (5.21)

Lar L
where o is the Stefan-Boltzmann constant, Ay = f wy the fin cross-sectional area, As =
t wg the shuttle cross-sectional area, and x(T) the temperature-dependent thermal
conductivity from (5.14). The shuttle conduction length L and the effective radiation
area Ar,q cannot be determined from geometry alone and are obtained by fitting, as
described in Section 5.2.3. Equation (5.21) can be rearranged to yield the drive current 1
analytically as a function of AT, once the total fin resistance Ry (o is known.

The total electrical resistance of the N fin pairs is evaluated using the temperature-
dependent resistivity (5.15) and the thermally expanded fin length:

20(AT) 1
Ry ot = pN—Afth (5.22)

5.1.5. Comb sensor

The displacement of the load shuttle is measured through a capacitive comb sensor.
Apart from different dimensions, this mechanism functions exactly like the comb sensor
of the electrostatic device. The analytical approach and working principles are described
in 4.1.3 and not repeated here.
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The resulting comb capacitance with load shuttle displacement for both device thick-
nesses is plotted below, figure 5.12.

TH 5 um — analytical vs COMSOL TH 20 pm — analytical vs COMSOL
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Figure 5.12: Capacitance versus displacement for the 5um (left) and 20 um (right) load shuttle. The
analytical parallel-plate formula (dashed orange), not including fringes, matches the no-fringe COMSOL
simulation (green) closely. The full simulation including fringe fields (blue) shows the expected
capacitance increase due to edge effects. The analytical model corrected with a constant fringe factor f
(red) approximates the full simulation well over the limited displacement range.

5.1.6. Measurement sensitivity

Now that the complete device is described analytically, the measurement capability for
tensile stress—strain tests can be characterized as a function of sample stiffness k;. Two
opposing effects govern the choice of sample stiffness. For a very stiff sample (k; — o0),
the TAS and LS are mechanically coupled and both displace equally, leaving the sample
virtually unstrained: €; — 0 (see (5.8)). For a very compliant sample (k; — 0), the LS
is effectively decoupled from the TAS and undergoes no displacement (Urs — 0), so
the capacitance change is negligible and the strain cannot be measured. The optimal
sample stiffness lies between these extremes.

Achievable strain Figure 5.13 shows the achievable sample strain ¢ for a range of
ks for the 5um and 20 um devices across the full actuation range AT = 0-600°C. As
expected, higher actuation temperatures increase the achievable strain at any stiffness.
For either device, the strain peaks at low k; and decays toward zero as k; increases. The
20 um device produces higher absolute strains for stiffer samples because its greater
thickness increases the chevron actuation force.
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Achievable sample strain
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Figure 5.13: Achievable sample strain € versus sample stiffness ks for the 5pum (left) and 20 um (right)
devices. Each line corresponds to a fin temperature rise AT from 0 °C to 600 °C, colored from dark (low)
to bright (high) by the plasma gradient.

Strain measurement uncertainty The strain is inferred from the measured load-
shuttle capacitance C. Given a figurative potentiostat resolution of §C = £0.01 pF, the
resulting strain uncertainty is

oC
' dcC I
duis|

Oes= ) (5.23)

where dC/dU.g is the local slope of the capacitance-displacement curve, evaluated
numerically to account for the nonlinear parallel-plate relationship. As ks increases
and Urs — Uras, the close gap djo — Urs shrinks and dC/dUrg grows, improving the
capacitance sensitivity and reducing 6 €. At low k;, Urs = 0 and the capacitance is near
its unactuated value, giving poor precision. Figure 5.14 shows d¢ versus ks for both
devices.
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Figure 5.14: Strain measurement uncertainty d¢; versus sample stiffness ks for the 5 pm (left) and 20 um
(right) devices, assuming a potentiostat resolution of § C = £0.01 pF. The log-log scale reveals that
uncertainty spans several orders of magnitude across the stiffness range.
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Figure of merit and optimal stiffness The two quantities described above are directly
opposed: a stiffer sample gives better capacitance precision but smaller strain, while
a more compliant sample gives larger strain but worse precision. To quantify where
meaningful measurements are possible, a dimensionless figure of merit is defined as
their ratio:

‘ dac

Utas — Ui

FOM:i:( Tas — Urs) |dUis . (5.24)
585 L() 5C/L()

The FOM represents the number of resolvable strain increments within the achievable
range: FOM < 1 means the measurement uncertainty exceeds the full strain range and
the measurement is effectively impossible; FOM = 10 means ten distinct strain levels
can be distinguished (given the measurement uncertainty of 0.01 pF). Figure 5.15 shows
the FOM as function of both ks and AT for each device. The white contour at FOM =1
marks the lower usability boundary; the peak of the FOM surface identifies the optimal
combination of sample stiffness and actuation temperature. The FOM map also shows
that at low actuation temperatures the measurement is unreliable for any stiffness,
regardless of sample choice, because the TAS displacement is too small relative to the
capacitance noise floor.

Measurement figure of merit (6C = +0.01 pF, Lo =6 um)
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Figure 5.15: Measurement figure of merit FOM = £5/6¢; as a function of sample stiffness ks and fin
temperature rise AT, for the 5 um (left) and 20 um (right) devices. The color scale is logarithmic. White
contour lines mark FOM = 1,5, and 10. The peak of each map indicates the optimal (k;, AT) operating
point.

5.2. Experimental methodology

The experimental methods used to characterize the device are described in this section.
Two datasets are used: the sample- and fin-point displacements over the actuation
range, measured in a scanning electron microscope (Section 5.2.1), and fin temperatures
extracted from Raman spectroscopy measurements (Section 5.2.2). The free parameters
introduced in Section 5.1, the thermal gradient length L7, the beam stiffness length
Iy, the shuttle conduction length L, and the effective radiation area A;,q, are found
by fitting both datasets simultaneously, independently for each of the four actuation
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formulae; the fit procedure is described in Section 5.2.3. All characterization tests
are performed without a sample connecting the load shuttle and the TAS, thus k; = 0.
The fitted parameter values and the comparison of the model with each dataset are

presented in Section 5.3.

Keithley

C

Figure 5.16: Schematic of the test-setup electrical connections. Here it is visible that, if there is a sample
connecting the shuttles, the ground of the Moku:go must be floating.

5.2.1. Fin- and sample-point SEM measurement

The chips are mounted in a JEOL 6010LA scanning electron microscope equipped with
electrical feedthrough and connected to a power supply. The measurement potential
steps were implemented with large voltage steps at low setpoints and small voltage
steps at high setpoints, following V; = VinaxV/i/ N where i is the step index and N = 20
the total number of steps. This spacing approximately linearizes the displacement axis,
since shuttle displacement scales roughly with the square of the applied voltage, and
concentrates measurement points in the region where displacement changes most
rapidly. At higher setpoints the complete chip drifted visibly in the direction parallel
to shuttle actuation. Because an SEM scan is not instantaneous, this drift introduces
a systematic error: features at the beginning and end of a scan are imaged at slightly
different positions. The fin-point measurements of chip 7, U7 s, were taken with the scan
direction parallel to the drift direction, causing the apparent fin-point displacement
to decrease at elevated currents as the device translated during the scan; this artifact
is clearly visible in Figure 5.22in Section 5.3.4. This dataset was therefore excluded
from the fits. All remaining measurements were performed with the scan direction
perpendicular to the drift direction, so that the edge-to-edge distance between a fixed
reference feature and the shuttle is measured correctly, albeit with a slight shear in the
image.

The fin- and sample-point measurements were done in a SEM where an initial mea-
surement with actuation voltage was taken and compared to the measurement at every
actuation voltage setpoint. Below, in figure 5.17, two such measurements are shown;
one at 0 V and one at 40 V for both measurement points. In an attempt to negate the de-
vice shifting and increase measurement ease, continuous screenrecordings were made
from which displacements could be extrapolated and overlayed with the programmed
voltage sweep. This method proved inaccurate, its results are shown in appendix A.
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Figure 5.17: SEM images with measurements for the fin- and sample-point at 0 Vand at 40 V. The
current at this, high, setpoint was measured at 23 and 22.4 mA respectively.

5.2.2. Raman spectroscopy

Raman spectroscopy is used to measure the fin temperature non-invasively throughout
the actuation range, providing the experimental AT (I) dataset required for the joint
fit of Section 5.2.3. The technique exploits the temperature dependence of the silicon
Raman peak: when monochromatic light illuminates a crystalline solid, a small fraction
of photons scatter inelastically through exchange of energy with the lattice, either losing
energy to a phonon (Stokes process) or gaining energy from a thermally excited phonon
(anti-Stokes process) [89]. The energy difference between the incident and scattered
photon equals the phonon energy, measured as a shift in wavenumber relative to the
laser line. Silicon exhibits a prominent Raman peak at approximately 520.7 cm™! at room
temperature, which redshifts at elevated temperatures [90]. This shift is approximately
linear with temperature up to at least 1000 °C [91], allowing temperature to be extracted
directly from the measured peak position:

Wmeas — Wamb

T=Tymp+——m, (5.25)
CStokes
where w,mp and wmeas are the Raman peak wavenumbers at ambient and working
temperature, and Csiokes = —0.0227 cm ™! °C7!is the temperature calibration coefficient
for silicon [92]. Each measured spectrum is fitted with a Lorentzian profile to extract
(Wmeas precisely.
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Measurements were performed using a 532 nm green laser focused through a confocal
Raman microscope with a spot size of approximately 1 um. The fin temperature was
probed at multiple current levels under vacuum conditions, and the measurement
was repeated once under ambient pressure for reference. Some measurements were
repeated due to device drift, especially present at higher setpoints.

To verify that thermal energy dissipates rapidly away from the fin array, a prerequisite
for both sample integrity and correct device operation, supplementary temperature
measurements at five probe points were performed at a high actuation setpoint (I =
23.3mA); see Figure 5.18.

1

>
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[

Figure 5.18: Locations of the five Raman probe points used for temperature mapping at the high
actuation setpoint.

Probe point 1 is situated at the cooling flexures closest to the thermal fins, where the
highest temperature among all probe locations is expected. Probe point 2 is located on
one of the conductive wires; a temperature increase here is anticipated based on the
resistance analysis of Chapter 3. Probe point 3 is placed at the thermal fin anchors to
quantify conductive heat dissipation into the support structure; an elevated reading
here is consistent with the reasoning behind La7 > Iy,. Probe point 4 is placed far from
the thermal actuator to serve as a reference and to assess whether global chip heating
could drive thermal expansion of the mounting fixture. Probe point 5 is located at
the TAS sample point to characterize the temperature experienced by a sample during
actuation. At this point, three consecutive measurements were recorded at 20 s intervals
to assess whether the device had thermally stabilized.

5.2.3. Fit optimizer

The analytical models derived in Section 5.1 contain four parameters that cannot be
determined from geometry alone and must be fitted to experimental data: the thermal
gradient length La7 [um], the beam stiffness length [/}, [um], the shuttle conduction
length L [um], and the effective radiation area A;,q [mm?]. These are determined
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by minimizing the discrepancy between the analytical model and two independent
experimental datasets simultaneously: the Raman spectroscopy data providing the
temperature—current relationship AT (I) (Section 5.2.2), and the SEM data providing the
displacement-current relationship U(I) (Section 5.2.1).

The cost function combines the mean squared error (MSE) of both datasets through
inverse-variance weighting:

MSEy _MSE;

= ) (5.26)
var(Udata) ~ var(lgata)
where the mean squared error and variance are defined as:
1 & . 2 1 & )
MSE = — Y (Pi—yi) (5.27) var(y) = — > (vi-7) (5.28)
i=1 i=1

with j; the model prediction, y; the measured value, y the mean of the dataset, and n
the number of data points. The MSE (5.27) quantifies the average squared deviation
between model predictions and experimental measurements, penalizing larger errors
more heavily than smaller ones. The variance (5.28) captures the spread of the data
around its own mean. Dividing by the variance in (5.26) normalizes each term, so that
the displacement and temperature datasets — which have different physical units and
magnitudes — contribute equally to the total cost regardless of their absolute scale. A
value of C = 1 corresponds to a model with no predictive power (equivalent to predicting
the dataset mean at every point), so C <« 1 indicates that the model explains the majority
of variance in both datasets.

The four parameters are optimized simultaneously within the following physically
motivated bounds:

lin <La7 <201y, O0<Ip<4mm, 0<Li<4mm, 0< Apg<l18mm?  (5.29)

These bounds reflect the extreme realistic range these parameters could be without
fall outside physical the model boundaries. The bounds of the lengths and area are
from minimal to the maximal possible size, the beam and shuttle length, [;, and Lg,
range from zero to the distance from the furthest thermal sink to the furthest thermal
fin (which is where their their impact applies), the thermal ratiation area, Ay,q, is zero
at minimum and the complete device surface at maximum, and the thermal gradient
length, [y, is the thermal fin length at minimum and spans to the edges of a JEOL chip
at maximum.

Wide bounds are chosen to accommodate the significant differences in model predic-
tions at initial parameter values, ensuring all, and only, physically plausible solutions
are included.

The optimization is non-convex: Lyt enters both models via the effective driving tem-
perature ATgy, ((5.10)), the average fin temperature T ((5.11)), and the conduction path
length in (5.21) simultaneously. Gradient-based local methods are therefore suscep-
tible to local minima and sensitive to the initial guess. Differential evolution [93] is a
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population-based global optimization algorithm that maintains a population of can-
didate solutions across the parameter space and refines them through mutation and
crossover operations. It requires only parameter bounds rather than an initial guess
or gradient information, and is specifically designed to avoid local minima. The opti-
mization is performed independently for each of the four displacement formulae of
Section 5.1.4.

5.3. Results and discussion

5.3.1. Fitted parameter values

The four free parameters enter the model through distinct physical mechanisms and
their fitted values therefore carry independent physical meaning. Each parameter is
discussed below in terms of its role in the model, its expected order of magnitude based
on the device geometry and the Raman probe measurements, and how the optimized
value compares to this estimate. The optimized values and the associated fit cost for all
four actuation formulae are summarized in Table 5.1.
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Figure 5.19: Schematic of three fitted parameters: Ay,q is highlighted in red and describes the radiation
area of the chevron actuator and extend beyond this graphic, the shuttle length, Ls over which the
maximal to ambient over the shuttle, and /}, is defined as the beam length from which the beam stiffness
is calculated. The fourth fitted parameter, Lat, is shown in figure 5.8.

Temperature gradient length L, 7

The temperature gradient length L7 represents the length over which the fin temper-
ature drops from the maximum value at the shuttle end to ambient; see Figure 5.8.
While in practice the temperature does not return precisely to ambient at distance
La7 from the shuttle, the parameter provides a quantitative measure of the extent to
which the fin support structure heats up, and must satisfy Lyt > Iy, where [, = 300
pm. From probe-point measurement 3 (Table 5.2) and the arguments of Section 5.1.3,
a value of Lyt = 750um appears physically plausible: the maximum fin temperature
was approximately 600 °C and probe point 3 is located roughly 1.5 fin lengths from the
shuttle, which is consistent.
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Shuttle beam length /;,

The shuttle beam length [}, in (5.3) directly and exclusively controls the stiffness of
the beam connecting the chevron fin array to the cooling flexures. Because both the
chevron actuation force and the cooling fin stiffness are relatively high, a fraction of the
actuation displacement is lost to beam deformation. A shorter beam (higher stiffness)
minimizes this loss; a longer beam reduces the sample-point range of motion. The
beam stiffness is evaluated using the temperature-dependent modulus E (T) from (5.13)
at the average fin temperature. A beam length of 300 um is chosen which represents the
distance between the centers of the chevron fins and cooling fins.

Shuttle conduction length L

The shuttle conduction length L enters the energy balance (5.21) as the effective path
length over which the temperature drops from the maximum (at the thermal fins) to
ambient (at the cooling fins) through the shuttle body. This length cannot be deter-
mined precisely from geometry because the true boundary condition at the cooling
fins is not ambient temperature; the minimum temperature in practice rises with the
actuation level. Based on the device layout, a value of L; = 150um is expected from
direct geometric measurement.

Radiation area A;,q

The effective radiation area A;aq in 5.21 quantifies black-body radiation losses. This
mechanism is negligible at low temperatures but increases rapidly at elevated tem-
peratures due to its fourth-power dependence on absolute temperature. Assigning an
accurate geometric value to A;.q is difficult because of the many exposed surfaces and
the complex radiative exchange between closely spaced parallel fins (absorption, mul-
tiple reflections). A geometric upper bound of 400 by 500 um or 0.2 mm? is estimated
from the total surface area in and around the thermal actuator; the actual effective radia-
tion area, for a device where only the thermal fins heat up, is expected to be substantially
lower than this estimate.

All estimated and fitted parameter results with the fit-cost are shown in table 5.1.

Fitted parameters discussion

Several observations follow from Table 5.1. The two displacement-method formulae
(Sinclair and Hugo) converge to nearly identical parameter values and both match
the physical estimates closely: for both, the fitted L7 agrees well with the estimated
750 um, and the fitted L of 147 um to 168 um is consistent with the geometric estimate
of 150 um. This consistency across two independent displacement expressions lends
confidence to the parameter values, and, more importantly, the analytical accuracy of
the formulas. The fitted beam length [/}, = 548 um exceeds the rough estimate of 300 um
for both formulae, which is physically expected: the model assumes the cooling flexures
remain at ambient temperature, whereas in practice they heat up significantly, lowering
the effective Young’s modulus of the beam and requiring a longer /;, to reproduce the
observed displacement loss.
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Method La7 [um] | I [um] | Ls [um] | Apq [mm?] | Cost
Sinclair Displacement 728 547 168 0.810 0.098
Hugo 751 548 147 0.850 0.10
Espinoza Force 1460 542 41.7 0.986 0.10
Ratio >6000 536 24.5 1.18 0.12
Rough estimates 750 300 150 <0.20 —

Table 5.1: Optimized parameter values for all four actuation formulae together with rough physical
estimates.

The force-method formulae behave differently. The Espinoza formula converges to
Lat = 1460um, roughly twice the physical estimate, while the ratio formula diverges
entirely, with L7 exceeding 6000 pm and hitting the upper bound. Both force formulae
also converge to unrealistically short shuttle conduction lengths (Ls < 50um), far below
the geometric estimate. This behavior is consistent with the force formulae overesti-
mating the fin-point displacement at intermediate temperatures: to compensate, the
optimizer inflates L7, which reduces ATg, via (5.10) and suppresses the predicted
force, while simultaneously driving L; to a negligible value to maintain the current-
temperature fit. Despite these compensating distortions, the fit costs of all four formulae
are comparable (C = 0.10-0.12), indicating that similar total residuals can be achieved
through physically implausible parameter combinations in the force method.

The effective radiation area A;,q is substantially larger than the geometric estimate
for all four formulae, ranging from 0.81 mm? to 1.18 mm? against an estimated upper
bound of 0.20 mm?. This is physically consistent with the probe-point measurements
of Table 5.2, which show that several locations around the thermal device reach several
hundred degrees Celsius during actuation: the effective radiating area is not limited to
the fin surfaces but includes the surrounding heated structure. It should be noted that
all probepoints, except probe point 4, are located relatively close to the thermal actuator
and could thus be heated through the actuator and not the conductive wires. However,
probe point 4 is located far from the thermal actuator and not on an active conduction
path. The elevated temperature at probe point 4 shows that the complete chip heats up,
this could never be caused solely by the heat generated through the thermal actuator.
Simulations with ambient temperature boundary conditions at the fin supports and
thermal sinks showed that the temperature at probe point 5 and 4 should not increase
throughout the complete actuation range. Based on the foregoing, Hugo’s displacement
formula is considered the more physically reliable of the four, and its parameter values
are used in the remainder of this chapter.

All plots in the next subsections (sections 5.3.2, 5.3.4, 5.3.5, and 5.3.6) include the
estimated results of all equations and Hugo’s displacement results with fitted parameters.
In these plots, the implications of the four parameters and the differences between the
four different calculation methods are visualized.

5.3.2. Drive current and fin temperature
Figure 5.20 shows the Lorentzian fits to the measured spectra at all actuation setpoints;
the progressive peak shift with increasing current is clearly visible.
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Lorentzian fits to Raman spectra
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Figure 5.20: Lorentzian fits to the Raman intensity spectra at successive actuation setpoints. All
measurements are labeled with the respective actuation current, measured peak shift, and calculated
temperature.

The peak positions at all setpoints and for all chips are converted to temperatures via
(5.25). The analytical model is then fitted to these data as described in Section 5.2.3; the
results are shown in Figure 5.21. The ambient-pressure dataset is included to illustrate
the considerably higher actuation current required to reach the same fin temperature
compared to vacuum operation, a direct consequence of the additional convective heat
loss present at ambient pressure that is absent under vacuum.
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Figure 5.21: Drive current versus fin temperature for all chips and measurement conditions, together
with the four fitted analytical curves and the unoptimized reference.
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5.3.3. Probe-point temperatures
The measured probe-point temperatures for two test chips are summarized in Table 5.2.

5

t=0s | t=20s | t=40s
Test chip 3 | 248°C | 300°C | 254°C | 230°C | 251°C | 280°C | 278°C
Test chip6 | 230°C | 310°C | 245°C | 233°C | 238°C | 262°C | 270°C

1 2 3 4

Table 5.2: Raman probe-point temperatures at high actuation setpoint (I = 23.3mA) for two test chips.

Several observations follow from Table 5.2. The conductive wires (probe 2) reach the
highest temperature of all probe locations at approximately 300 °C, confirming signif-
icant resistive heating of the electrical connections. The fin anchors (probe 3) and
the cooling flexures (probe 1) both exceed 230 °C, consistent with the large Lt values
fitted in Section 5.3.1 and confirming that the thermal gradient extends well beyond the
physical fin length. The reference probe (probe 4), located far from the actuator, also
registers approximately 230 °C, suggesting that global chip heating is non-negligible
and may contribute to the observed device drift during actuation. At the sample point
(probe 5), the temperature is 270 °C to 280 °C and stabilized within the 40 s observation
window, indicating considerable and problematic sample heating.

5.3.4. Fin- and sample-point displacement
Now the data is compiled and fitted, and the result is shown in Figure 5.22.
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Figure 5.22: Displacement versus drive current measured in the SEM at the sample point (left) and fin
point (right) for chips 7, 8, and 9. The solid curve shows the Hugo fitted formula; dotted curves show all
four formulae evaluated at the estimated parameter values (Table 5.1). The U7 dataset was excluded
from the fits because the scan direction was parallel to the device drift direction, causing an apparent
reduction in displacement at elevated currents.

5.3.5. Displacement and fin temperature
The displacement-temperature relationship is obtained directly from the analytical
model: the Hugo displacement formula is evaluated over the full range of AT using
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the optimized parameters from Table 5.1. The temperature axis represents the fin
tip temperature rise AT = Tiaxabs — Tamb, Which is the actuation temperature used
throughout the model.

Two sets of scatter data are overlaid for validation. The SEM displacement measure-
ments are plotted at the temperatures obtained by inverting and interpolating the Hugo
fitted I(AT) curve. The Raman temperature measurements are plotted at the displace-
ments obtained from the Hugo fitted U(I) curve evaluated at the corresponding drive
currents. Both conversions use the same fitted model, so any deviation of the scatter
points from the analytical curve reflects genuine discrepancy between the model and
the data rather than approximation error in the conversion.

The resulting curves are, as expected, approximately linear over the actuation range:
the dominant term in the force expressions scales linearly with AT, via (5.10), and the
temperature dependence of @ and E introduces only a mild nonlinearity over this range.
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Figure 5.23: Displacement of the sample- and fin-point versus temperature rise of the thermal actuator
fins for all four fitted formulae, together with SEM scatter data (converted via the empirical T'(I)
mapping) and Raman-derived scatter data.

5.3.6. Electrical path resistance

The total measured circuit resistance exceeds the analytical fin resistance Ry, o from
(5.22) by an amount that includes the resistance of the conductive wires and contact
resistances. If the chip wires remain at approximately ambient temperature, this com-
bined conductive path resistance should stay constant across the actuation range. It is
extracted at each measurement point via:

Reond = T - Rf,tot’ (5.30)

where V,; is the measured actuation voltage and I the drive current. Ry o is the analyti-
cal fin resistance from (5.22), evaluated using the Hugo fitted parameters of Table 5.1.
Since R0 is used as the reference, any deviation of Rcong from a constant value reflects
changes in the external circuit rather than in the fins themselves.
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Figure 5.24 shows the measured voltage—current characteristics together with the ana-
lytical prediction, and the conductive path resistance extracted from (5.30).
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Figure 5.24: Left: measured voltage-current characteristics for four devices compared with the fitted
analytical characterization, including the expected conductive path resistance. Right: conductive path
resistance R.opq calculated from (5.30) for the same four measurements. All tested chips are 5um thick

TFS devices.

Two observations follow from Figure 5.24. First, at the lowest actuation levels the
extracted path resistance is approximately 1450 Q. This is consistent with the predicted
conductive path resistance of 1040 Q2 (Table 3.1 in Chapter 3) plus additional pin contact
and setup cable resistances R, between power supply and chip-wires. Second, Rcond
rises noticeably with drive current over the full actuation range, confirming that the
conductive wires heat up. This is consistent with the elevated temperature measured at
probe point 2 in Table 5.2.

5.4. Limitations and proposed improvements
The analytical and experimental characterization of the electrothermal device contains
several simplifications and shortcomings, which are collected here.

Linear temperature profile The fin temperature profile is approximated as linear over
the heated fin (Section 5.1.3). In practice the profile is closer to parabolic under vacuum,
and the boundary conditions assumed in the standard derivation, where both fin ends
are held at ambient temperature, do not hold here. Each thermal fin connects to the
TAS, which heats up considerably during actuation, while the anchor ends conduct heat
into a support structure that itself reaches elevated temperatures (probe points 1, 3,
and 4 in Table 5.2). The fitted gradient length L absorbs part of this discrepancy, but
a piecewise or coupled-domain thermal model including the support structure and
conductive wires would describe the device more accurately.

Beam temperature assumption The shuttle segment connecting the chevron fins
to the cooling flexures is evaluated at the average fin temperature in (5.13), implic-
itly assuming that the cooling flexures maintain their anchors at ambient. In practice
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the cooling flexures heat up to roughly half the maximum fin temperature (probe 1,
Table 5.2), lowering the effective Young’s modulus along the beam. This is the most
plausible reason the fitted /;, = 548 um exceeds the geometric estimate of 300 um (Sec-
tion 5.3.1).

Conductive wires in the energy balance The power balance (5.21) attributes all dissi-
pated power I°R f,tot to the thermal fins, but probe 2 (Table 5.2) and the extracted path
resistance R¢nq (Section 5.3.6) both confirm that, at higher setpoints, the conductive
wires reach several hundred degrees Celsius and dissipate a non-negligible fraction of
the input power outside the actuator. Including this wire dissipation explicitly would
feed back into the fitted parameters, particularly Ly and A;aq, which currently absorb
the discrepancy. This limitation disappears for devices that include the Mo conductive
layer.

Selection of actuation force formula Of the four candidate formulae, only Hugo’s
and Sinclair’s displacement formulae yield physically plausible fitted parameters (Sec-
tion 5.3.1); the two force-method formulae diverge or hit their parameter bounds.
Hugo’s is used throughout this chapter, but the four formulae give similar total fit costs
(C = 0.10-0.12), so the selection is partly empirical. Independent measurement of one or
more of the fitted parameters, particularly the temperature gradient length L7, would
resolve this.

Missing molybdenum conductive layer The tested devices were produced without
the Mo conductive layer (Chapter 3). Without Mo, the actuation current flows entirely
through the doped silicon device layer, raising the conductive path resistance and
dissipating a significant fraction of the input power outside the thermal actuator. This
results in: elevated wire temperatures (probe 2, around 300 °C), sample-point heating
(probe 5, 270 °C to 280 °C), and visible device drift caused by thermal expansion of the
chip holder and chip (Section 5.2.1). At high actuation levels, this risks damaging the
holder. Devices with the intended Mo layer are expected to behave very differently and
should be tested as the next step.

In-plane shuttle deformation The beam connecting the chevron fin array to the
cooling flexures strains during actuation (Figure 5.5). This strain causes actuation-range
losses at the sample point and complicates the actuation regime analysis. The effect
could be reduced by decreasing the cooling-flexure stiffness, which must be balanced
against the corresponding rise in sample-point temperature, and by increasing the
beam width to raise its axial stiffness.

Limited measurement dataset All fits in this chapter use 5 um TFS devices without
samples. Functional 20 um devices (Chapter 3) and measurements with samples of
known stiffness would provide additional constraints on the fitted parameters, allow the
lumped-model prediction for Uy g to be tested directly, and quantify fabrication-induced
variation across nominally identical devices.
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In summary, the dominant practical limitation is the missing Mo conductive layer, which
drives several other issues (wire heating, sample heating, and device drift) and which
counteracts the standard energy-balance assumption that all input power is dissipated
in the fins. The main analytical extension is a coupled thermal model including the
conductive wires and support structure. Both would be addressed on Mo-coated devices
that includes the 20 pm variants and samples of known stiffness.



Tensile tests

Following the characterization of both electrostatic and electrothermal MEMS devices
in Chapters 4 and 5, this chapter presents preliminary tensile testing experiments. While
the ultimate objective of these devices is to perform stress-strain and biasing experi-
ments inside a TEM, this thesis focuses on proving and comparing their functionality.

Two sample types are investigated: silicon lamellae and few-layer graphene membranes.
Silicon lamellae, commonly used for device characterization and mechanical testing,
exhibit well-characterized stress-strain behavior and serve as a validation standard.
Few-layer graphene membranes represent a more challenging test case: their atomic
thickness, exceptional mechanical properties, and sensitivity to structural defects make
them both scientifically interesting and technically demanding. Each material is de-
scribed in its own section, including mechanical properties, preparation methods, and
transfer protocols.

Given the exploratory nature of this work and challenges inherent in sample handling
at the microscale, measurement quality is expected to be limited. The primary goal is
feasibility demonstration rather than precision mechanical characterization.

6.1. Graphene

Graphene is a two-dimensional material consisting of a single layer of carbon atoms
arranged in a hexagonal lattice, see figure 6.1. First isolated in 2004 by Geim and
Novoselov [94], building on earlier theoretical work by Wallace [95], graphene exhibits
exceptional mechanical properties: Young’s modulus of approximately 1 TPa, tensile
strength exceeding 130 GPa, and breaking strain near 25% [1]. These properties, com-
bined with high electrical and thermal conductivity [2], [3], make graphene a promising
material for applications ranging from flexible electronics to composite reinforcement.
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Figure 6.1: Visualisation of single layer graphene [5]
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However, practical implementation is limited by topographical defects (ripples, wrinkles,
and grain boundaries) influencing mechanical, electrical, and chemical properties [5].
Understanding the relationship between structural imperfections and mechanical be-
havior requires in situ observation during straining, making TEM-based tensile testing
particularly valuable. The atomically thin nature of graphene (0.335 nm single-layer
thickness [96]) permits direct imaging of structural evolution under load, including
crack propagation, slip mechanisms, and grain boundary behavior [29]. The samples in
this thesis consist of few-layer graphene. While the PPC dry transfer method is capa-
ble of transferring few- to single-layer graphene [97], thicker few-layer samples were
selected for mechanical testing due to their increased mechanical robustness during
handling and EBID attachment.

Testing graphene membranes on the fabricated MEMS devices serves two purposes.
First, it provides a proof-of-concept for two-dimensional material testing, demonstrat-
ing compatibility with thin samples requiring careful handling. Second, successful
graphene testing validates the measurement sensitivity.

6.1.1. Transfer process
Two primary approaches for attaching 2D membranes to MEMS devices exist: wet
transfer and dry transfer, illustrated in Figure 6.2.
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Figure 6.2: Comparison of both wet and dry transfer processes, from [82] and [63] respectively.

Wet transfer involves floating the graphene membrane (typically grown on copper
foil via Chemical Vapor Deposition (CVD) or mechanically exfoliated onto a sacrifi-
cial substrate) in deionized water or dilute acid solution after etching the underlying
substrate. Using a nanoindenter, the floating membrane is then positioned above the
target device, and the liquid is allowed to dry [98], gently lowering the membrane
in place. While well-established for transferring graphene onto flat substrates, this
method presents significant challenges for MEMS devices with comb or suspended
structures. Submersion and subsequent evaporation can cause stiction due to capillary
forces particularly problematic for comb-drive actuators with narrow gaps (~ 2 um in
this case) [40]. Stiction can be mitigated through critical point drying (CPD), which
eliminates the liquid-vapor interface by transitioning through the supercritical phase of
COg, thereby avoiding surface tension forces [99]. However, CPD requires specialized
equipment and introduces additional process complexity.

Dry transfer circumvents liquid-handling challenges entirely. The technique employs
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a sacrificial PolyCarbonate (PC) or PolyPropylene Copolymer (PPC) film that exhibits
strong adhesion to two-dimensional materials [97]. As illustrated in Figure 6.3, the
process proceeds as follows. First, graphene is mechanically exfoliated from HOPG
(Highly Oriented Pyrolytic Graphite), then, placed on a PolyDiMethylSiloxane (PDMS)
square attached to a glass microscope slide. After careful selection, a sample is chosen
and picked up using a PDMS dome attached to a glass slide. Given the transparency of
the PDMS, the dome is used as a lens during this process. This PDMS dome is covered
with a thin layer of sacrificial PPC. After lift-off, the sample is placed over the sample gap
and the temperature of the chip is increased to melt this PPC film. The melting point of
the PPC is lower than that of the PDMS dome, thus when moving the PDMS dome up, a
layer of (molten) PPC is left behind including the sample.
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Figure 6.3: Schematic representation of the membrane transfer procedure with sacrificial PPC film. a)
precise positioning of PDMS dome above the 2D material using microscope. b) and c) showing the
contact and picking up of the sample. d) shows the repositioning of the dome, with sample, above the gap
on the device after which, in (e), contact is made to transfer the sample at 105 °C to detach the PPC film
from the PDMS dome. Finally, in (f), the material is left behind on the chip with the PPC film on top [63]

Finally, the PPC is removed by vacuum annealing (2.5 hours at 300 °C), decomposing
the polymer and leaving only the graphene membrane [63].

The dry transfer method offers several advantages for MEMS compatibility: (1) no liquid
contact with the device, eliminating stiction risk; (2) precise positioning control through
optical feedback; (3) minimal contamination if proper vacuum annealing is performed.
All graphene samples tested in this work were transferred using the dry method. The
downside of the dry method relates to the fragility of the devices as the placing of the
sample requires precise and careful sample movement. This transfer process for the
5um thick devices proved to be difficult given the low (out of plane) stiffnesses.

Following transfer, the graphene membrane is attached to the device through van der
Waals adhesion alone. These adhesion forces are insufficient for mechanical testing as
tensile forces would cause membrane slippage or detachment. Improved attachment
is achieved through Electron Beam-Induced Deposition (EBID), a nanofabrication
technique that deposits solid material at targeted locations.

In EBID, a focused electron beam (1-30 keV) interacts with a precursor gas (com-
monly organometallic compounds such as methylcyclopentadienyl platinum trimethyl,
MeCpPt(Me)3) introduced into the specimen chamber [100] through a nozzle. The
electron beam dissociates precursor molecules at the beam impact point, depositing
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the metallic component while volatile byproducts are pumped away. The deposited
material effectively "welds" the graphene membrane to the device surface [101].

After EBID attachment, the samples are ready for testing.

(a) (b)

(©) (d)

Figure 6.4: SEM images of an electrothermal, top, and electrostatic, bottom, device before, left, and after,
right, EBID. The deposited material is platinum with a thickness of 200 nm, a width of 4 pm, and a length
extending 5 um from the edge of the sample on both sides.

6.1.2. Test results

From both devices only the electrothermal device could be used because, for the electro-
static device, the shuttle was found to be stuck to the handle wafer rendering it unusable
(see subsection 4.1.6 for more info on stiction). One tensile test with a graphene sample
was performed, some images from the testing are included below (figure 6.5):

(@ (b) (©

Figure 6.5: Three images from the tensile tests with an electrothermal (5 um thick) device. The first image
shows an overview of the sample placed and glued on the shuttles. The second and third images show
the graphene before and after tensile testing.
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The displacement was measured through the capacitive fins and through measuring the
load shuttle displacement and sample elongation with SEM images at every setpoint.
Applying a voltage over the chevron fins visibly actuated the TAS with the graphene
pulling on the LS, also moving it. The initial sample gap was taken as the distance
between the platinum anchors. At an actuation current of 18 mA, the graphene broke
and the load shuttle moved towards its unactuated state. Below plots show the acquired
data, figure 6.6;
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Figure 6.6: Capacitance change with comb displacement results for a 5 micron electrothermal device
with graphene sample on the left. On the right the stress strain results for this graphene sample.

6.1.3. Discussion results

Despite the limited dataset of a single tensile test, several observations can be drawn.
The graphene sample did experience stress during actuation, evidenced by the load
shuttle displacement and the eventual fracture of the sample at a drive current of
18 mA, after which the load shuttle returned to its unactuated position. The measured
stress values were, however, inaccurate or minimal, which is attributed primarily to
difference between the initial sample gauge length and the initial sample gap: because
the gauge length is considerably larger than the gap, the achievable strain is reduced by
a corresponding factor.

The capacitance measurements proved insufficiently accurate to resolve the small
displacements involved, consistent with the expectations set out in Section 5.3. No
reliable displacement-capacitance relationship could be established from the present
data.

An additional concern relates to the electrical boundary conditions of the measurement.
Under actuation, the TAS is brought to approximately half the total actuation voltage.
If the Moku:go does not employ a floating ground, a potential difference across the
graphene sample could drive a leakage current through it. No such leakage current
was detected during the measurement, though this does not definitively rule out the
possibility.

As observed during the initial actuation tests (Section 5.3), the complete device shifts
with increased actuation currents, and thus heat. The combination of this shift and
the scanning direction of the SEM introduced systematic errors in the displacement
measurements, particularly at the sample gap where the absolute displacement is
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smallest. The fracture morphology of the graphene was atypical of a straightforward
tensile failure, which may be related to the elevated temperature at the sample location
or to the aforementioned electrical boundary conditions.

To improve the reliability of future tests, the actuation voltage should be applied across
both sides of the chevron fins, with the TAS grounded through one of the biasing
contacts; this eliminates any floating potential at the sample. Rotating the chip by 90°
relative to the SEM scan direction would reduce the apparent shift in the images, though
it would not eliminate the underlying mechanical drift entirely. Increasing the number
of repeat tests and sample types is necessary to assess the consistency of the results and
to build a statistically meaningful dataset.

In addition, when examining the load shuttle fins after all transfer steps (see figure
6.7), it is clear that these are deformed. The extent of this deformation is such that
the accuracy and correctness of the capacitance measurements is severely jeopardized.
This on top of the expected capacitance measurement accuracy already being minimal.
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Figure 6.7: Image of the LS fins after all transfer tests showing that the comb fins are deformed and in
some cases seemingly touching. It must be noted however that no leakage current was measured when
applying a potential over the fins.

6.2. Lamella

Alamella is a thin, electron-transparent membrane extracted from bulk material using
focused ion beam (FIB) milling. Typical dimensions are 10-15 ym in length, 5-8 ym in
height, and 100-500 nm in thickness [102], [103]. This geometry provides a free-standing
cross-section suitable for in situ mechanical testing under transmission electron mi-
Croscopy.

6.2.1. Transfer process

Lamellae prepared by FIB lift-out offer several advantages for nanomechanical testing.
The technique enables precise control of extraction location, crystallographic orienta-
tion, and specimen dimensions from thin films, coatings, or complex microstructures
where conventional sample preparation cannot be readily employed [102], [104]. The
controlled geometry and small specimen volume (< 1 um?) satisfy both the mechanical
requirements of nanoscale testing stages and the electron-transparency requirements
for SEM and TEM observation of deformation mechanisms [103], [105].
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The lamella preparation process consists of three main stages, illustrated in Figure 6.8 [103].
First, a protective metal layer is deposited on the surface region of interest through two
steps: initial electron-beam deposition of a thin metal layer (typically 50-100 nm) pre-
vents surface damage during subsequent processing, followed by ion-beam deposition
of a thicker protective cap (1-2 pm) [102], [106]. Second, the lamella is cut out by FIB
milling: trenches are cut on both sides and beneath the region to create a freestand-
ing membrane attached at one end. A nanomanipulator needle is then welded to the
lamella using EBID, and the final attachment is severed to lift out the specimen [102],
[103]. Third, the lamella is transferred to the MEMS device and welded in place using
localized metal deposition. The membrane is thinned by FIB milling from both sides
until the target thickness is achieved (typically 100-200 nm for TEM transparency, or
200-500 nm for mechanical testing) [102], [103], [107].

Lamella Shaping

Thinning

Figure 6.8: FIB milling and thinning [102]

The lamella used for tensile testing in this work is shown in Figure 6.9: its placement
across the gap between the electrothermal device shuttles, a plan-view image with its in-
plane dimensions, and a cross-section with its thickness. These devices where prepared
by one of DENS’ collaborators at the Technical University Darmstadt under supervision
of Prof. Dr. Molina-Luna from the Advanced Electron Microscopy subdivision.
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(a) (b) (©
Figure 6.9: Three images of the lamella used for tensile testing: (a) the lamella placed over the gap

between the thermal device shuttles (TAS and LS), (b) a plan-view image with in-plane dimensions, and
(c) a cross-section with thickness. These pictures where taken at TU Darmstadt for DENSsolutions.

The expected stress—strain response of the silicon lamella can be calculated from the
measured displacement and known geometry. For uniaxial tensile loading, the engi-
neering stress o and engineering strain € are:

F  ksAU; AU
=—= (6.1) €=
Ap wt Ly

o (6.2)

where F is the applied force, Ag = wt is the initial cross-sectional area, AU is the
measured sample elongation, L is the initial gauge length (the sample gap distance), k;
is the sample stiffness, w is the lamella width, and ¢ is the lamella thickness. The elastic
modulus then follows from the linear portion of the stress—strain curve:

(6.3)

Silicon exhibits elastic anisotropy, with Young’s modulus varying with crystal orientation.
For single-crystal silicon, E(100y = 130 GPa, while E(110y = E(111y = 169 GPa [13]. Knowing
the Young’s modulus, cross-sectional area, and gauge length of the sample therefore
allows the expected stiffness, and hence the device response, to be predicted. For
the lamella in Figure 6.9, with Ly = 6um, w = 9um, and ¢ = 95nm, assuming (110)
orientation and that the sample remains at ambient temperature, the expected stiffness
is:

_Ewt

ks ~24kNm™. (6.4)

Lo

6.2.2. Test results

Tensile testing of the lamella was not carried out within this thesis, both due to time
constraints and because lamella testing is supplementary to the main focus of this work,
the characterization and comparison of the two device types. The preparation and
mounting described above, together with the expected stiffness of (6.4), are nonetheless
included as a starting point for follow-up work; the actual tensile measurement on the
mounted lamella is therefore deemed future work (Section 7.2).



Discussion

This chapter brings together the findings from Chapters 4, 5, and 6. Each device chapter
ended with its own Limitations and proposed improvements section, in this chapter
the general improvements and limitations applicable for both devices are described.
The functionality of both devices as they are now and as they could be including the
improvements are compared.

7.1. Limitations and proposed improvements

The device-specific limitations are collected in Sections 4.4 and 5.4. Several issues are
common to both devices and are summarized here.

Missing molybdenum conductive layer The tested devices were produced without
the intended Mo layer on the conductive wires (Section 3.2). For the electrostatic
device this has no direct consequence, as the actuation currents are negligible. For the
electrothermal device, the consequences are substantial: only a small part of the input
power is dissipated in the fins, the surrounding chip heats up significantly (Table 5.2),
the sample point itself rises to 270 °C to 280 °C (probe 5), and the assumption underlying
the energy balance (5.21), that all input power dissipates in the fins, is partially violated.
Testing the Mo-coated devices would thus solve most issues encountered during testing
and characterizing.

Device thickness The 20 um devices could not be tested due to incomplete frontside
DRIE (Section 3.2). For the electrostatic device, a fourfold increase in thickness would
increase the comb capacitance and the force by roughly the same factor, pushing the
device signal well above the present noise levels of the capacitance measurements
(Section 4.3.2), and would substantially raise the out-of-plane stiffness, suppressing the
handle-wafer-stiction failure mode (Section 4.1.6). For the electrothermal device, the
trade-offis less one-sided: the load shuttle becomes stiffer, which shifts the optimal sam-
ple stiffness upward (Figure 5.15) and reduces the device’s suitability for ductile samples.
For both devices, the increased in- and out-of-plane stiffness increase would increase
the yield of functional devices during production, handling, and sample transfer.

DRIE sidewall characterization The scallop depth b, the scallop inclination angle,
and the mask undercut w¢ all enter the in-plane stiffness, the comb capacitance, and
the actuation force (Section 4.1.2), yet all three were taken from literature ranges rather
than measured on the present devices. Visual inspection suggests that the assumed
mask undercut underestimates the actual value. Cross-sectional SEM imaging of the
etched sidewalls, combined with a COMSOL fit of these geometric parameters to a
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wider voltage—displacement dataset, would remove a major source of uncertainty in the
electrostatic device model and slightly tighten the electrothermal one. Enlarging the
mask features by the anticipated undercut, would make sure the released devices match
the nominal design dimensions.

Sample transfer and residual forces The dry-transfer process (Section 6.1) leaves
residual in-plane forces of unknown direction on the shuttles after attaching the samples.
The electrostatic device, designed for low in-plane stiffness, is more affected: in several
cases the shuttle was visibly pulled and twisted by the sample, and, was in extreme cases
enough to bring the comb fins into contact. Beyond the immediate stiction risk, any
non-axial component of this residual force makes the imposed strain non-uniaxial and
affects the stress—strain interpretation. A wet transfer (Figure 6.2) with critical point
drying would provide cleaner samples with better-controlled thickness and orientation,
at the cost of additional process complexity.

7.2. Future work
Beyond the improvements above, several subjects remain to be researched.

In-situ TEM testing of mounted samples was not possible during this thesis because
no compatible holder was available; this is what the devices were designed for and
should be performed once a holder is in place. TEM testing with these devices could
help in characterizing the structure of graphene and its relation to strain. Combining
strain with vibration measurements, possible on both devices through the same comb
sensor, would let the dependence of resonance and Q-factor on applied strain be tracked
directly, which is one of the original motivations for these devices (Section 2.1).

On the analytical side, a coupled thermal model that includes the support structure
and the conductive wires (rather than collapsing them into the fitted parameters Lat
and A;,q) would describe the thermal device more accurately, particularly on the Mo-
coated variants where the wire resistance, and thus heating, is nullified and the standard
energy-balance assumptions could be applied accurately. For the electrostatic device,
a self-consistent treatment of fin bending and its effect on capacitance [41] would
simultaneously resolve the unmodeled fin tip deformation and the corresponding
change in the operating regime, especially close to the contact voltage. Alternative
actuation principles from Section 2.4, in particular comb-drive electrostatic actuation,
would also avoid the pull-in instability and the fin-bending limit entirely, at the cost of
force density.

Finally, several device-level modifications are worth exploring: increasing the shuttle
beam width on the electrothermal device to suppress the actuation-range loss visible
in Figure 5.5, thickening the electrostatic device beyond 20 um together with a higher
fin count to increase the achievable force and capacitance range, and adjusting the
cooling-flexure stiffness on the electrothermal device to balance heat sinking against
sample-point temperature.
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7.3. Comparison of the two devices

The two devices were both designed for in-situ tensile testing but differ in how they
achieve this. Their functional differences, discussed throughout this thesis, are sum-
marized in Table 7.1, which lists each device twice, once as is tested in this work, once
with the proposed improvements of Section 7.1 applied. Several distinctions are worth
highlighting before showing the table itself.

The actuation principles dictate the speed and the natural sample stiffness range. The
electrostatic device responds essentially instantaneously, while the electrothermal de-
vice is limited by the thermal mass of the fins; the electrostatic device is therefore the
obvious choice for dynamic tests such as vibration or fatigue characterization. Thicker
electrostatic devices could achieve very high actuation forces, while the thin, 5um,
device is rather limited in actuation force. Due to the relatively low load shuttle stiffness,
the electrothermal device is also rather limited in actuation force as it depends on the
displacement of the load shuttle and, again, a thicker device could help improve testing
stiffer samples.

Once the electrostatic device passes pull-in, the comb fins stick together (Section 4.1.6)
and the device is, in most cases, unusable; for the 5 um variant this happened repeatedly
throughout, and in preparation of, testing. The electrothermal device has no equivalent
failure mode and tolerates being driven to its full temperature range many times over.

On the electrothermal device the entire load-shuttle moves during actuation, so a
feature of interest in TEM imaging drifts with the applied strain; on the electrostatic
device only one side of the sample translates, keeping the opposite end fixed in the
imaging frame. The electrostatic device additionally uses fewer device contacts, which
would leave room for separate four-point biasing connections to the sample, a feature
the electrothermal device cannot accommodate within the present chip layout.

Electrostatic Electrothermal

current | improved | current | improved
Maximum actuation force ~200pN | = 1000uN | = 54puN* | = 500 uN*
Maximum sample strain % = 10 = 20 ~13* =20*
Compatible sample stiffness range + ++ - -
Strain measurement accuracy —— ++ —— +
Actuation speed ++ ——
Vibration / Q-factor measurement + | ++ -] +
Ambient-pressure operation ++ -
Sample transfer ease —— ‘ - - ‘ ++
Sample stays in place under actuation - ——
Number of contacts / four-point biasing + -
Actuation complexity —— +
Analytical model complexity - —— +
Repeatability / failure tolerance - ++

Table 7.1: Comparison of the electrostatic and electrothermal devices, both as built and tested in this

work and with the improvements of Section 7.1 applied. Ratings are qualitative (——,

—, +, ++) or short

descriptors, depending on the row; quantitative entries are given where the relevant analysis is available.*

these numbers are sample (stiffness) specific.
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In the end, while both devices achieve a similar goal they both differ in their uses and
characteristics; the electrostatic device is more flexible regarding sample ranges at a
cost of repeatability and fragility while the electrothermal device offer optimal measure-
ment ranges for specific sample stiffness ranges while gaining transfer robustness and
repeatability. The improved version for both devices would solve most shortcommings
of the designs while unaltering the main mechanisms of the devices.



Conclusion

This thesis characterized two MEMS devices for in-situ TEM tensile testing of micro- and
nanoscale samples: an electrostatic device based on parallel plate actuator and an elec-
trothermal device based on chevron thermal actuators. Both were described analytically
and tested experimentally, with the measurements compared against the sample-free
analytical predictions. The work was structured around five research questions, which
are addressed below.

The actuation, sensing, and operational limits of both devices were described ana-
lytically as functions of geometry, material properties, and actuation input. For the
electrostatic device this comprised the serpentine flexure stiffness, the parallel-plate
comb capacitance with a COMSOL-validated fringe correction, the electrostatic actu-
ation force, and the three operational limits that bound its working range: the pull-in
instability, the vacuum breakdown voltage, and the fin-bending contact limit. For
the electrothermal device it comprised the chevron displacement of both shuttles, a
complete lumped system including all deforming elements, and an energy-balance
model relating drive current to temperature rise, and the same capacitive readout. In
both cases the DRIE sidewall geometry was folded into the model through effective
beam-width corrections.

The agreement between model and measurement differed between the two devices.
For the electrothermal device, a four-parameter model was fitted jointly to SEM dis-
placement and Raman temperature data and reproduced both datasets well, with each
fitted parameter retaining a physical interpretation. The optimized parameters are
values which otherwise can’t be correctly measured or derived from the model itself. For
the electrostatic device, the predicted pull-in displacement of 0.61 um was confirmed
experimentally, validating the purely geometric pull-in result, but the measured voltage-
displacement response exceeded the prediction, consistent with the literature-based
scallop and mask-undercut values underestimating the true sidewall loss of stiffness.
The capacitance measurement was dominated by parasitics of the bias tee and ca-
bling, with readings above the predicted device capacitance and a scatter exceeding
the expected device-level signal, so no capacitance-displacement relation could be
extracted. Two production-related effects had to be accounted for to reconcile model
and experiment: the omitted molybdenum layer, which left only a small fraction of the
drive power dissipating in the thermal fins and heated up the whole chip, including the
sample point, to 270 °C to 280 °C; and the incomplete frontside DRIE, which restricted
all functional testing to the 5 um devices.

The strain, force, and sample windows of both devices were established from the analyt-
ical models. The electrostatic device is limited to a maximum strain of approximately
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10 % by the geometric pull-in condition, with its accessible force range bounded by the
fin-bending contact voltage and increasing roughly fourfold from the 5 um to the 20 pum
device. The electrothermal device has no comparable hard displacement limit, and
its achievable sample strain and measurement quality peak within a sample-stiffness
window that shifts with device thickness, as captured by the figure-of-merit analysis.

The smallest resolvable sample strain was characterized for both devices through the
capacitive readout. For a given capacitance resolution, the resolution improves with
increasing displacement, and is substantially better for the thicker devices owing to
their larger absolute capacitance and per-displacement capacitance change.

The most impactful improvements identified for future work are common to both:
incorporating the molybdenum layer, fabricating functional 20 um, or thicker, devices,
and measuring the DRIE sidewall geometry directly rather than relying on literature
values. With these in place, and with a compatible TEM holder, the devices are well
positioned for the in-situ strain and, possibly, combined strain-vibration measurements
they were designed for.
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9.1. Al usage

I initially used perplexity, an Al specifically made for scientific research, to help find
sources and papers. Towards the last months of the thesis is used Claude to reorganize
and clean up my scripts and help me proofread/ write the actual thesis. I asked this
LLM, Claude, what it thinks about my AI use regarding the writing of the thesis:

Your use of Al has been selective and purposeful:

1. Source finding and technical verification: ou used Al to search for and verify
technical facts — scallop depths from literature, BOX layer breakdown voltages,
fringe correction factors. This is appropriate use: Al as a literature search tool
where you then validate the findings yourself. Importantly, when Al returned
sources, you always checked the actual source material to verify that the claims
were actually proven or written there, rather than accepting Al’s interpretation at
face value.

2. Structural organizational help: You asked for outlines, table structures, and
section reorganization. This is good use — Al for architecture, not prose.

3. Cleanup and rewriting: You used Al for proofreading and minor rewrites, but with
a clear constraint: reuse your existing sentences unaltered as much as possible,
and only change things when they concern small mistakes, typos, or wording
issues. You were explicit about keeping your voice intact and rejecting Al-written
prose that didn’t match your style — short, direct, factual, no fluff. This approach
worked well because you treated Al as an editor, not a writer.

4. What you correctly avoided: You didn'’t ask Al to write your research questions,
your analytical derivations, your results interpretation, or your device design
rationale. Those stayed yours.

Bottom line: You used Al as a tool for research support and structural help, but you
maintained authorship of the actual content and voice. The thesis reads like your work
because you set clear boundaries on what Al could touch and how it could change your
text. Your consistent feedback when Al drifted into unnecessary elaboration shows you
have clear judgment about what your voice should be.
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Displacement recording SEM

The displacement of the electrothermal TAS was measured by recording the gap between
two fin structures, on the vernier window, one of which is connected to the moving
shuttle and the other connected to the handle wafer, see figure A.1. During actuation
their separation changes. This change is the actuation distance.

| profile A (x, luma)
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Figure A.1: Screenshot of the Tracker software where on the left the two vernier fins can be seen with on
the right the intensity plot averaged over the pink box.

A screenrecording was made for an actuation sweep. This screenrecording was then
studied with the tracker software and manually with a python script. Just like in the
tracker software, the python script took a strip of the image and averaged the intensity.
The gap between two feature always differs in intensity from the features themselves,
the bigger this difference the more accurate the derivation can be made. From this
intensity plot, a high, or low, intensity zone, which represents the gap, can be separated
and its length defined, see plot A.2.
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Figure A.2: A plot showing the average pixel intensity values of one frame in the screenrecording created
using python. The higher intensity region represents the gap and is highlighted in yellow.

Both measurements are shown together with the actuation voltage sweep overlay in
figure A.3. Looking at this plot it is clear that the accuracy of these measurements is
inadequate for actual analysis and fitting.
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Figure A.3: The displacement results from both methods plotted together with the relevant voltage
sweep in red. The tracker software results are in blue and the python results in green.
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Raman Spectroscopy Electrothermal
device

Temperature measurements through raman spectroscopy were performed on the elec-
trothermal devices both in ambient and in vacuum conditions. The setup can be seen
below, figure B.1;

Figure B.1: Pictures of the Raman spectroscopy setup for temperature measurements in vacuum. The
Horiba raman spectroscopy device itself is circled in purple, the device holder in the vacuum tube is in
red, the vacuum pump itself in blue, and the power supply in yellow. The close-up shows the working
distance when in focus and the window through which the measurements are done.

The Raman peaks of monocrystalline silicon are typically fitted using Lorentzian func-
tions linked to the broadening characteristics of the peaks with increasing temperature.
This type of broadening naturally produces a Lorentzian lineshape. In contrast, Gaus-
sian distributions are generally associated with statistical or instrumental broadening
effects. Since the intrinsic phonon behavior dominates in crystalline silicon, Lorentzian
fitting provides a more physically accurate representation of the Raman peaks. There-
fore, Lorentzian fits are commonly used to determine peak shifts for temperature mea-
surements in silicon chips.
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White light interferometry

White light interferometry is an optical measurement technique used to determine the
surface height or roughness of a sample with very high precision. It works by splitting
white light into two beams: one reflects from a reference surface and the other from
the sample surface. When the reflected beams recombine, they create an interference
pattern that depends on the difference in path length between the two beams. By
analyzing this interference pattern, the surface profile and height variations of the
sample can be accurately measured. The setup is shown below, see figure C.1

Figure C.1

White light interferometry was implemented to check; 1) shuttle alignment at sample
point, and 2) device layer residuals left over from the DRIE process. It was noticed that
the connection structure for the sample, both shuttles of the electrothermal device and
the ground structure and actuation shuttle for the electrostatic device, did not always
line up in the out of plane direction, as can be seen in figure C.2.
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Figure C.2: White light interferometry bitmap showing both shuttles of the electrothermal device with a
focus on the sample gap. It can be seen that the shuttles are not at the same height at the sample gap.
Later it was found that this specific device had some defects and, while this measurement is not
considered, should be further studied in the future.

Imaging the residual left over material in between thin features of the 20 um thick
devices proved difficult through white light interferometry. In the end SEM images were
preferred, see section 3.2.3. The results are shared nonetheless, see figure C.3.
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Figure C.3: White light interferometry bitmap showing one of the serpentine flexures of a 20 microns
electrostatic device. This measurement aimed, and failed, to visualize the left over material from the
DRIE etching.
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SEM Setups

The actual application of the electrical testing circuitry described in section 4.2 and
5.2 and shown in figures 4.20 and 5.16 is shown in the figures below. The first figures,
figure D.1, show the testing setup for the electrostatic device. Here one can see the DC
power supply (a keithley 2450 to be more precise), the bias tee, the AC potentiometer
(Moku:Go), the interconnect unit adapting the coax cables to a lemo 8 pin cable con-
nected through the SEM to the chip. The chips were placed on a holder which held the
chips in place and placed the connection pins on the connection pads.

Figure D.1: Image of the testsetup for testing of the electrostatic device with sample.

The electrical setup for the electrothermal device is a little more simple that that of the
electrostatic device because the actuation and measurement each have their own two
contact pads on the chip. The DC actuation voltage from the Keithley is applied through
two coax connections on the interconnect unit and two others are connected to the AC
potentiostat. Below an image of this setup is added, see figure D.2;
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Figure D.2: Image of the electrical setup for actuating and measuring the electrothermal device with a
feedthrough SEM



Leakage through handle wafer

For typical SOI with a thermal SiO, BOX layer of thickness tgox = 1.5 um, the breakdown
field is approximately Epg = 10MV/m, corresponding to a breakdown voltage of V4 =
1500V across the oxide [108].

Leakage current increases with electric field in three regimes [109]:

e E<3MV/m (V <450V): leakage ~pA/ cm?, negligible.

e SMV/m < E<6MV/m (450V < V < 900V): Poole-Frenkel emission dominates;
leakage rises to nA-pA/cm?.

e E>6MV/m (V >900V): Fowler-Nordheim tunneling dominates; leakage be-
comes substantial.

In the SOI architecture used here, two p-doped Si wires on the device layer are sepa-
rated by 50 um at minimum and sit above the handle wafer. When a voltage is applied
between the wires, the oxide acts as two capacitors in series and each oxide layer sees
approximately V/2 of the applied voltage. With typical actuation voltages of tens to
~ 200V, the field in the BOX remains well below 3MV/m, and leakage through the oxide
is negligible (~pA). Breakdown risk only arises above ~ 900V, well outside normal
operating conditions.
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Example sample stiffnesses

The operating maps and sensitivity analyses of the electrostatic and electrothermal
chapters (Figures 4.14, 4.16, 5.13, and 5.15) include a set of example sample stiffnesses
to indicate where real materials fall within each device’s working range. The values used
for these reference lines are derived here.

To isolate the effect of the material from that of the sample geometry, a single standard-
ized sample geometry is assumed for all materials, listed in Table E1. The gauge length
is taken equal to the nominal sample gap (6 um) and the cross-section is representative
of a transferred membrane or lamella. The axial (tensile) stiffness of a prismatic bar
then depends only on the material’s Young’s modulus:

_ EA _ E Wgample fsample

ko= ——
T Lo Lo

) (E1)

which is the same relation used for the silicon lamella in (6.4). With the fixed geometry
of Table E1, A/Ly = 0.83um, so k; scales linearly with E.

Parameter Value Symbol
Width 10.0um  Wgample
Thickness 0.2um  fsample
Gauge length 6.0pm Lo

Cross-sectional area 2.0um? A

Table E.1: Standardized sample geometry assumed for all example materials. The sample thickness is
taken as 0.2 um which is on the thicker side, thus, the stiffness can be seen as an upper limit.

Table E2 lists the resulting stiffnesses for a range of representative materials, ordered
from soft elastomers to stiff ceramics. The values span roughly six orders of magnitude,
from below 1 Nm™! for PDMS to above 10° Nm™! for silicon nitride, which illustrates
why no single device thickness is optimal across all sample types. Few-layer graphene is
treated as a special case: as a two-dimensional material its effective tensile stiffness is
not meaningfully captured by a bulk modulus acting on the assumed cross-section, so
the value is taken directly from the literature [82] and the modulus entry is left blank.
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Material E[GPa] k;[N/m] Source
Soft Materials

PDMS 0.001 0.33 [110]
SEBS elastomer 0.0028  0.96 [111]
2D Materials

Graphene (few-layer) — 680 [82]
Polymers

SU-8 6.2 2.08x10% [112]
Polyimide 5 1.68x10% [113]
Metals

Gold (Au) 72 24x10%  [114]
Copper (Cu) 53 1.76 x 10*  [115]
Ceramics & Semiconductors

Polysilicon 160 5.2x10%  [114]
Silicon nitride 260 8.4x10*  [116]

Table E.2: Young’s moduli and resulting axial sample stiffnesses from (E1) for the standardized geometry

of Table E1.

These values are first-order estimates intended only to anchor the device plots to recog-
nizable materials. Real samples deviate through their actual geometry, defect content,
crystallographic anisotropy, and temperature dependence; the silicon lamella of Sec-
tion 6.2 is calculated separately with its measured dimensions.
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