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Abstract

Surface corrugations in graphene negatively effect the unique and useful prop-
erties of graphene. In order to exploit the special properties of graphene, it is
therefore important to understand the phenomenon of wrinkling. In this study,
strain engineering was applied to study the flattening of wrinkles in a suspended
graphene membrane. Initially, a MEMS device was used for inducing strain in
a suspended membrane. Transfer of graphene onto the MEMS device was chal-
lenging and in this study not successful. Suspended graphene drums with an
electrostatic backgate were used as an alternative system for strain engineering.
A stress-strain curve was calculated from the drum deflection measurements as
a function of backgate voltage. The stress-strain curve exhibits a non-linear
regime that is due to wrinkle flattening and a linear regime that is due to mem-
brane stretching. The Young’s modulus of the membrane is determined using
three different methods. An analytical model for the stress-strain curve of a
wrinkled membrane proposed in [1] is fitted to the experimental data. The
good agreement between the model and the data validates the model and pro-
vides insight into the parameters that govern the behavior of the membrane.
Wrinkles were visualized individually and were clearly decreasing in size with
increasing backgate voltage. Also the surface correlation length was shown to
increase with backgate voltage, indicating flattening of wrinkles.
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Chapter 1

Introduction

1.1 History of graphene

Graphene is a 2-dimensional (2D) material consisting of a single layer of car-
bon atoms, arranged in a hexagonal lattice. Many layers of graphene stacked
together constitute the naturally occurring material graphite. Strictly speak-
ing, the term graphene belongs to a single layer of graphite. However, the
term graphene has been used for few-layer and multilayer graphene as well.
The structure of graphite with its stack of hexagonal layers was unravelled by
powder diffraction experiments in 1917 [2]. With knowledge about the highly
symmetric atomic structure of graphene, in 1947 Wallace investigated its unique
electronic properties using the tight binding model [3]. In the following years,
physicists realized that the linear dispersion relation that follows from the tight
binding model for graphene implies exotic electron behavior. It was shown that
electrons in graphene behave as massless Dirac fermions, which are relativistic
particles [4].

Because of its highly symmetric and relatively simple atomic structure,
graphene was used as a model system for theoretical studies about 2D ma-
terials. Along with theoretical studies, effort was put in producing monolayer
graphene samples for experiments. Graphene was isolated for the first time by
Geim and Novoselov in 2004 [5]. Geim and Novoselov introduced the Scotch
tape method for mechanical exfoliation of graphite to produce micrometer-sized
flakes of few-layer and even monolayer high-quality graphene. This cheap and
easy but effective method triggered a gold rush among researchers to demon-
strate the theoretically predicted properties of graphene. The zero bandgap [5],
ultrahigh electron mobility [6], ultrahigh stiffness [7], high thermal conductivity
[8], high transparency [9], chemical inertness [10], impermeability [11] and elec-
tromechanical tunability [12] of graphene were shown within a few years time.
Graphene has also shown useful as a model system for experiments on quan-
tum electrodynamics phenomena [13]. In 2018, it was discovered that bilayer
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CHAPTER 1. INTRODUCTION 5

graphene becomes superconducting when the angle between the layers equals
the magic angle [14].

Although graphene is fascinating from a theoretical physics perspective, it
also has the potential to revolutionize different fields of technology. Combin-
ing its unique properties with the fact that graphene is atomically thin results
in a plethora of technological applications for microsensor devices, composite
materials, surface coating, microelectronics, spintronics, valleytronics and su-
perconductors.

1.2 Graphene surface corrugations

Theoretical predictions of the properties of graphene often rely on the highly
symmetric, strictly 2D atomic arrangement of carbon atoms in graphene. In
reality graphene is not perfectly flat, but tends to wrinkle and crumble. This
is because a flat 2D system in free space is unstable at finite temperature, as
described by the Mermin-Wagner theorem. This theorem states that long-range
fluctuations in low-dimensional systems cost little energy and are favored since
they increase the system’s entropy [15]. Flexural phonons, which are thermal
out-of-plane vibrations, stabilize an unsupported 2D membrane by balancing
the entropy gain due to surface fluctuations with the energy loss due to bending
and stretching. The flexural phonons form dynamic ripples in the membrane
surface with a typical lateral size of tens of nanometers and a typical out-of-
plane deflection of nanometers, as was shown for a graphene membrane in [16]
using simulations and in [17] experimentally.

Besides the ripples that form due to flexural phonons, there are other types
of corrugations in graphene. In the literature, surface corrugations are divided
into three categories; wrinkles, crumples and the aforementioned ripples [18], as
shown in figure 1.1. Wrinkles and crumples are not intrinsic to 2D membranes,
as ripples are, but are due to external straining of the membrane.

In contrast to ripples, which are intrinsic to graphene, wrinkles and crumples
only occur in graphene under external stress. The mechanism behind wrinkling
is the minimization of bending and stretching energy given the strain field in the
membrane. The bending and stretching energies are macroscopic descriptions
of interatomic interactions between the carbon atoms in graphene. Wrinkles are
characterized by a high aspect ratio of ∼ 10 or higher and commonly appear
as straight lines. These elongated deformations form in the direction of strain-
ing. Crumples result from compressive multiaxial stress. When the stress in
crumpling graphene exceeds a certain threshold, the graphene sheet folds into a
ball. Crumpling of graphene is the same physical process as crumpling a sheet
of paper.
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Figure 1.1: Different corrugation types in graphene; A) ripples, B) wrinkles and
C) crumples. Figures are taken from [17], [19] and [20]

1.2.1 Impact of corrugations on material properties

Surface corrugations strongly affect the material properties of graphene. The
special properties of graphene are partly because of its symmetric atomic struc-
ture. The symmetry because of equal carbon-carbon bond lengths is destroyed
by non-uniform straining of the membrane. Curvature of the membrane affects
the overlap of the p-orbitals, thus changing the π-orbitals. The π-orbitals, which
are hybridized p-orbitals forming a spread-out electron cloud on both sides of
the graphene lattice gives graphene its high electrical conductivity and chemical
inertness. Corrugations reduce electrical conductivity due to increased charge
carrier scattering [21], reduce thermal conductivity [22], induce electron-hole
puddle formation [21], increase its chemical reactivity [23] and gas permeativity
[24] and change the band structure [21]. Corrugations also induce charge in-
homogeneity, create strong local pseudomagnetic fields [25] and make material
properties anisotropic [26].

Understanding the physics of wrinkling is essential in order to pave the
way for groundbreaking applications of graphene. On the other hand, the phe-
nomenon of wrinkling itself may proof to have useful applications of its own, for
instance increasing the out-of-plane stiffness of a membrane [27] or increasing
its elastic deformation range. Since wrinkles are the result of a strain fields,
a natural way to control wrinkles is to apply external stress to the membrane.
Molecular dynamics simulations [1] and experiments [28] have shown that in-
creasing strain leads to a decrease in the degree of wrinkling.
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Figure 1.2: A) stress-strain curve for an unwrinkled membrane (orange) and
a wrinkled membrane (black) with its bilinear approximation (green). B)
model for the deflection of a wrinkled membrane, consisting of a linear spring
(Ef

2D) modelling the intrinsic stiffness of the membrane and a non-linear spring
(EI

2D(σ)) modelling the flattening of wrinkles. Figure from (Sarafraz et al.,
2021)[1]

1.2.2 Simulations on graphene wrinkling

MD simulations on wrinkling of graphene done in the research group ahve shown
that wrinkles in a suspended 2D membrane lead to a non-linear stress-strain
curve [1]. An analytical bilinear model for the non-linear stress-strain curve is
shown in figure 1.2. The model consists of the equations

ϵ(σ) =


1

E0
2D

σ, σ > σc,
1

Ef
2D

σ + 1
2

(
∆A
A

)
max

, σ < σc
(1.1)

where E0
2D and Ef

2D are the tangential stiffness and Young’s modulus. The
degree of wrinkling is quantified using the notion of hidden area ∆A, which
is the difference between the membrane surface area and the membrane 2D
projection area. The value σc is the critical stress at which the transition from
a wrinkled to a flat membrane occurs. (∆A/A)max is the intercept of the linear
stress-strain relation in the second regime with the strain axis. The two regimes
correspond to a situation of flattening out wrinkles and a situation of straining
of the carbon-carbon bonds. Flattening of wrinkles results in non-linear stiffness
of the membrane. Molecular dynamics simulations were performed on a 20 by
20 nm square suspended monolayer graphene membrane at 4 K using the Tersoff
potential. Strain was simulated by displacing the fixed boundaries outwards.
The MD simulations confirmed the analytical model shown in figure 1.2.
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1.3 Manipulating wrinkles in graphene

1.3.1 Strain engineering methods

Because surface corrugations have a negative effect on the special properties
of graphene, much effort is put in understanding, controlling and removing
graphene wrinkles. Understanding the phenomenon of wrinkling is highly rele-
vant for industrial applications of graphene. This is because the main method
for high-throughput large scale graphene production, which is chemical vapor
deposition (CVD), unavoidably introduces wrinkles. Wrinkles arise in CVD
graphene during the cooling step after growing graphene at high temperature,
due to a thermal expansion coefficient (TEC) mismatch between graphene and
the substrate on which it is grown.

One way to reduce wrinkling of CVD graphene is to use an extremely flat
substrate with a TEC similar to graphene to grow graphene [29]. Minimizing
the formation of wrinkles by tuning the CVD substrate is useful, but it answers
only part of the question of how to obtain flat graphene. In many applications,
CVD graphene has to be transfered from the substrate onto which is was grown
to another substrate for experiments. The transfer process is often done by
releasing the graphene from the substrate in liquid, after which it will float
on the liquid and can be picked up using the target substrate. During the
transfer process, liquid surface adhesion forces generate strain in the membrane,
leading to wrinkles and folds [30]. The same will happen during mechanical
exfoliation and subsequent transfer of graphene to the target substrate using a
polymer stamp [31], which is the basis of the Scotch tape method. Also surface
imperfections in the target substrate can lead to strain in the membrane that
is transfered on top of it. It is not possible to grow graphene suspended over a
gap, thus for making suspended graphene membranes, transfer will always be
necessary. Therefore, it is most useful to flatten graphene only after transfer to
the sample under investigation.

In the literature, different methods have been presented to tune the wrinkling
of suspended graphene, such as thermal expansion of a trench with graphene
suspended across [19], gel cracking [32], suspending graphene over nanopillars
[33] and gas pressure deflection [28][34]. More methods have been used to in-
duce strain in a suspended membrane, but not for the purpose of manipulating
wrinkles, such as AFM indentation [7], substrate bending [35] and electrostatic
backgating [36].

Microelectromechanical (MEMS) systems have also been used to control
strain in 2D membranes. A MEMS device is a structure, usually made of sili-
con, ranging from microns to millimeters in size, with components of microm-
eter scale. In the nanotechnology industry, MEMS devices serve as small-scale
accelerometers, gyroscopes, resonators, micromirror controllers, displacement
sensors, etc. Due to their large surface to volume ratio, electrostatic forces
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Figure 1.3: A) electrically actuated [37], B,C) push-to-pull [38][39] and D)
thermally actuated [40] MEMS devices.

and viscous forces such as surface tension and surface adhesion dominate the
behavior of a MEMS.

In a MEMS device designed for strain engineering, the main component is a
movable structure suspended with springs that can pull on a membrane. There
are three strain engineering MEMS designs presented in the literature, each one
with a different method to move the suspended structure, see figure 1.3. The
three types are referred to as push-to-pull MEMS [38][39], thermally actuated
or Chevron actuator MEMS [40][41][42] and electrically actuated or comb-drive
actuator MEMS [37][43][44][45][46]. Moving the suspended structure in a push-
to-pull MEMS requires a nanomanipulator, that can accurately exert a small
force on a specific surface designed for this purpose. Thermally actuated MEMS
move by thermal expansion of spring beams. The most common way to move a
suspended MEMS structure is to apply an electric potential over not-connected
MEMS components, creating electrostatic forces that will move the structure.

MEMS devices have been used to study fracture strength [38] and Young’s
modulus [39] of graphene, as well as the resonance frequency tunability [43][44]
and quantum hall effect tunability [45]. Other studies used MEMS devices to
reach high strain values in molybdenum disulfide (MoS2) [40] and graphene
[41][42], to tune the resonance frequency of a suspended graphene membrane
[43][44][47] and to map the strain field in graphene [37].
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1.3.2 MEMS platform for strain engineering

In this study, a MEMS device serves as a platform to exert in-plane tensile force
on a 2D membrane. The use of a MEMS device has several advantages over alter-
native methods, such as membrane indentation measurements, bulge test mea-
surements, thermal expansion or substrate bending measurements. The main
advantage of a MEMS device is that its functionality is completely determined
by design, which makes it a versatile tool for a wide variety of applications.
Parameters such as geometry, stiffness, force magnitude and direction, stress
distribution, capacitance, resonance frequencies and resonance mode shapes are
controlled by design. The behavior of a MEMS device is predictable and can be
modelled analytically or numerically.

A MEMS device provides in-plane loading of a membrane, whereas other
methods for strain engineering exert out-of-plane forces on the membrane. Al-
though thin membranes are assumed to have negligible bending rigidity making
both methods equivalent, it has been shown that wrinkling of graphene mem-
branes increase the bending rigidity significantly [27]. By using only in-plane
forces, the in-plane mechanical properties such as stiffness are decoupled from
out-of-plane mechanical properties such as bending rigidity. Yet another impor-
tant advantage of straining a membrane using a MEMS device is that the strain
can be continuously, reversibly and dynamically controlled at high rate.

For this study, a dedicated MEMS device is designed for applying in-plane
tension and compression using electrostatic comb-drive actuators. An image of
the MEMS device is shown in figure 1.4. The images in figure 1.4 and all optical
microscope images are made with a Keyence VHX-6000 digital microscope, if
not mentioned otherwise. The MEMS device is part of a collection of different
MEMS structures on a single chip designed by Dr. Satadal Dutta and manu-
factured by the commercial foundry X-FAB1. X-FAB specializes in fabricating
microscale suspended, movable, 3D silicon structures, using etching methods
that can make structures with a minimum size of 2 micron. Since fabricating
a MEMS device without automated equipment is a laborious process, requires
complex equipment and has low throughput, ordering devices from commercial
manufacturers that use high-throughput processes is a promising possibility to
make MEMS-based research more accessible.

1.4 Research goals

This study will focus on investigating the effect of strain on wrinkles in graphene
by visualizing the wrinkles directly. Although experimental and simulation stud-
ies have been done, wrinkles have not been directly visualized as a function
of strain experimentally. Direct visualization of the wrinkles as a function of
strain could provide new insight in how wrinkles change upon straining the

1website: https://www.xfab.com/
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Figure 1.4: A) optical image of the MEMS device with close ups of B) the spring
structures with the transfer area and C) the comb-drive fingers. D) shows a
3D design where the fixed electrodes and the suspended comb are visible.
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membrane. The main goals of this study is to measure the stress-strain curve of
a suspended wrinkled graphene membrane, where the transition from wrinkled
to flat graphene appears as a change in Young’s modulus as predicted in [1].
The analytical model will be evaluated using experimental data. The second
goal is to visualize a membrane that undergoes the transition from wrinkled to
flat, with sufficient resolution to distinguish individual wrinkles. The MEMS
device will be used to induce strain in the membrane and the membrane will be
visualized using optical interferometry.

In chapter 2, three optical interferometry methods that are used in this study
are described and compared. The MEMS device characterization by simulations
and experiments will presented in chapter 3. In order to obtain a stress-strain
curve, the relation between bias voltage and applied force by the device needs to
be determined to convert voltage into stress. For this purpose an empty MEMS
device will be characterized, but also vertical displacement, vertical stiffness and
resonance frequencies will be measured. Following these preparation steps, ex-
periments will be done on the MEMS device with a membrane on top. Transfer
of the membrane and MEMS measurements are the topic of chapter 4. Since the
transfer process will be a major challenge, an alternative method for straining
a membrane will be used as well. This alternative method uses an electrostatic
backgate to deflect a graphene drum. Theory and measurements on graphene
drums are described in chapter 5. Chapter 6 presents the conclusions from this
study.



Chapter 2

Optical interferometry
measurement methods

2.1 Visualizing wrinkles in a 2D membrane

The purpose of this study is to investigate the behavior of graphene wrinkles
under strain. In the literature, flattening of wrinkles has been measured indi-
rectly by comparing intrinsic strain based on Raman shift and geometric strain
based on membrane deflection [28]. In this study, the membrane surface will be
imaged as a function of strain directly with sufficient resolution to distinguish
individual wrinkles. The measurement method has to meet three conditions in
order to be suitable for the experiments in this study.

• The methods should be able to measure the displacement of the MEMS
structure and visualize the topology of the membrane spanning the struc-
ture simultaneously.

• Since surface corrugations such as wrinkles and crumples are affected by
minute forces [48], a non-invasive measurement method is preferred.

• The measurement resolution in lateral and vertical direction should be
sufficient to distinguish individual wrinkles. The corrugations are expected
to have vertical dimensions of nanometers to hundreds of nanometers and
lateral dimensions of tens of nanometers to micrometers.

Membrane topology, including wrinkles, is often measured using atomic force
microscopy (AFM), because AFM has an subnanometer resolution in the lat-
eral and vertical directions. The major drawback of AFM for wrinkle imaging
is the tip-membrane interaction during the measurement, that could change the
surface topology. Besides, the tip-membrane interaction is likely to change the
local electrical properties of the membrane. Although this last notion will not
be relevant in this study, it can become important in the future when the con-
ductance of the membrane is measured simultaneously. Since the displacement
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of the MEMS structure needs to be determined for each bias voltage, it is nec-
essary to image the edges of the structure. AFM also has difficulty measuring
steep vertical jumps, so it may not be able to measure the device displacement
accurately. Although it is of less importance, AFM measurements are relatively
time-consuming compared to optical imaging.

Another non-contact imaging method with in principle high resolution is
electron microscopy. The problem of electron microscopy in this case it the
fact that electron irradiation may induce defects in the atomic structure of the
membrane and potentially break the membrane. Charging effects due to electron
irradiation can also affect the bias voltage over the comb-drive actuators, thereby
introducing inaccuracy in the force control. There is also no electron microscope
available for this study that is stable enough to provide the required resolution.

Optical measurement methods provide a better solution in this situation,
since they are non-invasive and do not alter the electrical properties of the
membrane. However, optical methods have relatively low resolution due to the
optical diffraction limit, which is around 200nm. Diffraction limited resolution
does not meet the required vertical resolution, which needs to be nanometer-
scale in order to visualize wrinkles. However, the vertical resolution can be
reduced to subnanometer scale by using interferometric optical imaging. The
basic principle of interferometric imaging is interference between a coherent ob-
ject beam and a reference beam, where information about the object surface
topology is encoded in the phase of the interfering beams. There exist multiple
interferometric profilometry methods that all have advantages and disadvan-
tages. The three different methods that will be used in this study will be briefly
introduced for proper understanding of the measurement results.

2.2 Monochromatic interferometry

In this study, a Lynceetec Digital Holography Machine (DHM) R2200 mi-
croscope system1 is used to do monochromatic interferometry measurements.
Monochromatic interferometry uses light of a single frequency to create an in-
terference pattern between light reflected from the sample and a reference beam.
The Lynceetec uses a 675 nm laser for monochromatic measurements. The op-
tical paths of the microscope are shown in figure 2.1A. The object (O) beam
reflects from the sample and interferes with the reference beam. The phase
difference due to an optical path length difference between the beams generates
the interference pattern, described by the equation

I(x, y) = 2I0cos(ϕ(x, y) + ϕ0), (2.1)

where I0 is the intensity of the object and reference beam, here assumed to
be equal, ϕ(x, y) is the phase of the object beam depending on the height of

1website: https://www.lynceetec.com/reflection-dhm/
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Figure 2.1: Schematic of the optical system of the Lynceetec HDM in A)
monochromatic mode and B) multi-wavelength mode(source: Lynceetec user
guide)

the sample at position x, y and ϕ0 is a known phase shift between object and
reference beam. The movable mirror can be manually adjusted to optimize the
coherence between the object and reference beam. A tunable polarization filter
adjusts the intensity of reference beam so that it is equal to the intensity of the
reflected object beam. Since the topology of the sample is encoded into light
intensity by interference, the vertical resolution of the microscope can reach
subnamometer values. The important limitation of this method is that steep
steps in the sample surface higher than half the wavelength cannot be measured
with certainty, since phase difference is periodic. A step of more than half the
wavelength can be any multiple of 2π lower or higher than measured. This
means that the vertical range of monochromatic interferometry is small. If the
sample is sufficiently smooth, it is possible to reconstruct phase jumps on a
surface using a technique called phase unwrapping. However, it is hard for a
phase unwrapping algorithm to discern phase steps from steep vertical steps
in the sample. Phase unwrapping is also hard on a highly wrinkled graphene
membrane. In general, monochromatic interferometry is used for subnanometer
resolution measurements on smooth and continuous surfaces. The Lynceetec
has a 100x and 40x objective with lateral resolutions of 0.38 µm and 0.45µm
respectively.
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Laser 1 Laser 1+2 Laser 1+3
Wavelengths 675 nm 675 nm + 794 nm 666 nm + 675 nm

Beating wavelength - 4.4 µm 50 µm
Vertical resolution 0.30 nm 6.0 nm 40 nm

Max. height of steep steps 333 nm 2.1 µm 24 µm

Table 2.1: Lynceetec specifications for monochromatic and multiwavelength
measurements. Source: Lynceetec

2.3 Multiwavelength interferometry

An adaptation to monochromatic interferometry that increases the vertical
range is to use light of multiple wavelengths, rather than a single wavelength.
Interference between the multiple frequencies in the object and reference beam
create a beating pattern with a low and high frequency component, according
to the trigonometric identity

sin(θ1) + sin(θ2) = 2 sin(
θ1 + θ2

2
) cos(

θ1 − θ2
2

). (2.2)

The low frequency component of this mixing signal has a higher wavelength
λ12 compared to the original wavelengths λ1 and λ2, see figure 2.2A,B. The
Lynceetec DHM R2200 contains 3 different lasers with 666 nm, 675 nm and
794 nm wavelength, that allow for multiwavelength interferometry. The vertical
step height that can be measured increases from 333 nm for monochromatic
interferometry to 2.1 µm and 24 µm for multiwavelength interferometry. The
disadvantage of using a beating frequency for higher vertical range is the lower
vertical and lateral resolution. To take advantage of both the resolution of
monochromatic and the vertical range of multiwavelength interferometry, the
Lynceetec software has the functionality to map both these measurements to-
gether. The specifications of different measurement modes of the Lynceetec are
shown in figure 2.1.

2.4 White light interferometry

A white light interferometer uses light with a continuous frequency spectrum.
The intensity of a coherent multichromatic light beam due to interference has
a peak at the position where the phase difference between all frequency com-
ponents is zero and quickly decays away from this point, see figure 2.2C. In
white light interferometry, this peak is used to determine the height profile of a
sample. The interference pattern will be visible on a surface of the sample if the
distance between this surface and the camera reaches some value. By moving
the stage in the vertical direction, the interference pattern will be visible on dif-
ferent parts of the sample, indicating the height of the sample at that particular
position. Since the interference pattern has only a few high peaks that decay
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Figure 2.2: A) Spatial light intensity function of a monochromatic beam, B)
multiwavelength beam and C) white light beam.

quickly and is thus not periodic, the height of the sample can always be uniquely
determined. This implies that the vertical range of a white light interferometer
is in principle equal to the vertical displacement range of the stage.

The disadvantage of white light interferometry is that its vertical resolution
is lower compared to monochromatic or multichromatic interferometry. The
reason for this lower vertical resolution is that the height of each pixel in the
measurement is determined from the stage position at which the pixel intensity
is maximal, which is limited by the accuracy of the stage displacement, rather
than intensity differences due to interference. The main advantage of white light
interferometry is that is gives an absolute value for the height of the sample at
each pixel, even if the sample surface is rough or has steep edges. Therefore, it
is often used to obtain a height profile of rough and discontinuous surfaces.

One factor that strongly affects the measurement accuracy of each inter-
ferometry method described, is the tilt of the sample. If the sample is tilted,
the intensity of reflected light will be lower, resulting in a lower signal-to-noise
ratio. Tilt also increases the height differences in the sample, which in the
case of monochromatic or multiwavelength interferometry can give rise to phase
jumps.



Chapter 3

MEMS device characterization

3.1 Description of MEMS structure

One of the advantages of a MEMS device is that its behavior is predictable
and controllable. In order to understand the behavior of the MEMS device
that is used in this study, a detailed description of the structure, as well as
calculations and simulations is important. The structure, as shown in figure
1.4, has dimensions of roughly 880 µm by 520 µm. A cross section of the
device is shown in figure 3.1, note that different components are not shown at
the correct relative scale. The device consists of two wafers that are bonded
together with an insulating oxide layer in between; the bottom wafer and the
membrane wafer. In the bottom wafer is a cavity of 50 µm deep. Above this
cavity is the suspended structure, which is etched into the membrane wafer.

Parts of the membrane wafer are isolated by oxide layers so that they can
serve as electrodes. On top of the electrodes, there is 1 µm of aluminum serving
as bond pad for wire bonding. The square bond pads are 80 µm by 80 µm in
size. The membrane wafer is 15 µm thick, but can locally be reduced in height
by an additional etching step. In the MEMS device, part of the membrane wafer
is reduced in height by 5 µm to act as a back gate. A detailed description of
the manufacturing process is given in [49].

Figure 1.4B shows one of the two transfer areas, with the back gate visible
between the movable structure and the fixed structure. The gap over which a 2D
membrane will be suspended is 6 µm in the narrowest part. The interdigitated
comb fingers shown in figure 1.4C are 2 µm wide, 100 µm long and 15 µm
deep. The fingers are spaced asymmetrically, being apart 2 µm on one side
and 4 µm on the other, in order to fix the polarity of the device. One side
of the structure allows for membrane compression and the other for membrane
straining. The electrodes on the fixed side of the transfer area are meant for
measuring electrical conductance of a membrane spanning the gap.

18
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Figure 3.1: Cross section of general MEMS structure (not the design used in
this study) showcasing all components of the device. Materials are colored as
follows: grey for Si, yellow for SiO2, orange for Al.

3.2 Stiffness of movable structure

One important parameter of the device is the stiffness of the springs that sus-
pend the movable structure. Because of the complex shape of the spring, an
approximation will be used to estimate its stiffness. Figure 3.2 shows how the
spring can be approximated by simple springs in series. The spring constant of
these simple springs is expressed as

k =
3B

l31 + 3l21l2 + 3l21l3 − 3l1l23 + l33
,

where l1 and l3 are the long sides, l2 the short side of the structure and B
is given by

B =
bh3E

12
,

where b, h and E are the structure width, thickness and Young’s modulus
respectively. Using b = 2 µm, h = 15 µm and E = 160 GPa for silicon, the
beam lengths and spring constants of the simple springs are given in table 3.1.
The spring constant of the full spring is approximately equal to that of simple
springs 1 to 4 put in series, which is

kspring ≈ (
1

k1
+

1

k2
+

1

k3
+

1

k4
)−1 = 125Nm−1.

The movable structure is supported by four identical spring structures. The
four springs are arranged such that two parallel springs are in series with two
parallel springs. The stiffness of the movable structure therefore is

kstructure =
(
(kspring + kspring)

−1 + (kspring + kspring)
−1

)−1
= kspring = 125Nm−1
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L1 (µm) L2 (µm) L3(µm) k (Nm−1)
Spring 1 80 3 72 241
Spring 2 62 3 62 505
Spring 3 52 3 52 839
Spring 4 42 3 42 1546

Table 3.1: Length of the simple spring beams with L1 and L3 the long and L2

the short sides and the spring constant of the simple springs.

Figure 3.2: The stiffness of the springs that support the MEMS structure can
be approximated as simple springs put in series.

3.3 Analytical model for electrostatic forces

The electrostatic forces between the interdigitated fingers are expressed analyt-
ically by approximating the fingers as parallel plate capacitors. This approx-
imation is valid in the limit of large finger area compared to the inter-finger
distance. Since the fingers are 15 µm by 100 µm in size and the inter-finger
distance is 2 µm and 4 µm, this approximation is allowed.

Consider a comb finger with its two neighboring fingers. Since the distance
between the fingers is asymmetric (see figure 3.3), there are different electrostatic
force in opposite directions on the middle comb finger. Denote the displacement
of the movable structure by x. The combined force due to both neighboring
fingers can be found using the expression for energy stored in the capacitors,
according to the following derivation
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Figure 3.3: Schematic of the capacitances between the interdigitated fingers.
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2(d2 + x)2
V 2 =

nϵ0A[d22 − d21 + 2x(d2 + d1)]

2(d2 + x)2(d1 − x)2
V 2,

where d is the distance between the plates, d1 = 2 µm and d2 = 4 µm are
the equilibrium distances between the fingers as shown in figure 3.3, n is the
number of finger pairs in the structure, A = 1.5 ·10−9 m2 is the overlapping area
between two fingers and ϵ0 = 8.85 · 10−12 Fm−1 is the vacuum permittivity.

In order to find the relation between between voltage and displacement, the
electrostatic force needs to be balanced with the spring force, resulting in the
expression

kstructurex =
nϵ0A[d22 − d21 + 2x(d2 + d1)]

2(d2 + x)2(d1 − x)2
V 2.

Since it is hard to express x in terms of V , this expression will not be inverted
to find x(V ). For convenience, V will be expressed in terms of x as

V (x) =

√√√√ kstructurex
nϵ0A[d2

2−d2
1+2x(d2+d1)]

2(d2+x)2(d1−x)2

.

The inverted graph of x as function of V (x) is shown in figure 3.4.
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Figure 3.4: Inverted graph of V (x), describing the voltage V that causes a
displacement x of the movable structure.

Figure 3.5: A) simulation of the stiffness of the movable structure using an
external load and B) simulation of the displacement of the device due to a
voltage applied over the comb-drive fingers.

3.4 COMSOL simulations of MEMS

For verification of the analytical calculations and for more elaborate analysis
of its behavior, the MEMS device is simulated in COMSOL Multiphysics 6.0.
The stiffness of the device was computed by applying a load on the suspended
structure in x-direction. As shown in figure 3.5A, the structure stays in the
linear stiffness regime for displacements that would induce up to 10% of strain
in a suspended membrane. Since a strain of 10% in a membrane is very high, it
can be assumed that the MEMS in-plane stiffness is linear in the displacement
operating range. The stiffness equals the slope of the force-displacement graph,
which is 137 Nm−1. This value is close to the analytically estimated value of
125 Nm−1, which is the first validation of the COMSOL model.

Figure 3.5B shows the simulation result for displacement and the analyti-
cal model as a function of comb-drive bias voltage. The analytical model does
not agree with the COMSOL simulation. There are several possible explana-
tions, for instance deviations in the device geometry from design values and the
neglecting of fringing of the electric field between the fingers in the analytical
model. Experimental characterization data will prove which curve agrees best
with the actual behavior of the structure.

Although this study does not involve dynamic measurements, it is worth
noting that dynamic measurements using a suspended structure can lead to
mode coupling between resonances of the 2D membrane and the structure itself,
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Figure 3.6: First five resonance modes of the suspended structure, simulated
using COMSOL.

see for instance [47]. In order to recognize coupling between membrane and
structure, it is useful to simulate the resonances of the structure and determine
the resonance frequencies. The first five resonance modes are shown in figure
3.6. The first two and fourth resonance modes are in-plane modes and the third
and fifth resonance modes are out-of-plane modes.

3.5 Experimental characterization of MEMS voltage-
displacement curve

Although calculations and simulations provide valuable information about the
MEMS device, it is essential to perform experimental characterizations of the
device as well. The first characterization of the device is performed by measuring
the displacement of the movable structure upon application of a voltage over the
fingers. In order to make electrical contact with the MEMS device, the silicon
chip containing the device is put in a chip carrier. In turn, the chip carrier is
glued to a PCB using silver paint, such that the contacts of the chip carrier are
connected to the contact electrodes of the PCB. Copper wires are soldered to
the PCB electrodes to create a connection with a voltage source via the PCB.
The last step is to connect the electrodes of the MEMS device to the contacts of
the chip carrier. There are two wire bonding machines available for this study; a
wedge bonder with aluminum wire and a ball bonder with gold wire. Figure 3.7
shows the bonds made by both machines. Since the needle of both wire bonding
machines is larger than the bond pad, bonding is a difficult task. After testing
both bonding methods, the wedge bonder appears to be more convenient since
it can create bonds with smaller contact area. The wedge bonder used for the
measured samples is a K&S model 4526 with aluminum wire.

For characterization of the MEMS device, the same method is used that will
be used for studying the 2D material. This means that the displacement of the
device has to be determined using interferometric optics. The measurements
were performed with a Lynceetec Ditigal Holography Machine (DHM) model
R-2200 using the 100x objective and the synthetic wavelength from combining
lasers 1 (666 nm) and 3 (675 nm). Combining lasers 1 and 3 produces a long
beating wavelength of 50 µm, using which vertical steps up to 24 µm can be
measured and the out-of-plane accuracy is 20 nm. For this measurement, the
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Figure 3.7: Wire bond connections made with A the wedge bonder and B) the
ball bonder

Lynceetec was chosen above the white light interferometer, since its higher lat-
eral resolution is important for determining small displacements of the movable
structure.

The bottom of the trench in figure 3.8 displays a periodic pattern of lines in
the Lynceetec height map, parallel to the edges of the trench. The facts that
these lines have a regular shape and are parallel to the trench edges suggest
this is a diffraction pattern. Since the height map is based on the phase of the
reflected light, diffraction patterns can show up in the height map as artificial
height differences. In order to prove the hypothesis that diffraction is creating
these lines, the theoretical diffraction pattern is calculated. In the calculation,
the top surface of the trench acts as the diffraction aperture. Since the distance
between light source and the aperture is roughly 1 mm and the wavelength
and aperture size are 50 µm and 6 µm respectively, the light source cannot be
considered infinitely far way. This implies that the pattern has to be treated as
Fresnel diffraction. The Fresnel integral for field propagation and diffraction is
given as

E(x, y, z) =
eikz

iλz

∫ ∫ ∞

−∞
E(x′, y′, 0)e

ik
2z [(x−x′)2+(y−y′)2]dx′dy′,

where E(x′, y′, 0) is the field in the initial plane, z is the propagation dis-
tance, λ and k are the wavelength and wave number of the light. For a rect-
angular aperture, it is convenient to split the integral over x′ and y′ into two
separate integrals. This results into a sum of Fresnel sine and cosine integrals,
given by

I(x, z) =
1

2

[
|C(α2)− C(α1)|2 + |S(α2)− S(α1)|2

]
,

where

α1,2 =

√
2

λz
(x± a)

with a being half the width of the aperture. The Fresnel sine and cosine
integrals S(x) and C(x) are given by
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Figure 3.8: A) height map of the trench with the profile along the white line
in B). The pattern at the bottom of the trench can be fitted with a Fresnel
diffraction pattern of the correct wavelength (675 nm, laser 3). The fitting
parameters a1 and a2 correspond to the position of the two edges of the trench.

S(x) =

∫ x

0

sin(t2)dt

C(x) =

∫ x

0

cos(t2)dt.

Fitting the equation for Fresnel diffraction to the pattern found on the bot-
tom of the MEMS trench results in good agreement between the fit and the
data for the wavelength of laser 3, λ=675 nm. The fit is shown in figure 3.8.
The values a1 and a2, corresponding to the positions of the edges of the trench,
imply that the diffraction pattern matches an aperture of 6.6 µm wide, which
is close to the actual width of 6 µm.

The bottom of the trench in the Lynceetec height map in figure 3.8A displays
high noise, especially close to the stairs-shaped edge of the fixed part. Despite
much effort, it is impossible to decrease the noise levels in the height map in this
area. This noise is due to the high roughness of the surface of the bottom cavity
beneath the trench. High roughness causes scattering of light, leading to noise
in the interference signal that provides the height map. Multiple reflections in
the cavity below the suspended structure may enhance this effect. Figure 3.9
supports this hypothesis by showing that the image quality is much better for a
chip without bottom cavity, meaning that the MEMS structure is not suspended
and the bottom is smooth. The comparison of suspended and not-suspended
devices was possible since some chips in the batch produced by X-FAB did not
have the bottom wafer cavity due to a manufacturing error.

In order to measure the displacement of the movable structure, the distance
between the movable and fixed structures needs to be determined from the
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Figure 3.9: Comparison of 1) optical and 2) Lynceetec (20x objective) mea-
surements of MEMS device A) without and B) with bottom wafer cavity.

height map. The necessary image analysis steps are shown in figure 3.10 and
are described in detail below:

A Subtract a plane from the raw data if there is a tilt in the flat surfaces.
Apply phase unwrapping if necessary.

B Crop the data so that only the parallel area of the trench, thus excluding
the stairs-shaped region, remains.

C Apply a Gaussian filter to remove some noise from the data.

D Convert the image to binary values using a threshold filter. For this anal-
ysis, the mean threshold was applied since it provided the best result.
Depending on the data quality, other thresholds may be more suitable.

E Perform an area opening operation in order to remove the black spots in-
side the white area. The area opening operation takes as input a threshold
size. All black objects smaller than this threshold are removed.

F Perform an area closing operation in order to remove the white spots from
the black areas, if there are any. In the example shown in figure 3.10F
there is one tiny white area removed. Area closing is equivalent to area
opening.

G Use a Sobel edge detection filter to detect the edges of the trench in the
image.

H Fit a line through the pixels on the detected edge. Separating the pixels
belonging to the two different lines can be done using geometrical condi-
tions, or more generally using a clustering algorithm.
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Figure 3.10: Image analysis steps for extracting the trench width from a height
map; A) original image, B) crop of region of interest,C)Gaussian filter for noise
reduction, D) binary image after applying mean threshold, E) area opening
operation removes small black regions, F) area closing operation removes small
white regions, G) edge detection on binary image, H) fit a line through the
detected edge pixels to find the edge position

Once a linear function fit for both edges is determined, determining the
distance between both edges is straightforward. In order to determine the dis-
placement as a function of voltage, measurements were done with a varying DC
voltage across the fingers. The voltage is swept from 0V to 12V, from 12V back
to -12V and from -12V to 0V with measurements at intervals of 1V. This sweep
across positive and negative voltages is important to detect possible hysteresis
and charge offset in the structure. Each measurement is analyzed using the
described image analysis procedure.

The experimental voltage-displacement results are shown in 3.11A. The dis-
placement shows a quadratic dependence on voltage, with a coefficient a of 1.4
nmV−2. The parabola is shifted towards the negative voltages by 0.63 V, which
is the result of trapped charges on the suspended structure creating a small
offset voltage. The measurement does not show hysteretic behavior, meaning
the device moves as expected. The experimental data corresponds to the COM-
SOL simulation data, see figure 3.11B, since the value of coefficient a for the
COMSOL model of 1.2 nmV−2 is close to the value of 1.4 nmV−2 found exper-
imentally. The analytical model on the other hand appears to be inaccurate.
The inaccuracy in the analytical model can be the result of an invalid approxi-
mation of the fingers as parallel plate capacitors, because of large fringe fields.
This would explain why the results of the COMSOL simulation, where the ca-
pacitance is calculated numerically, are more accurate. However, it is doubtful
that the fringe fields explain the large difference between the analytical model



CHAPTER 3. MEMS DEVICE CHARACTERIZATION 28

Figure 3.11: A) experimental data with a parabolic fit, with as fit parame-
ters the proportionality constant a and offset voltage V0. B) comparison of
experimental data, COMSOL simulation and the analytical model for the dis-
placement as function of the applied voltage.

and measurement. No proof is found for the discrepancy between the analytical
model and the measured device behavior.

Since it is important that the device moves only in the lateral direction when
varying the voltage over the comb fingers, the vertical displacement of the edges
of the trench in the characterization measurement is analyzed. Figure 3.12A
shows that both edges move downwards when the voltage increases. Since the
downward movement of both edges is the same, the relative height difference is
constant within the measurement uncertainty over the voltage sweep as shown
in figure 3.12B. The observation that the relative difference between the edge
heights does not change with comb-drive bias voltage suggests that the vertical
movement is not related to the bias voltage. However, the correlation between
absolute vertical position and voltage proves otherwise. The cause of the vertical
movement is unclear, however it will not affect measurements since the relative
difference between the edges is constant.

3.6 Experimental characterization of MEMS res-
onance modes

The Lynceetec microscope contains a stroboscopic module that can used to mea-
sure a frequency response spectrum. In order to measure the vertical resonances
of the MEMS device, the device was put on a piezoelectric shaker. The strobo-
scopic module drives the piezoelectric element at high frequencies and measures
at regular intervals. Since the image acquisition rate is relatively slow, mea-
surements are done at a lower frequency compared to the signal frequency. The
stroboscopic unit synchronizes the measurements and the driving signal such
that measurements are done at regular intervals over multiple periods. The
combined measurements form the response of the system to a single period of
the driving signal.
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Figure 3.12: A) vertical position of the suspended and fixed edges of the trench
and B) the height difference between the suspended and fixed edge, measured
during the voltage sweep over the comb fingers.

For measuring the frequency response spectrum, the driving signal needs to
be swept over a range of frequencies. Measurements are done on four MEMS
devices, from two different chips using a signal with frequency bandwidth of 0.5
kHz. The response spectrum is averaged over three oscillation periods. The
devices are not electrically connected while the resonances are measured. The
frequency response spectrum is analyzed using the MEMS Analysis1 tool of
Lynceetec. The MEMS Analysis tool determines the amplitude of oscillation of
a used-defined area in the sequence of measurements.

The resulting frequency response spectrum is shown in figure 3.13, displaying
two resonance peaks at 80.5 kHz and 101.0 kHz. In order to confirm that the two
resonance frequencies correspond to the first two vertical modes simulated using
COMSOL, the vertical position of different areas of the structure is plotted,
see figure 3.14. The mode at 80.5 kHz is a movement of the structure in the
vertical direction, without angular movement. The mode at 101.0 kHz also is a
movement of the structure in the vertical direction, but with both sides of the
structure moving out of phase. Indeed, these two measured modes correspond
to the first two vertical modes simulated by COMSOL, shown as the third
and fifth mode in figure 3.6. The center of the beam at the 80 kHz mode
(see figure 3.14B:orange line) shows a minimum on top of the maximum of
the edges of the structure. Although this minimum is unexpected, there is no
definite explanation. The minimum can not be caused by a phase step, since
the wavelength is 666 nm.

Table 3.2 shows the results for the resonance frequencies of four different de-

1see: https://www.lynceetec.com/mems-analysis-tool/
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Figure 3.13: Vertical frequency response spectrum of suspended MEMS struc-
ture

vices and the COMSOL simulation results. The resonance frequencies computed
by COMSOL are significantly lower compared to those obtained from measure-
ments. However, the ratio between the first and second resonance frequency
does not differ significantly. This suggests that the reason for the discrepancy
between the simulation and measurements is not of due to geometrical differ-
ences, as this would affect the resonance frequencies as well as the ratio between
them. The difference between COMSOL and measured resonance frequencies is
a factor of roughly 1.25 for both modes. This suggests that either the mass of
the resonating structure is 1.55 times lower or its stiffness is 1.55 times higher
than modelled, since

f0 ∝
√

k

m
(3.1)

A factor of 1.55 deviation for mass or stiffness from design values is not real-
istic. Besides, the voltage-displacement measurements were in good agreement
with the COMSOL simulation. This simulation could not have been accurate if
the mass or stiffness had been off by a factor of 1.55. A possible explanation for
the increased resonance frequency is stiffening of the structure due to an offset
voltage. However, this is not confirmed by simulations or calculations.

Other parameters of the COMSOL model that will have an impact on the
resonance frequency are Young’s modulus and Poisson ratio of the MEMS ma-
terial. Additional simulations are done to answer the question whether the
resonance frequencies are susceptible to a small deviation in the Young’s modu-
lus and Poisson ratio of the structure’s silicon, but also the structure thickness.
The results for the first two vertical resonance frequencies as a function of these
parameters are shown in figure 3.15.
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FR
0 (kHz) FR

1 (kHz) FR
0 /FR

1

Device 0 80.5 101.0 0.80
Device 1 82.0 103.0 0.80
Device 2 82.5 104.0 0.79
Device 3 81.0 100.5 0.81

Device average 81.5 102.1 0.80
COMSOL simulation 63.9 82.8 0.77

Table 3.2: First two vertical resonances of four devices measured using the
Lynceetec and of the COMSOL simulation, and the ratio between them.

Figure 3.14: Mode shape representation of the MEMS resonances frequencies
measured with the Lynceetec. A) shows the regions of which the average vertical
position is plotted in the corresponding colors in B) and D). C) and D) show
the electrical Lynceetec output signal that is fed to the piezoelectric shaker on
which the chip is put.
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Figure 3.15: Investigation of the effect of small deviations in A,B) the struc-
ture thickness, C,D) Young’s modulus and E,F) Poisson ratio on the first two
vertical resonances frequencies, as well as the ratio between these frequencies.

The structure thickness has only a small effect on the resonance frequencies,
but a significant effect on the ratio between the frequencies. However, achieving
a perfect match between this ratio from simulation and measurement would
require a structure thickness higher than 20 µm in the simulation. Although
small deviations with respect to the design values may occur, 20 µm is too far
from the design value of 15 µm. The Poisson ratio has negligible effect on both
the frequencies and their ratio.

The Young’s modulus has a strong effect on the resonance frequencies, but
no effect on the their ratio. However, the difference between simulation and
measurement cannot be explained by small deviations in the Young’s modulus,
since this would require the simulation to assume a Young’s modulus of silicon
that is above physical values. In conclusion, the difference in the first two vertical
resonance frequencies between the COMSOL simulation and measurements is
not due to small deviations in the structure thickness, the structure’s Young’s
modulus or Poisson ratio. The true reason for the discrepancy remains unknown
in this study.



CHAPTER 3. MEMS DEVICE CHARACTERIZATION 33

3.7 Vertical stiffness of device

The process of graphene transfer onto the MEMS structure relies heavily on the
assumption that the vertical stiffness of the suspended structure is sufficiently
high. During the transfer, graphene is pressed onto the surface of the structure
to make it stick. If the structure is too flexible in the vertical direction, pressing
graphene onto its surface will be difficult because the structure is pushed away.
To quantify the vertical stiffness of the structure, vertical force-deformation
measurements were performed on the structure with a Femtotools FT-NMT03
Nanomechanical Testing System. This system precisely controls the movement
of a microneedle while accurately measuring the force on the needle. The needle,
a silicon needle with a flat, square tip of size 50 µm by 50 µm, was positioned
perpendicular to the surface of the structure on a distance of 10 µm. Since
the silicon substrate beneath the structure has a finite stiffness, a calibration
measurement was performed on the edge of the chip to determine the substrate
stiffness. In subsequent measurements, this substrate stiffness is automatically
subtracted by the Femtotools monitoring software.

The force-deformation graphs show two regimes for the vertical stiffness, see
figure 3.16A and 3.16B. The stiffness in the first regime is roughly ∼165 N/m
and in the second regime ∼2650 N/m. The COMSOL simulation shown in figure
3.16D gives a vertical stiffness of 205.3 N/m, which is close to the stiffness in the
first regime. The reason for the small difference can be that in the COMSOL
simulation the stiffness is calculated using a uniform load on the full surface
of the suspended structure, while the measurement was done with local force.
Using a local force on one side of the structure will lead to tilting of the device,
such that the structure will deform more on the side where the force is applied
and less on the other side. This will result in a lower stiffness when using a
local force compared to homogeneous loading of the structure. The COMSOL
simulation does not show another regime with higher stiffness. The reason for
the transition to the stiffer regime could be that the structure is touching the
edge of the cavity or the back gate located beneath. The low vertical stiffness of
the structure can cause problems with the transfer of graphene, if the pressure
required to make the graphene stick is high compared to the stiffness of the
suspended structure.
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Figure 3.16: Femtotools force-deformation measurement on A) the silicon sub-
strate for calibration for substrate stiffness, B) and C) two different positions
on the suspended structure. D) shows The two measurement positions of B)
and C) are shown in E).



Chapter 4

MEMS measurements

4.1 Sample preparation

Once the behavior of the MEMS device is understood, the next step is to transfer
graphene onto the structure. There are different methods for graphene transfer,
divided into wet and dry transfer methods. Wet methods often involve placing
the sample in liquid, for instance to pick up a flake of graphene floating on
the liquid [46] or to dissolve a polymer that is supporting the graphene [50].
For the MEMS device used in this study, drying the structure after submerging
in liquid will cause stiction of the fingers. Since surface adhesion forces are
relatively strong in the MEMS device, it is difficult to get the fingers loose when
they are stuck together without damaging the device. Avoiding the problem
of stiction due to evaporation of liquid requires critical point drying (CPD).
Because CPD is a time-consuming and difficult process when using the machine
available in this study, wet transfer and subsequent CPD will only be used as
a last resort. Initially, a dry method will be used to transfer graphene to the
MEMS device.

Mechanical exfoliation using the Scotch tape method is used to make thin
flakes of graphene, ranging in size between microns to tens of microns and
with thickness of nanometers to tens of nanometers. Figure 4.1A shows the
setup used for graphene transfer. The setup consists of a positioning stage with
precise position control in three directions, but also control over the tilt of the
attached glass slide in two directions. The sample onto which graphene has to be
transfered is fixed on a heater stage. The sample is fixed by placing it on a hole
and creating a vacuum in the hole below the sample. Above the sample, there
is an overhead microscope with long working distance objectives of 5x, 10x and
20x magnification. The vertical position of the objective head can be adjusted
to bring the sample into focus. The stamping process consists of multiple steps,
shown in figure 4.1B. The steps are described in detail below:

1. Place a piece of graphite in between to pieces of Scotch tape and pull

35
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Figure 4.1: A) graphene transfer setup, consisting of a positioning stage with
an overhead microscope. B) mechanical exfoliating method using Scotch tape
and a polymer stamping substrate. Figure taken from [51].

them apart. Flakes of graphite will stick to both sides of the tape. Put a
clean piece of tape on one of these flakes and pull the tape apart again.
Repeat the process until the graphite is broken down to small, thin flakes
of graphene.

2. Put a small square (∼0.5 by 0.5 cm) of polymer substrate on a glass
slide. Remove trapped air bubbles by applying pressurized air or gently
squeezing them out using tweezers.

3. Put the tape with graphene onto the polymer substrate. Ensure that the
tape makes good contact with the polymer, press gently on the tape with
a flat object if necessary. Tear off the tape from the polymer with a quick
stroke. The quicker the tape is pulled of, the higher the change that the
graphene sticks.

4. Use a microscope to inspect the graphene that has been transfered to the
polymer substrate. The color of the flakes relative to the background is
an indication of the thickness of the flake. Since the substrate and glass
slide are highly transparent, it is convenient to put a piece of silicon below
the glass to provide good contrast. If the color of the flake is similar to
the silicon, the flake is thin. If the color of the flake is white, the flake is
very thick. Choose a flake that is thin and large, but without tears and
cracks.

5. Attach the glass slide to the positioning stage with the polymer substrate
on the bottom side. Move the positioning stage such that the flake is
directly above the target location on the sample.

6. Lower the positioning stage to bring the polymer in contact with the
sample. A contact line will become visible, indicating where it is touching
the sample and where it is not. While pushing down, the contact line
will move across the sample. Ensure that the flake is in contact with the
sample, meaning the contact line should have moved over the flake. The
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displacement direction and angle of the contact line can be controlled by
adjusting the tilt of the positioning stage before bringing the polymer into
contact with the sample.

7. Slowly peel off the polymer substrate by lifting the positioning stage. The
slower the polymer is peeled off, the higher the change that the flake will
stick to the sample. A method that can be used to peel very slowly and
continuously is by using the heater stage. Heating the stage will heat the
sample, which expands and thereby makes contact with the polymer. In
order to peel the polymer off, let the sample shrink by cooling it down.
The peeling speed is determined by the cooling rate, which depends on
the temperature difference between the sample and the environment. The
peeling speed can thus be controlled by adjusting the maximal tempera-
ture of the sample.

The transfers for this study are done in a cleanroom to minimize contamina-
tion of the sample. The substrate used for stamping is PDMS, with a thickness
of 1-2 mm. It is important to be aware of the fact that the tape may leave ad-
hesive on the flake. The amount of adhesive left on the flake depends strongly
on the brand of tape. For this study, the degree of substrate contamination by
adhesive is compared using an optical microscope and the brand with lowest
contamination is used for the rest of this study.

One challenge of the transfer process described above is to avoid the situation
where the substrate touches a large area of the sample. In principle this is not
necessary when the target flake on the polymer substrate is close to the edge
and the target location on the sample is close the the edge. However, both these
factors are can not be controlled during the transfer process. The problems with
the polymer touching a large area of the sample are the unwanted transfer of
other flakes from the substrate and the contamination of the sample contact area
with tape adhesive and polymer residual. The risk of contamination the sample
with graphene, polymer or adhesive can be reduced by minimizing the contact
area between polymer and sample. This can be achieved by using a PDMS dome
or droplet, rather than a flat film. When using a PDMS dome, the contact area
will be local and circular, with its diameter depending on the diameter and
curvature of the dome and compression of the dome by the stamping force.

The complex structure of the MEMS device causes multiple difficulties in
the transfer process. In the first place, the material needs to be transfered over
a trench. This is more challenging than transferring on a simple drum (see
figure 4.2A and 4.2B), because part of the edges of the flake do not adhere to
the silicon. When peeling off the substrate, these edges remain attached to the
polymer substrate at almost every attempt and pull off the rest of the flake
when the polymer is retracted. In order to improve the success probability of
transferring graphene over a trench, a thin polymer film was added on top of the
substrate. This polymer PPC becomes softer and more viscous upon heating
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Figure 4.2: Flake of graphene on top of a A) simple drum, B) simple trench
and C) trench with a suspended edge.

Figure 4.3: 1-3) peel the spin coated film of PPC from the cover slide using a
rectangular window of Scotch tape. 4-5) attach the tape window to the glass
slide such that the film covers the PDMS substrate.

in the range till 100◦C, which reduces its surface adhesion. Above 100◦C, PPC
changes from a viscous film into a fluid. The reduction of surface adhesion can
be used to release the graphene from the substrate, as was shown in [52]. PPC
is a transparent polymer, which is an important requirement for the polymer
substrate in order to view to flake through the substrate.

In this study, PPC films are made by dissolving granular PPC in anisole with
mass ratio of 15%:85% and spin coating it on a cover slide. After 15 minutes,
the film is be removed from the cover slide using Scotch tape, see figure 4.3A-C.
The result is a rectangular film spanned across a window of tape. This window
can be put onto the glass slide, with the film covering the PDMS substrate,
either dome or film, see figure 4.3.C,D. The tape window should be attached
such that the PPC film is not wrinkled close to the top of the dome and is
under slight tension. It is convenient to cut away the excess tape, since excess
tape covering the bottom of the glass slide deteriorates the image quality when
imaging through the glass slide and substrate.

In order to transfer graphene using the PPC film, some additional steps are
necessary. The full process is described below:

1. Transfer a flake of graphene onto a bare silicon chip using only PDMS,
following the description given above.
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2. Stamp the PDMS with PPC film onto the flake, which is on the bare
silicon chip. Heat the chip to 30 ◦C and let is cool again. This allows the
PPC to adhere to the flake strong enough to peel if from the silicon.

3. Retract the substrate and replace the bare silicon chip with the sample.
Position the flake above the target location on the sample and push it
down so that the substrate makes contact with the sample.

4. Heat the sample to 70◦C, which makes the PPC more viscous and less
adhering to the flake.

5. Once the sample is 70◦C, retract the PDMS with PPC slowly. The
graphene should stick to the sample and the PPC should not leave any
residue on the sample.

For testing purposes, graphene is transfered over a simple trench in a bare
silicon chip. Although transferring over this trench with bare PDMS is difficult
and has a low success rate, using PDMS with PPC film the transfer is much
easier and success rate improves to almost 100%. In addition to transferring
over a trench, this method provides a tool for pick-and-place of flakes on silicon
chips, which is useful in many applications. However, it should be noted that
repeated cycles of pick-and-place of a single flake easily introduces corrugations
in the flake, such as folds and tears.

The next step is to try the transfer on the MEMS device, which is a trench
with one edge being suspended, see figure 4.2C. This poses the additional prob-
lem that part of the stamping surface moves in the vertical direction when force
is applied. Although the suspended structure is strong enough not to break
during transfer, its vertical displacement is a major problem for the transfer.
Figure 4.4 shows an illustration of the peeling effect due to the vertical displace-
ment of the suspended structure. Figure 4.5 shows microscope images that are
made during the transfer process, where the region of the flake with colored
fringes is not touching the surface of the MEMS. It is clear that the peeling of
the flake from the sample starts at the edge of the trench. The pulling up of
the suspended structure while retracting the substrate is due to surface adhe-
sion between the polymer substrate and the silicon. Despite the PPC surface
adhesion decrease upon heating, a PPC film on top of the PDMS dome does not
solve the problem. Different people together have spent multiple weeks trying
the graphene transfer onto the MEMS devices, using both PDMS domes and flat
PDMS covered with PPC film, without success. Plasma cleaning and oxidation
are performed to make the sample surface more hydrophobic, thus increasing
the adhesion with graphene, but neither improves the transfer process.

Another factor that appeared problematic during transfer is the high surface
roughness of the MEMS surface. This is confirmed by the observation that
transferring graphene onto a flat area of the chip is significantly harder compared
to transferring to a bare silicon chip, with the only difference being the surface
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Figure 4.4: A) while pushing the suspended structure down during stamping, or
B) while pulling the suspended structure up after stamping, the height difference
between both edges of the trench creates a peeling effect on the graphene at one
of the trench edges.

Figure 4.5: Three stages during the substrate retraction process showing the
peeling off of the flake. The part of the flake showing colored fringes is not
touching the surface anymore.
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Figure 4.6: Microscope image of the sample during the transfer process, with
the contact line visible on the left, the substrate touching the sample on the
right of this line and a flake of graphene with air trapped underneath.

roughness. The MEMS surface is etched by X-FAB using a coarse etching
method, without smoothing the surface afterwards. The roughness of the surface
results in poor adhesion between the graphene and the structure. This is visible
in figure 4.6 as the appearance of black spots, which are air bubbles trapped
in between the graphene and the surface. When pushing the substrate on the
sample very slowly, some air bubbles disappear was the air is squeezed out.
However, a large fraction of the bubbles remain when pushing on the substrate
with considerable force. Most likely, these bubbles are trapped in a hole in the
surface, with graphene sealing this hole from above. The graphene often starts
peeling off at black spots which are near the edges of the flake. Therefore, the
surface roughness likely is a significant factor in the experienced difficulties with
graphene transfer.

One way of improving the transfer process is to increase the adhesion between
graphene and the MEMS surface by smoothing the MEMS surface. Reducing
the surface roughness can be done by removing the peaks or filling the holes. A
100 nm thick gold sputter coating is added on top of the MEMS surface in an
attempt to fill the holes. Figure 4.7 shows AFM measurements of the MEMS
surface before and after gold coating. Surprisingly, the RMS roughness of the
surface increases after gold sputter coating by almost a factor of two, from 19.5
nm to 30.7 nm. The reason for the roughness increase is that the sputtering
method used sputters gold particles moving in random direction, so that their
trajectory is not necessarily perpendicular to the sample plane. Gold particles
that collide onto the surface at an angle are more likely to land on a peak than
in a hole, because the peaks create shadows where no gold particles will land.
These coating shadows will increase the roughness. Adding a gold coating on
the MEMS surface is not the solution for the transfer problems. Gold sputter
coating was performed by Roberto Pezone, Msc and AFM measurements were
done by Niels Bouman, BSc.

Plasma oxidation and vapor HF etching are performed as an attempt to
remove the peaks on the MEMS surface. Vapor HF etches away SiO2 but not
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Figure 4.7: AFM measurement of A) the raw and A) the 100 nm gold coated
MEMS surface

Figure 4.8: 3D Laser Scanning Confocal Microscope images of MEMS surface
A) without vapor HF etching, B) after 40 seconds and C) after 190 seconds
of vapor HF etching. The value Sa denoted below each figure is the arithmetic
mean height of the corresponding area. Measurements done

Si. A layer of SiO2 is created on the MEMS surface using plasma oxidation.
Since this layer of oxide forms approximately 50% inside and 50% outside of
the silicon, the oxide layer will smooth the silicon layer underneath. Vapor
HF treatments are performed for 40 and 150 seconds. Since the etching rate
is 0.3 nm per second, this means that 12 nm and 57 nm of oxide are removed
in total after the first and second treatment respectively. Figure 4.8 shows 3D
laser scanning confocal microscopy images of the MEMS surface without vapor
HF treatment, after 40 and 190 seconds of vapor HF treatment. The arithmetic
mean height Sa of the surface, which is a measure for surface roughness, does not
change after the vapor HF etching. It is possible that the reduction in surface
roughness is below the optical detection limit. This suggestion is supported
by the fact that oxidation and etching will only reduce roughness locally, on a
typical length scale of half the oxide thickness.

Figure 4.9 shows the theoretical smoothing of the MEMS surface after re-
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Figure 4.9: Theoretical oxide layer calculated for an AFM trace of the raw
MEMS surface for A) an oxide layer of 12 nm and B) an oxide layer of 57 nm.

moving 12 and 57 nm of oxide. After removal of 57 nm of oxide, the surface
roughness has decreased significantly. Since this significant decrease is not vis-
ible in 3D laser scanning images after vapor HF treatment, it is possible that
the oxide layer on the chip was only a few nm thick. Since there is no method
available to measure the oxide thickness, this hypothesis cannot be confirmed.
Plasma oxidation does not easily create a thick layer of oxide. A thick oxi-
dation layer can be made by thermal oxidation. Because the MEMS device
cannot endure high temperatures, thermal oxidation is not an option in this
case. Oxidation and etching steps have not improved the transfer process. 3D
laser scanning confocal microscope measurements and vapor HF etching were
performed by Roberto Pezone, MSc. Plasma oxidation was performed by Niels
Bouman, BSc.

Different parameters of the transfer process are varied to optimize the pro-
cess. The parameters are thickness of the flake, curvature of the PDMS dome,
temperature of the stage (60 ◦C to 100 ◦C), speed of substrate peeling and
the angle of substrate peeling. Although each of these parameters effects the
transfer process, none of them provides the solution to the transfer problem. A
different approach that is tried is to melt the PPC completely, so that it remains
on the sample together with the flake. Afterwards, the PPC can be evaporated
by baking in an oven at ∼180 ◦C.

By melting the PPC film with graphene on top, it was possible to put the
flake of graphene onto the target location on the sample, see figure 4.10B. The
transfered flake was sagged heavily, which is not desirable in experiments. Figure
4.10A shows that melting the PPC caused the comb fingers to stick together,
which is due to viscous forces of the molten PPC. Figure 4.10C shows that
baking the PPC at 180 ◦C does indeed remove the polymer. However, it is
unclear whether all PPC can be removed from the flake itself, from underneath
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Figure 4.10: A) and B) show optical images of the MEMS structure directly
after heating the sample to 120 ◦C during transfer, which melts the PPC. The
comb fingers are stuck together due to viscous forces of the molten PPC. C)
shows an optical image of the MEMS structure after 30 minutes of baking at
180 ◦C

the structure and from in between the stuck comb fingers. After baking the
PPC off, the comb fingers remain stuck, as is expected. Although it is possible
to push the fingers loose when they are stuck using a probe needle, this requires
considerable force. Displacement and vibrations of the suspended part due to
this force would likely break or collapse the suspended membrane.

The final parameter that can be varied is the 2D material itself. Because
all materials have unique surface interactions with the silicon dioxide on the
MEMS surface, it is well possible that another 2D material can be transfered
more easily. The 2D material molybdenum disulfide (MoS2) is used for transfer
as alternative for graphene. Although transfer with MoS2 is not significantly
easier, it seems that MoS2 sticks to the surface of the MEMS device better.
After attempting the MoS2 transfer for multiple days, one flake is transfered
to the MEMS device. This successful transfer required a portion of luck, since
the flake teared apart while peeling off the substrate, leaving a small piece of
MoS2 on the sample. The MEMS device with a flake of MoS2 on top is shown
in figure 4.11. Figure 4.12B shows a Lynceetec measurement of the MoS2 flake.
The difference in average height between the two rectangular areas shown in
figure 4.12A is 30.97 nm. This means that the flake is approximately 45 layers
thick.

4.2 Force-displacement measurements

Since the result of the COMSOL simulation is in good agreement with the
characterization measurement (see figure 3.11), the simulation results are used
to find the relation between voltage and force. This is possible because the
stiffness of the device is measured using a boundary load and using a voltage
across the fingers, thereby uncoupling the electrostatic force from the spring
force. The boundary load simulation gives a displacement of the structure, as
well as a comb-drive voltage. The comb-drive voltage can thus be related to
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Figure 4.11: MEMS device with flake of MoS2 spanned over the trench.

Figure 4.12: A) Lynceetec measurement of the MoS2 flake on the device. B)
shows a plot of the profile along the white line in A).
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the equivalent boundary load via the displacement of the structure. Figure 4.13
shows the force-displacement curves for the COMSOL simulation, characteriza-
tion measurement and the measurement on the MoS2 flake. The stiffness value
determined from the characterization measurement, 125±5 Nm−1, agrees with
the estimated stiffness value and is close to the value of the COMSOL model.

The force-displacement curve of the MoS2 measurement shows two different
regimes, distinguishable by the stiffness. In the first regime, the stiffness of the
structure including the flake has increased by roughly 60%. The stiffness of the
flake can be calculated by modeling the flake as a spring in parallel with two
MEMS springs. This parallel system of springs in turn is in series with another
parallel system of two MEMS springs. The total spring constant is given as

ktotal =
(
(kspring + kspring)

−1 + (kspring + kspring + kflake)
−1

)−1
(4.1)

where kflake is the stiffness of the flake. Considering the stiffness ktotal =
245±70 Nm−1 found from the measurement, the stiffness of the flake must be
1660 ± 484 Nm−1. The Young’s modulus of MoS2 is 270 ± 100 GPa [53]. The
Young’s modulus is converted into a stiffness using the formula

k =
EA

L0
, (4.2)

where E is the Young’s modulus, A is the area of a cross section perpen-
dicular to the applied force and L0 is the initial length of the membrane in the
direction of the applied force. Using that the flake is roughly 6 µm wide at
the smallest point, the thickness is 30 nm and the initial width of the trench is
6 µm, the stiffness of the flake is expected to be 8100 ± 3000 Nm−1 based on
the Young’s modulus reported by [53]. This value is four times higher than the
measured flake stiffness. The reason for this difference can be the wrinkles in
the flake, as shown in figure 4.14B.

For forces above 20 µm, the stiffness of the structure drops almost one order
of magnitude. It is likely that the flake teared, softening the structure in the
second regime. The stiffness in the second regime is lower than the stiffness
of the empty device, but the cause of this could not be determined. The total
strain created by the MEMS device is 6.6%, but the flake has likely teared at a
strain of roughly 1.7%.

In order to study the wrinkles in the flake, an average profile is taken over
the rectangular area shown in white in figure 4.14A. The average profile is shown
in figure 4.14B. The right part of the profile, starting at 10 µm, is not affected
by voltage. This is as expected, since this region corresponds to the fixed edge
of the trench. The flake exhibits some wrinkles, visible in figure 4.14B. In order
to quantify the effect of voltage on the wrinkles, the RMS surface roughness
is determined, as shown in figure 4.14C. The RMS surface roughness has a
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Figure 4.13: Force-displacement curves for A) the COMSOL model, B) the
characterization measurement and C) the measurement with the MoS2 flake on
the device. In each graph, the stiffness value corresponding to the linear fit is
shown.

Figure 4.14: A) region of interest around the MoS2 flake, at 0.0V. The profile,
averaged in vertical direction over the white hatched rectangular region is shown
in B) as a function of comb-drive voltage. C) RMS surface roughness of the
white hatched area in A) as a function of comb-drive bias voltage.

maximum at 0V and decreases with increasing comb-drive bias. This shows
that pulling on the flake flattens the wrinkles. However, the maximal strain
applied in this experiment is not enough to remove all wrinkles from the flake,
since the RMS surface roughness decreased only by 25% at -12V. This explains
why the stiffness of the flake is lower than the expected value based on the
Young’s modulus of MoS2. For high positive bias voltages, the RMS surface
roughness increases. This is likely a consequence of the tearing of the flake.
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4.3 Conclusion and discussion

The concept of force-displacement measurements using MEMS devices with a
2D membrane on top is a promising method for measuring membrane proper-
ties. However, in this study several factors are encountered that make it difficult
to do good experiments. In the first place, using the described methods is is
practically impossible to transfer a flake of either graphene or MoS2 onto the
MEMS device. For this reason, it is not possible to do any measurements on
graphene or to do multiple measurements or prove repeatability for the mea-
surement with the single MoS2 device. The transfer is challenging because the
flake needs to be stamped over a trench, of which one edge can move vertically.
Also the high surface roughness of the MEMS makes it difficult to bring the
flake in good contact with the surface. Different attempts are made to improve
the transfer process by reducing the surface roughness, such as oxidation, vapor
HF etching and gold sputtering. Since none of these attempts improves the
surface significantly, the transfer process remains very challenging.

Further attempts on improving the transfer process could focus on improving
the adhesion between graphene and the substrate, for instance by controlling
humidity, surface hydrophobic or adding a sticky layer such as HDMS. Another
attempt could be made at melting the PPC onto the chip together with the flake
and bake the PPC off. This needs to be done in a more controlled manner than
was done in this study, to prevent stiction of the comb fingers. More aggressive
smoothing of the MEMS surface could also help, however this does not solve
the challenge of the vertical movement of the suspended comb and will therefore
likely not be sufficient for successful transfer. As a last option, wet transfer can
be considered. This will require CPD, since stiction of the fingers will likely
happen when the MEMS is taken out of liquid. In the ideal situation, the
suspended comb would not be suspended during transfer. This can be achieved
by etching away the oxide after the transfer step. Because the batch of chips
is ordered from a commercial foundry, it is not possible to change the order of
transfer and oxide etching now. In future projects, it would be beneficial to take
the transfer process into account already during manufacturing of the MEMS.

The single MoS2 device that is made is the result of the only successful
transfer onto a MEMS device during this study. For this device, the stiffness of
the flake was determined to be 1660±484 Nm−1, which is four times lower than
the theoretical stiffness of the flake. The force-displacement curve shows two
regimes, where the first regime is stiff because of the flake, but the second regime
is less stiff, even softer than the empty device. The reason for the softening of
the structure likely is tearing of the flake. However, the fact that the stiffness
after tearing of the flake is lower than that of the empty device cannot be
explained. Because of the aforementioned problems with the transfer process, it
is impossible to repeat the experiment and investigate this observation in more
detail. Analysis of the flake surface shows that the wrinkle pattern does not
change significantly upon increasing comb-drive bias voltage. The RMS surface
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roughness of the flake decreases with increasing comb-drive bias, but only with
25% and without clearly visible effect on the wrinkles.

The experiments show that the method of multiwavelength interferometry
provides sufficient lateral resolution to determine the MEMS displacement with
enough accuracy to extract information about the suspended 2D membrane. It
is also possible to monitor the surface topology of the suspended membrane.
This shows that the monochromatic or multiwavelength interference method
used in this study is suitable for investigating the phenomenon of wrinkling
with the aid of a MEMS device for strain engineering. Because of its non-
invasive nature and high vertical resolution, optical interference is promising for
future research on membrane topology.

Because the challenge of transfer of membranes cannot be solved in this
study due to time limitations, a different route will be explored for studying the
effect of strain on wrinkles in graphene. An alternative to MEMS straining is to
make use of suspended drums chip with a back gate to electrostatically strain
the membrane. This route will be followed in the remainder of this study.



Chapter 5

Drum deflection measurements

5.1 Drum deflection measurements

Pulling on a membrane that is suspended on a hole is an alternative method to
induce strain. This method is a common way to determine properties of thin
films and referred to as the bulge-test method. There are different methods to
deflect a suspended drum; gas pressure [28], nanoindentation [54] and electro-
static pressure [55]. In this study, electrostatic pressure will be used to deflect
a graphene drum. Since graphene is a zero bandgap material, it is a conduc-
tor. With a backgate beneath the graphene drum, the conducting drum will
act as a capacitor. In a charged capacitor, there are electrostatic forces between
the opposing surfaces. The graphene drum will be pulled towards the backgate
by this electrostatic force. This deflection of the drum causes straining of the
membrane.

For a thick membrane, out-of-plane deflection requires both bending energy
and stretching energy. However, thin membranes have a negligible bending
energy compared to their stretching energy. For such thin membranes, out-of-
plane deflection only requires stretching energy, which implies that the Young’s
modulus determines the relation between pressure and deflection. The Young’s
modulus and pre-stress of a thin membrane can be found by fitting the experi-
mental pressure-deflection data [56] with the bulge-test equation

P = 4
σ0

a2
h+

8E2D

3(1− ν)a4
h3, (5.1)

where P is the pressure, σ0 is pretension, t and h are membrane thickness
and center deflection. In experiments, the voltage rather than the pressure is
a control parameter. Therefore, the pressure P needs to be expressed in terms
of voltage V . Here the drum will be treated as a parallel plate capacitor. This
approximation is valid if the membrane and backgate are flat and parallel and
the distance between the membrane and gate is small compared to the overlap

50
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area of membrane and gate. These approximations require that the deflection of
the membrane is small compared to the distance between membrane and gate,
hV (x, y) << d. Since this distance d is 10 µm and the maximal deflection is
roughly 750 nm, this condition is satisfied. The drum capacitance is then given
as

C =
κϵ0A

d
(5.2)

The electrostatic force on the membrane in the parallel plate approximation
is

Fe = −∂Ue

∂d
= − ∂

∂d

(
1

2
CV 2

)
= − ∂

∂d

(
κϵ0A

2d
V 2

)
=

CV 2

2d
, (5.3)

where C is the capacitance of the drum, V is the voltage across the membrane
and backgate, κ is the relative dielectric strength, ϵ0 is the vacuum permittivity,
A and a are the area and radius of the drum and d is the distance between the
membrane and the backgate. The electrostatic pressure is the electrostatic force
divided by the membrane area,

P =
Fe

πa2
=

CV 2

2πda2
(5.4)

From geometrical calculations, the radial stress σr and strain ϵr in a circular
membrane are given as [56]

σr =
Pa2

4ht
(5.5)

ϵr =
2h2

3a2
(5.6)

The second way of calculating the Young’s modulus is using the stress-strain
relation using the expression

E2D = (1− ν)
dσ

dϵ
(5.7)

5.1.1 Sample preparation and measurement

The drums for the deflection measurements are made from CVD graphene. The
CVD graphene drums are manufactured by MSc. Roberto Pezone. The CVD
graphene was grown on a layer of Molybdenum (Mo). Mo has a thermal expan-
sion coefficient that is close to that of graphene, which results is less wrinkling
during the cooling step of CVD compared to graphene grown on copper [57] or
nickel [58]. Mo also has a low solubility of carbon, which facilitates graphene
growth.
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Figure 5.1: A) optical image of the drum, with the gold electrodes and wire
bond, B) cross section of the silicon chip with a graphene drum.

The first step in the manufacturing process is to sputter a 50 nm thick layer
of Mo on a Si/SiO2 wafer surface. Then graphene is grown on top of the Mo
layer at 915 ◦C. After depositing the graphene, the Mo layer is removed by
submerging the wafer in a bath of hydrogen peroxide, which etches away the
Mo. As the Mo is being etched away, the graphene startd to float on the liquid.
After 25 minutes in 30% hydrogen peroxide solution, the solution is replaced
with deionized water three times to wash away all hydrogen peroxide. The last
step is to pick up the floating graphene on a target substrate. The substrate
onto which the graphene is picked up is a chip with a Si bottom and a 10 µm top
layer of SiO2. In the SiO2 layer, holes are etched of 8 µm deep with a diameter
of 40 µm, over which the graphene is suspended after picking it up, see figure
5.1. More details about the CVD process can be found in [30]. Figure 5.1 shows
a wire bond connected to one of the gold electrodes underneath the graphene.
The silicon bottom of the chip, which acts as backgate, is attached to a chip
carrier using conductive silver paint.

The thickness of the graphene is analyzed by monochromatic interferometry
using the Lynceetec. Figures 5.2A,B show optical and interferometric images of
a region of the sample where part of the surface is not covered with graphene.
The bright yellow area in figure 5.2B is a fold in the graphene, that formed during
picking up the floating flake from the liquid. Figure 5.2C shows a surface height
distribution of the interferometric image. By fitting Gaussian functions to each
peak, the thickness of the flake and fold are determined. The flake and fold are
respectively 15±9 nm and 115±6 nm thick. The thickness uncertainty is given
by the standard deviation of the Gaussian fit. The standard deviation in the
peak of the substrate is three times lower than that of the flake. This means
that either the flake has a non-uniform thickness or the flake does not adhere
to the surface perfectly.

The capacitance of the drum follows from the parallel plate approximation,
where

C =
κϵ0A

d
=

κϵ0πa
2

d
(5.8)
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Figure 5.2: A) optical and B) interferometric image of the CVD graphene on
a Si/SiO2 substrate, visible in the middle. The thicker part (most yellow) of
the flake is a fold. C) distribution of height values in the interferometric image,
with Gaussian fits to determine the thickness of the flake and fold, as well as
the standard deviation which is a measure of the thickness accuracy.

Since the volume in between the backgate and the membrane consists partly
of air and partly of SiO2, the total capacitance is

Ctotal =

(
1

Cair
+

1

Cox

)−1

=

(
dair

κairϵ0A
+

dox
κoxϵ0A

)−1

= 1.31 · 10−15F, (5.9)

where the relative dielectric strength κair = 1, κox = 3.8, vacuum permittiv-

ity ϵ0 = 8.85 · 10−12 Fm−1, overlap area A = π
(
20 · 10−6

)2
= 1.26 · 10−9 m2,

and gap distance dair = 8 µm and dox = 2 µm.

Drum deflection measurements are done using the white light interferometer.
The voltage is applied using a Delta Electronika ES 0300-0.45 voltage source
with manual voltage control. This voltage source can provide a DC voltage up
to 300V with 0.5V accuracy and currents of 450 mA. Measurements are done
at intervals of 5V for below 20V, 2V between 20V and 34V and 1V above 34V.
The intervals decrease with increasing voltage because the electrostatic pressure
increases with voltage squared.

5.2 Analysis and results

5.2.1 Drift correction

Because of drift during the measurements, drift correction must be applied to
the measurement data. The cross-correlation integral can be used to determine
the drift between two images M1(x, y) and M2(x, y), which is given as

C(lx, ly) =

∫ ∫
M1(x, y)M2(x+ lx, y + ly)dxdy (5.10)
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Figure 5.3: Process of determining the shift of B) with respect toA). First apply
a binary filter to both images to obtain C,D), then compute the correlation
integral E). Determine the shift of the maximum value from the center of the
image and F) apply the shift to the original image to correct for drift.

This integral computes the correlation between two images while shifting
the second image across the first. The variables lx and ly are the shift of the
second image with respect to the first. At the shift values lx, ly where the
images match best, the correlation integral C(lx, ly) has its maximal value.
Thus, by finding the maximum of the correlation integral, the drift between
measurements can be determined. First applying a binary filter to both images
gives a more accurate result, because in the filtered image the two electrodes
have a well-defined shape which can be accurately matched. Binary filtering also
avoids potential problems that are caused by the difference in deflection of the
membrane between measurements, because the membrane height will be below
the filter threshold height in all measurement. All measurements are corrected
for drift with respect to the first measurement, in order to avoid accumulation
of inaccuracies from subsequent corrections. An example of drift correction for
measurements with backgate voltages of 0V and -153V is shown in figure 5.3.

Computing a correlation integral is a relatively expensive computation. Since
this integral needs to be solved for a range of shift values for each measurement,
computing the drift will take a long time. The computation becomes much
faster by using Fourier transforms rather than convolution integrals. Since the
cross-correlation integral is similar to a convolution integral, it is possible to
express it as a product of Fourier transforms. A normal convolution converts to
a product of Fourier transforms as follows

[f(x, y) ∗ g(x, y)](lx, ly) =
∫ ∫

f(x, y)g(lx − x, ly − y)dxdy (5.11)
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Figure 5.4: A) disk with a radius of 10% of the drum radius that is considered
the drum center to determine the center deflection, B) center deflection over a
voltage sweep, with a quadratic function fit.

In the convolution integral, the function g() is flipped because x and y are
multiplied by −1. To cast the cross-correlation integral into a convolution inte-
gral, the complex conjugate can be used to flip the second function, according
to the following rule

[f(x, y) ∗ g(x, y)](lx, ly) = [f(x, y) ∗ g(−x,−y)](lx, ly) (5.12)

Now the cross-correlation integral can be expressed as a product of Fourier
transforms,

C(lx, ly) = F−1
(
F(M1(x, y)F(M2(x, y))

)
, (5.13)

where F and F−1 denote the Fourier transform and inverse transform re-
spectively. This expression can be solved using a Fast Fourier Transform (FFT)
algorithm quickly.

5.2.2 Center point deflection

In order to quantify the deflection of the membrane, the center point deflection
is determined by taking the average over a disk with a radius of 10% of the
drum radius, see figure 5.4A. Figure 5.4B shows the deflection of the drum over
a voltage sweep from 0V to 34V to -34V. In this small deflection regime, the
deflection data follows a quadratic shape. A quadratic function with the slope
and horizontal offset as fit parameters can be accurately fitted to the data. The
offset voltage for this fit is 1.32±0.45 V. This small offset voltage is within the
error margin, so the data is symmetric around 0V. This is as expected, since
at 0V there is no electrostatic pressure on the membrane. The sweep over the
voltage region 0V, 34V, 0V does not show hysteresis, which means that in this
regime the flake is deforming elastically and is not slipping over the sample
surface.
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Figure 5.5: A) disk with a radius of 10% of the drum radius that is considered
the drum center to determine the center deflection, B) center deflection over a
voltage sweep, C) stress-strain curve based on the drum center deflection.

In order to study the effect of strain on the wrinkles in the membrane, in the
next experiment the voltage was gradually increased until the drum broke down.
Figure 5.5B shows the deflection of the center over a voltage sweep from 0V to
-154V. The deflection was again determined from a small disk with radius of
10% of the drum radius, shown in figure 5.5A. At -154V, the deflection increases
from 750 nm to 1250 nm, which implies the drum was broken during the voltage
increase from -153V to -154V. At roughly -50V there is an inflection point in
the voltage-deflection graph, which could correspond to a transition between
two different regimes. Figure 5.5C suggests that the membrane is stiffer at low
strain values and softens at higher strain values, contradicting the analytical
model in [1] that show a lower stiffness in the first regime. The few data points
at low stress values that indicate a high stiffness are likely strongly affected by
conformational changes of the wrinkles at the membrane center. The slope of
the second regime in the stress-strain curve determines the Young’s modulus
according to the equation

dσ

dϵ
=

E2D

1− ν
(5.14)

The second regime is fitted with a linear function, shown in orange in figure
5.5C, to determine the Young’s modulus. The value for the 2D Young’s modulus
extracted from the slope of this fit according to equation 5.14 is 175±9 Nm−1.
Determined using the same analysis, the effective stiffness in the first regime is
722±155 Nm−1. Since this stiffness results from deformation of wrinkles and
is determined in the regime where the linear term of the bulge-test equation
dominates, it is not related to the Young’s modulus but only an effective stiffness
in this specific case.

The deflection is a thin membrane is governed by two parameters; the pre-
strain and the Young’s modulus. The pre-strain determines the linear and
the Young’s modulus the qubic part of the bulge-test equation. Figure 5.6B
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Figure 5.6: A) drum center deflection plotted against electrostatic pressure.
The data is fitted with the bulge-test equation with fit parameters

shows that the linear term of the bulge-test equation dominates in the low
deflection regime and the qubic term dominates in the high deflection regime.
This indicates that the high deflection regime can indeed be used to determine
the actual Young’s modulus, rather than an effective Young’s modulus resulting
from a mixing of pre-strain and Young’s modulus.

The bulge-test equation is a second method to determine the Young’s mod-
ulus. Figure 5.6A shows the deflection as function of electrostatic pressure. Fit-
ting the bulge-test equation with the pre-strain σ0 and 2D Young’s modulus E2D

as fit parameters gives a 2D Young’s modulus of E2D = 174± 11 Nm−1, which
corresponds to the Young’s modulus determined from the stress-strain curve.
From the same fit, the pre-strain was determined to be σ0 = 0.011±0.008 Nm−1,
similar to the value of σ0 = 0.02 Nm−1 reported in [55] for similar bulge-test
measurements.

For higher stress values, the stress-strain curve can also be accurately fitted
with the symbolic function proposed in [1]. Figure 5.7A shows a fit of the ex-
perimental stress-strain curve with a symbolic function of the analytical model,
which is given as

ϵ =
1

Ef
2D

σ +
1

2

(
∆A

A

)
max

[
σ/σc

σ/σc + exp(−(σ/σc)− β(σ/σc)4

]
, (5.15)

where (∆A/A)max is the hidden area, σc is the critical stress at which the

phase transition occurs and Ef
2D is the Young’s modulus. β is a scaling param-

eter that gives information about the type of wrinkles; if β is close to 0.1 the
wrinkles are due to defects and if β is close to 1 the wrinkles are due to pre-
stress. In the fit the stiff regime at low stress values was omitted. The fitting
suggests a Young’s modulus of 220±11 Nm−1 and a critical stress of 0.053±0.1
Nm−1.
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Figure 5.7: Stress-strain curve for the A) experimental center deflection with fit
of the model and B) model for a non-linear stress-strain curve of the membrane
center deflection, confirmed by MD simulations [1].

5.2.3 Wrinkle analysis

Because of the large size of the drums and the measurement resolution, it is
possible to analyze the membrane wrinkling in more detail. Multiple large
elongated wrinkles are visible in the membrane in figure 5.8, with dimensions
of 40 µm by 5 µm and up to hundreds of nanometers in height. Figure 5.9
shows a profile of the drum for different voltage values. The red line is the
measurement after the drum was broken. Therefore, it is an indicates for the
position of the hole under the drum. The profile plots show that the wrinkles
shrink in amplitude for increasing potential difference.

Quantifying the degree of wrinkling in a deflected membrane is difficult,
because of its deflection curve. This deflection curve can be removed by fitting
a theoretical deflection surface to the membrane and subtracting the fit from the
data. However, fitting a spherical surface to the deflected membrane is difficult
because of the high degree of wrinkling. The fit accuracy can be improved by
fitting to an angular average of the membrane profile. The angular average is
determined as the mean of a ring with radius r around the drum center, for
each value of r. The resulting plots are shown in figure 5.10A, with a fit of a
circular function. The fitted function matches the data perfectly at the center
and the edge of the drum.

The deviation of the membrane shape from this circular fit can be used as
a measure for the degree of wrinkling. The root mean square (RMS) deviation
of the membrane from the circular fit is shown in figure 5.10B. In the range
between 0V and -75V, the RMS deviation is decreasing, indicating that wrinkles
are disappearing. This is also visible in figure 5.10A, where the membrane is
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Figure 5.8: Snapshots of the membrane at different backgate voltage values.
The color scale indicating the pixel height is the same for all snapshots.

Figure 5.9: A) height map of the drum at 0V with a white line with B) the
profile along this line at different gate voltage values.
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Figure 5.10: A) angular average of the membrane with a circular fit, B) RMS
deviation of the angular average deflection from the circular fit.

getting closer to the circular fit. However, for voltages below -75V the RMS
deviation increases again. Figure 5.10A shows that the reason for this increase
is a wrinkle roughly at 16 µm that is not flattened with increasing potential
difference. It appears that the membrane locally has a higher stiffness, causing
this area to not deflect as much as the rest of the membrane. This higher stiffness
can be due to a fold or a thickness variation of the graphene. Although this
wrinkle at 16 µm remains, the other wrinkles are flattened out with increasing
potential difference.

Another way to quantify the degree of wrinkling is to compute the correlation
function of the membrane. The correlation function is a measure for the average
correlation between points that are a certain distance apart. In a highly wrinkled
membrane, the correlation decreases rapidly with increasing distance, whereas
in a flat membrane the correlation is high for all distances. The correlation
function is given as

C(|r1 − r2|) = ⟨M(r1)M(r2)⟩ − ⟨M(r1)⟩⟨M(r2)⟩, (5.16)

where M(r) is the measurement value at pixel position r and ⟨...⟩ denotes
an average over all pixels. The correlation function of the membrane for dif-
ferent backgate voltage values is shown in figure 5.11A. The correlation length
is proportional to the width of the correlation function. Figure 5.11B shows
the Full Width at Half Max (FWHM) of the correlation function as a function
of backgate voltage. The FWHM is a measure of the width of the correlation
function, thus a measure for the correlation length. The FWHM increases with
increasing gate potential. This indicates that the membrane flattens when the
gate bias increases in absolute value. The advantage of using the correlation
function is that is does not depend on the theoretical shape of the deflected
membrane, but only takes into account correlations. This makes the effect of a
single remaining wrinkle less prominent in the correlation function than in the
graph of RMS deviation from a circular fit, as shown in figure 5.10.
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Figure 5.11: Correlation function of the membrane for different values of the
gate voltage.

5.3 Conclusion and discussion

Graphene drum deflection measurements are performed by straining the graphene
using a electrostatic backgate. The profile of the membrane is measured with
white light interferometry with sufficient resolution to distinguish individual
wrinkles. In the stress-strain curve based on the deflection of the membrane
center, the membrane is first stiffer and then softens. Based on the stress-strain
curve, the effective stiffness in the first regime is 722±155 Nm−1 and in the
second regime the Young’s modulus is 175±9 Nm−1. The fact that the stiffness
is higher in the more wrinkled regime is surprising. It is likely that the apparent
high stiffness in the first regime for the center deflection is due to conformational
changes of the wrinkles. An alternative method to compute the Young’s modu-
lus is to fit the bulge-test equation. According to this fit, the Young’s modulus
of the membrane is 174±11 Nm−1. The last method to determine the Young’s
modulus is by fitting the symbolic function that described the analytical model
from [1]. This fit provides a Young’s modulus of 220±11 Nm−1. Although the
result from fitting the analytical model does not equal the results from the other
two methods, the results are reasonable close to conclude that each method is
valid.

With a flake thickness of 15±9 nm, the measured 2D Young’s modulus of
175±9 Nm−1 is equivalent to a 3D Young’s modulus of 19.3±11.4 GPa. This 3D
Young’s modulus is two orders of magnitude smaller than the experimentally
determined value of 1 TPa for monolayer graphene using AFM indentation [7],
but similar to a value of 58 GPa found in [55] in wrinkled monolayer graphene
by bulge-testing. The difference factor of three could be due to the fact that
the 3D Young’s modulus does not increase linearly with the number of layers
of a membrane, leading to a lower 2D Young’s modulus for thick membranes
and eventually to the 2D Young’s modulus of graphite. Other factors that can
play a role are non-uniform strain fields, crystal defects and graphene thickness
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variations. Further research could focus on these factors in order to create
drums that reach the theoretical stiffness of graphene. Doing this would require
monolayer graphene drums, manufacturing of which is a challenge on its own
because of the large drum size.

The average membrane deflection is accurately described by the model pro-
posed in [1]. Because the model is designed for membrane center deflection, the
membrane mechanical properties that can be determined by fitting the model
to the average membrane deflection are not correct. Nonetheless, the agreement
between the model for flattening of a wrinkled graphene and the experimental
data shows that indeed wrinkles are flattened by straining the membrane. This
is also confirmed by the increasing correlation length of the membrane topology.
The conclusion from this study is that wrinkled membranes exhibit non-linear
stiffness in the wrinkled phase, but after flattening the wrinkles the stiffness is
linear.

Drum deflection measurements with optical interferometric deflection mon-
itoring is a good method to determine the stress-strain curve of a membrane,
although local wrinkling at the membrane center can distort the stress-strain
curve. The wrinkles can be visualized directly and are visibly decreasing in am-
plitude with increasing strain. The wrinkles have a large impact of the shape
of the deflected membrane, because of which it is hard to fit the theoretical de-
flection shape. Therefore it is difficult to decouple wrinkling from deflection. In
less wrinkled membranes it will be easier to fit the theoretical deflection shape,
enabling the decoupling of wrinkling and deflection. This decoupling will reduce
the error in the measured deflection and thus the stress-strain curve, but also
allow for more detailed investigation of how the shape of individual wrinkles
changes under stress.
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